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Preface

This book includes various perspectives on applicability of imaging technologies 
and data-processing tools for food structure analysis. Recent studies from world-
wide peers are presented to provide an in-depth understanding on raw material char-
acterization, process control, structure–function and structure–texture relationships 
by utilizing imaging and data analysis tool boxes. The book covers wide range of 
food matrices and also introduces applications from innovative and emerging areas 
of food science with an insight into future trends.

The information in this book is of interest to food scientists and engineers work-
ing in both academia and food industries. It can also be used as a textbook for food 
science and engineering students. There are eleven chapters in the book; Chaps. 1 
and 2 introduce microstructural analysis of cereal grains and provide examples of 
chemometric analysis, Chaps. 3 and 4 focus on emulsions and gels, Chaps. 5–7 
discuss the process–structure–texture relationship in various cereal-based food ma-
trices and Chaps. 8–11 are dedicated to protein films, fruits and vegetables, and 
chocolates and nuts.

The editor acknowledges all the authors for their effort and expertise which en-
abled the publication of this book.

Espoo, Finland Nesli Sozer
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Chapter 1
Cereal Grain Structure by Microscopic Analysis

Ulla Holopainen-Mantila and Mari Raulio

1.1  General Structure of Cereal Grains

Cereal species covers monocotyledonous plant species from the family Poaceae, 
which are domesticated and cultivated for their grains rich in starch. This chapter 
focusses on the microscopical analysis of kernels of wheat ( Triticum aestivum L.), 
rye ( Secale cereale L.) and barley ( Hordeum vulgare L.) belonging to the tribe 
Triticeae and oats ( Avena sativa L.) belonging to the tribe Aveneae. However, most 
of the microscopy techniques referred are applicable to other cereal grains such as 
rice and corn.

Botanically, cereal kernels represent an indehiscent fruit type called caryopsis. 
Most of them have elongated shape. Caryopses of members of the tribes Triticeae 
and Aveneae can be distinguished by the presence of a crease or a longitudinal fur-
row. The crease extends along the grain’s entire length, and it is deepest in the middle 
part of the grain. It is most apparent in the grain of wheat, but clearly detectable also 
in the grains of rye, barley and oat (Evers and Millar 2002). The crease is located in 
the ventral side of the grain, and the opposite part of the grain is called dorsal side.

Until maturity, cereal grains are covered by a hull. The adherence mechanism of 
the hull on the pericarp layer below varies among cereal species. Thus, hulls of wheat 
and rye kernels are usually removed by threshing, but in regular oat and barley vari-
eties, the hull is attached by specific structural devices or through a cementing layer, 
respectively (Evers and Millar 2002; Olkku et al. 2005). Underneath the hull, there 
is the pericarp (fruit coat), which in turn surrounds the testa or seed coat. Both the 
pericarp and the testa consist of distinguishable layers of different cell types. Most 
of the cells in the outer layers of mature cereal kernels are dry and empty, and some 

© Springer International Publishing Switzerland 2016
N. Sozer (ed.), Imaging Technologies and Data Processing for Food Engineers,  
Food Engineering Series, DOI 10.1007/978-3-319-24735-9_1
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of them are shrunken, leaving large intercellular spaces (Freeman and Palmer 1984; 
Evers and Millar 2002). The pericarp is rich in insoluble dietary fibres consisting 
mostly of branched heteroxylans and cellulose (Fincher and Stone 1986).

Between the testa and the endosperm lies a nucellar epidermis which is a hyaline 
layer containing no pigments. It is a remnant of a maternal tissue that served nutri-
ents to the embryo and endosperm during grain development (Duffus and Cochrane 
1992). Layers of cutin are present in the outer surfaces of the nucellar epidermis and 
the testa (Evers and Millar 2002). In barley, there is a cutin layer also on the outer 
surface of the pericarp (Olkku et al. 2005).

The endosperm consists of aleurone and sub-aleurone layers as well as starchy 
endosperm. In addition to the embryo, the aleurone layer is the only part of the 
grain containing living cells. Aleurone cell walls of cereals consist mainly of arabi-
noxylan (AX) with (1→3;1→4)-β-D-glucan being the second most abundant com-
ponent in the aleurone cell walls of most of the cereals (Fincher and Stone 1986; 
Collins et al. 2010). The aleurone cells contain plenty of protein, lipids, vitamins 
and minerals (Pomeranz 1973; Fincher 1976; Evers and Millar 2002).

The starchy endosperm serves as nutrient storage for the growing embryo during 
germination. It is comprised of dead cells lacking nuclei. These cells contain starch 
granules embedded in a matrix consisting of storage proteins. The cell walls in the 
starchy endosperm of cereal grains are mainly formed of (1→3;1→4)-β-D-glucan 
and AX, and their relative proportions differ among the cereal species (Fincher and 
Stone 1986; Collins et al. 2010). The sub-aleurone layer below the aleurone differs 
from the starchy endosperm by the smaller cell size and higher amount of protein in 
cells (Duffus and Cochrane 1992; Evers and Millar 2002).

In the mature kernel, the embryo is located in the proximal end of the grain or 
near the place of attachment to rachis. The embryo consists of embryonic axis and 
scutellum. The scutellum is a specific cell layer, which separates embryonic axis 
from the endosperm and originates from a modified cotyledon (Evers and Millar 
2002).

The starchy endosperm is by far the largest morphological part of the grain 
(Table 1.1). In hulled cereal species such as barley and oats, the hull forms a sub-
stantial part of the grain. The proportion of the embryo is less than 4 % in all cereals 
even when the hull is not taken into account. The proportion of aleurone, testa and 
pericarp varies from 8.8 to 15.2 % among cereal species.

Table 1.1  Typical proportions of different cereal kernel structures of total grain weight (from 
Kent and Evers 1994 and Evers and Millar 2002). Values in parentheses are proportions excluding 
the hull
Grain part Proportion of grain dry weight (%)

Barley Oat Rye Wheat
Hull 13.0 25.0 – –
Testa and pericarp 2.9 (3.3) 9.0 (12.0) 10.0 8.5
Aleurone layer 4.8 (5.5) 6.7
Starchy endosperm 76.2 (87.6) 63.0 (84.0) 86.5 82.0
Embryo 1.7 (1.9) 1.2 (1.6) 1.8 1.3
Scutellum 1.3 (1.5) 1.6 (2.1) 1.7 1.5
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1.2  Using Microscopy Techniques in Imaging of Cereal 
Grains

1.2.1  Stereomicroscopy

Stereomicroscope is an optical microscope intended for low-magnification obser-
vation of a specimen using light reflected from the surface of an object rather than 
transmitted through it (i.e. light microscopy). Stereomicroscopy can be utilized in 
collecting data on the appearance and colour features of the cereal grains, their 
processing products or end products containing cereals. A great advantage of stereo-
microscopy in comparison to imaging with digital camera is the scale bar available 
when an imaging system with an imaging software is utilized. Most often, cereal 
samples are imaged with a stereomicroscope as such whether they are wet or dry 
without any pretreatments. The material and colour of the surface where the sample 
is imaged should be selected in order to improve the distinctiveness of the sample 
from the background. For proper illumination conditions needed in stereoimaging, 
usually both ring light (e.g. LED device) and goose-neck illuminators with continu-
ous adjustment of luminosity are required.

1.2.2  Light Microscopy

In light microscopy (or optical microscope), visible light and a system of lenses are 
used to magnify images of small specimens. Light microscopy provides an option 
for analysis of cereal grain structures with higher magnification compared to stereo-
microscopy. Furthermore, the embedding and cutting of cross sections of samples 
enable the examination of the microstructure of cereal grains and their tissues pres-
ent in samples. Characterization and localization of grain components is possible by 
using different staining methods. For more detailed information on fixation, choice 
of resin, embedding and theory of staining, the reader is referred to, for example, 
Harris et al. (1994), Leitch (1994), Ruzin (1999) and Kiernan (2008).

Only rather seldom, cereal samples are imaged with a light microscope without 
fixation, embedded in resin, cut into sections and stained. The imaging of cereal 
samples without laborious sample preparation, that is, embedding and cutting, is 
applicable, for example, for flour and bran particles in water or ethanol, but the 
thickness of particles might complicate the imaging of this type of cereal samples.

In the sections cut from resin-embedded samples and attached to microscopy 
slides, many grain components such as starch and protein present inside the cells or 
β-glucan present in the cell walls can be visualized with different stains. For exam-
ple, Light Green and Lugol’s iodine can be used in the staining of protein and starch, 
respectively (Holopainen et al. 2005; Andersson et al. 2011; Jääskeläinen et al. 
2013) and Oil Red O for visualization of lipids containing tissues like cutin layers 
of barley grain (Olkku et al. 2005). In addition to traditional stains, antibodies raised 
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against different components can be utilized in localization of compounds present 
in cereal grain. When planning the use of antibodies, the compatibility of fixation 
solution and resin with immunolabelling reagents should be carefully checked.

When using fluorescing stains, it is important to verify the autofluorescence of 
the sample prior to staining in order to avoid misinterpretations. In the cereal sam-
ples, the autofluorescence is mainly caused by the substances containing aromatic 
phenol rings such as lignin and ferulic acid (Fulcher et al. 1972; Rudall 1994). Due 
to the presence of these autofluorescing components, testa, pericarp and hulls of ce-
real grains are usually visible without staining, at least when the excitation is carried 
out between 330 and 410 nm and the emission from 420 to 455 nm is detected. The 
autofluorescence of the aleurone cell walls is not due to lignin but minor amounts of 
other aromatic substances such as para-coumaric and diferulic acids (Hernanz et al. 
2001; Antoine et al. 2003; Jääskeläinen et al. 2013). Only weak autofluorescence is 
observed in the cell walls of starchy endosperm which can be explained by the low 
amount of phenolic substances (Saadi et al. 1998; Philippe et al. 2007).

1.2.3  Confocal Laser Scanning Microscopy

In the confocal laser scanning microscopy (CLSM), the sample is illuminated with 
a scanning laser light, and the reflected or fluorescing light is detected with photo-
multiplier tubes. Images are acquired point-by-point and reconstructed with a com-
puter, allowing also three dimensional reconstructions. CLSM can provide in-focus 
information of the structure in selected depths by optical sectioning. This is enabled 
by using a confocal aperture, or pinhole, which allows only the signal from the focal 
plane pass to the photomultiplier, whereas the out-of-focus signal is omitted.

Confocal microscopy is typically applied for imaging of fluorescing samples. 
Confocal microscopy can be combined with transmitted light imaging of transpar-
ent samples by contrast methods like differential interference contrast (DIC) mi-
croscopy. Cereal grain samples, which often contain components having autofluo-
rescence properties, can be imaged with CLSM without staining depending on the 
structures of interest. The advantage in using CLSM in the imaging of cereal grains 
or their processing products is that only minimal sample preparation is required. In 
comparison to resin embedding, no fixation, dehydration or infiltration procedures 
are necessarily needed, and thus the components such as lipids, which are destruct-
ed by the solvent treatments, can be visualized by CLSM. In addition, sections cut 
from resin-embedded samples stained with fluorescent dyes or labelled using anti-
bodies coupled with fluorochromes can be imaged with CLSM.

1.2.4  Scanning Electron microscopy

An electron microscope is a microscope that uses the beam of accelerated electrons 
as a source of illumination to create an image of the specimen. Electron microscopes 
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apply the same principles as optical microscopes but use electrons rather than pho-
tons for generating the image. Since the wavelength of an electron is much shorter 
than that of visible light, the electron microscope has a higher resolving power than 
a light microscope.

Electron microscopy of biological samples requires pretreatments, fixation and 
dehydration. The specimen needs to be mounted on a sample holder and be coated 
with metallic vapours. Extensive sample preparation can cause severe artefacts, dis-
tort the structures and change interactions between the components, for instance, 
by removing the lipids soluble in solvents used for the dehydration. Yet, electron 
microscopy has a major advantage compared to light microscopy: its ultrahigh reso-
lution. Highest possible magnification in light microscopy is 1000×, in electron 
microscopy, 200,000× can be reached. Nevertheless, the results acquired using elec-
tron microscopy should be confirmed by other techniques to rule out artefacts.

Cereal samples, being most often dry, do not necessarily need fixation or dehy-
dration. Whole kernels can be cut by a sharp blade to reveal the content or outer lay-
ers of the hull which can be removed mechanically to reveal the seed coat. Kernels 
can also be fractured either mechanically of by freezing.

The ultrastructure of tissues and components of the kernel can be visualized us-
ing scanning electron microscopy (SEM). Size and distribution of starch granules 
and protein bodies of flour samples, efficiency of enzyme treatment, malting of 
fermenting and location of indigenous microorganisms can be revealed using higher 
magnification.

1.3  Examination of Cereal Grain Structure by 
Microscopy

1.3.1  Stereomicroscopy of Cereal Grains

The appearance of the ventral side of an oat grain with a hull imaged by a stereomi-
croscope is shown in Fig. 1.1a. When the grain is cut either longitudinally or diago-
nally, the inner structure of grain can be examined. The longitudinal cut reveals the 
starchy endosperm and the embryo (Fig. 1.1b). The division of the grain into two 
lobes by the crease can be seen in the cross-cut surface of the grain (Fig. 1.1c). The 
cross-cut also shows the thickness of the hull layers present in the oat kernel which 
explains the high proportion of the hull of the total grain weight.

1.3.2  Visualization of Starch, Protein and Cell Walls  
in Cereal Grains

Staining of the main storage compounds in the cereal grains, namely starch and pro-
tein, gives important information on the structure of the grain for many purposes. 
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For example, for studying the localization of protein and starch granules in the cells 
of aleurone or starchy endosperm, they can be stained in the sections cut from the 
resin-embedded sample blocks. Protein can be stained with 0.1 % (w/v) Light Green 
in water and starch with Lugol’s iodine solution (I2 0.33 % (w/v) and KI 0.67 % 
(w/v), diluted 1:10; Holopainen et al. 2005; Andersson et al. 2011; Jääskeläinen 
et al. 2013). In stained specimens, protein appears green or yellow, while iodine 
stains the amylose component of starch blue and amylopectin brown. As the amylo-
pectin masks the amylose, native starch granules appear dark blue. In Fig. 1.2, the 
microstructure of the aleurone layer and the starchy endosperm of wheat and barley 
grain are demonstrated by using these stains. The staining of starch reveals the 

Fig. 1.1  Stereomicroscopy image of a whole, b longitudinally cut surface and c cross-cut surface 
of oat grain
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bimodal distribution of starch granules in the starchy endosperm. The protein stain-
ing shows that in the barley grain the sub-aleurone layer located adjacent to aleu-
rone contains higher concentration of protein in comparison to wheat grain. Iodine 
staining can be utilized also in the examination of the state of starch in the processed 
cereal samples. It reveals the changes in the appearance of the starch granules and 
also the separation of amylose and amylopectin components after gelatinization.

Fig. 1.2  Protein and starch stained with Light Green and Lugol’s iodine in the cross sections of 
a barley and b wheat grain. Light Green stains protein green and starch appears dark blue due to 
iodine staining. Aleurone layer is located on the right in the images. (Reproduced from Jääskel-
äinen et al. 2013 with the permission from the publisher)
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If only certain proteins present in cereal grains are of interest, specific antibod-
ies can be utilized in their localization (Fig. 1.3). The primary antibody can be 
detected using a secondary antibody labelled either fluorescently or with a substrate 
producing a coloured compound after enzyme reaction (e.g. Dornez et al. 2011b; 
Holopainen et al. 2012).

Cell walls and polysaccharides as their constituents play an important role in the 
processing properties of cereal grains. As a part of the dietary fibre, they are also 
of interest from the nutritional point of view. As the cell walls in cereal endosperm 
are mainly constituted of mixed-linkage β-glucan and AX, visualization of these 
polysaccharides is essential when investigating the structure of the cereal samples.

Mixed-linkage β-glucan can be stained with Calcofluor (commercial names among 
others: Calcofluor White and Fluorescent Brightener 28). Calcofluor is not specific 
to β-glucan but bounds also to cellulose, which is a non-branching glucose polymer 
(Maeda and Ishida 1967). However, the low cellulose content of cereal endosperm 
enables the use of this stain as a specific label for mixed-linkage β-glucan (Wood et al. 
1983; Wood and Fulcher 1983). To obtain a better contrast between cell walls and 
cell content, Calcofluor is often used in combination with protein stain Acid Fuchsin 
(Fulcher and Wong 1980; Wood et al. 1983; Parkkonen et al. 1994). For example, the 
resin-embedded cereal samples can be stained sequentially first with aqueous 0.1 % 
(w/v) Acid Fuchsin in 1.0 % acetic acid and then with aqueous 0.01 % (w/v) Calco-
fluor White (Wood et al. 1983; Parkkonen et al. 1994). These stains are fluorescent, 
and they can be imaged under exciting light ( λex. = 400–410 nm; λem. > 455 nm). Using 
these imaging conditions, intact cell walls stained with Calcofluor appear blue, and 

Fig. 1.3  B hordein storage proteins localized by immunolabelling in the cross section of develop-
ing barley grain collected 21 days after pollination. (Reproduced from Holopainen et al. 2012 with 
the permission from the publisher)
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proteins stained with Acid Fuchsin appear red when the fluorescing signal is recorded 
using long pass filters. Starch remains unstained and appears black. Pericarp and other 
grain outer structures are visualized by their autofluorescence.

By means of the bright fluorescence of the cell walls containing mixed-linkage 
β-glucan stained with Calcofluor, the structure of cereal grains can be examined, 
for example, on the level of the whole grain and of the tissue types present in the 
different parts of the endosperm. In Fig. 1.4a, the shape and distribution of the cells 
in the starchy endosperm of barley grain is shown by Calcofluor staining. For com-
parison, the similarly stained starchy endosperm of wheat shows no cell structure 

Fig. 1.4  Cross sections of a barley and b wheat grain stained with Calcofluor and Acid Fuchsin. 
Cell walls rich in β-glucan appear blue and protein appears red
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due to thinner cell walls with lower content of mixed-linkage β-glucan (Fig. 1.4b). 
These images also illustrate the differences in the shape of the crease typical to these 
cereal species.

Calcofluor staining of cross sections of barley, oat, rye and wheat grains shows 
certain morphological differences in the endosperm structure (Dornez et al. 2011b; 
Fig. 1.5). The aleurone layer of wheat, oat and rye consists of one row of thick-
walled cells, while the aleurone in barley grain is constructed of 2–4 rows of cells. 
Short regions with multiple cell layers exist also in oat aleurone. The shape of the 
aleurone cells also differs between cereal species. Wheat aleurone cells appear to 
be more squared in comparison to those of oat and rye. Barley aleurone cells are 
smaller and more irregularly shaped. With this higher magnification in comparison 
to Fig. 1.4, the distribution of β-glucan in the endosperm cell walls is also seen in 
more detailed way. In the grains of barley, oat, rye and wheat, the aleurone cell 
walls contain more AX than β-glucan (Collins et al. 2010), which is seen as a lower 
stainability of this cell layer by Calcofluor (Fig. 1.5). In rye grain, the periclinal cell 
walls adjacent to the nucellar epidermis seem to contain more β-glucan than the 
other cell walls.

Cell walls in the sub-aleurone layer of oat are clearly the thickest of the cereal 
species examined (Fig. 1.5). On the basis of the Calcofluor staining, the β-glucan is 
clearly concentrated in the sub-aleurone region of oat. Barley has the second thick-
est sub-aleurone cell walls, while in rye and wheat the Calcofluor staining of these 
cell walls was notably less intensive.

Central starchy endosperm cell walls of barley and rye are clearly visualized 
with Calcofluor. Also in oat, the cell walls of this region are detected with Calco-
fluor, but in wheat only the cell walls in the proximity of the crease are stainable 
with Calcofluor (Fig. 1.5; Dornez et al. 2011b). Calcofluor staining thus indicates 
that barley and rye grains contain more β-glucan in the central starchy endosperm 
than those of oat and wheat. In the central starchy endosperm of barley and rye, the 
inner walls next to the cell cavity tend to be more intensively stained with Calco-
fluor than the middle lamella. This suggests that β-glucan is not evenly distributed 
in these cell walls.

For comparison, the respective grain sections were labelled with a monoclonal 
β-glucan antibody (Dornez et al. 2011b; Fig. 1.6). Likely due to differing specificity 
compared to Calcofluor, the β-glucan antibody shows differences in the localization 
of this component in the aleurone and starchy endosperm cell wall. The inner parts 
of the aleurone cell walls adjacent to cell contents in rye and wheat grains were 
labelled with the antibody, and there was no clear difference between anticlinal and 
periclinal walls. However, the middle lamella was not stained. In the aleurone of 
barley and oat, the staining with β-glucan antibody was more limited.

In contrast to Calcofluor staining, the β-glucan antibody was more sensitive in 
visualization of the cell walls in the central starchy endosperm of all cereal grains 
studied. The antibody labelling of β-glucan was more distinctive in barley and rye 
compared to wheat. It is worth to note that central starchy endosperm cell walls in 
wheat grain were not stainable with Calcofluor, but were with the β-glucan anti-
body.
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Fig. 1.5  Outer kernel layer and central starchy endosperm of kernel cross sections of barley, oat, 
rye and wheat stained with Calcofluor and Acid Fuchsin. Cell walls rich in β-glucan appear blue 
and protein appears red. (Reproduced from Dornez et al. 2011b with the permission from the 
publisher)
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Fig. 1.6  Outer kernel layer and central starchy endosperm of kernel cross sections of barley, oat, 
rye and wheat stained with the mixed-linkage β-glucan antibody. The structures stained by the 
β-glucan antibody are detected as red, while the background signal is seen as green. The images 
are overlays of two pictures acquired with distinct parameters. (Reproduced from Dornez et al. 
2011b with the permission from the publisher)
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Due to the differing specificity or sensitivity, these two staining methods provid-
ed complementary information on localization of the cell wall component β-glucan. 
In comparison to the Calcofluor staining procedure, the immunolabelling technique 
is laborious and time-consuming. The advantage of the Acid Fuchsin and Calco-
fluor staining over the other techniques is the simultaneous staining of two grain 
components. In addition, the grain outer layers are visualized at the same time due 
to their autofluorescence.

AX, another important cell wall component of cereal grains can be visualized 
using specific antibodies (e.g. McCartney et al. 2005). Also an inactivated xylanase 
labelled with fluorochrome has been used in the detection of this cell wall polysac-
charide (Dornez et al. 2011a, b).

1.4  Microstructure of Processed Cereal Products

In the following sections, several studies on the influence of different processing 
methods on the microstructure of cereal components are introduced.

1.4.1  Milling

1.4.1.1  The Effect of Temperature on Milling Behaviour of Wheat Bran

The reduction of particle size has been shown to improve the physicochemical, nu-
tritional and physiological properties of various food materials (Jenkins et al. 1999; 
Chau et al. 2007; Wu et al. 2009; Stewart and Slavin 2009). One effective way to 
influence the dissociation of the material into smaller particles is to mill it in low 
temperatures. For example, the extensibility and brittleness of wheat bran can be 
decreased and increased, respectively, in temperatures below − 46 °C (Hemery et al. 
2010b). Therefore, cryogenic grinding serves as a potential technology for microni-
zation of wheat bran.

In the study of Hemery et al. (2011a), the effect of ultra-fine grinding on coarse 
wheat bran either in ambient temperature or under cryogenic conditions was investi-
gated. The microstructure was examined of the bran samples that were ground once, 
twice or three times in ambient temperature or once under cryogenic conditions. 
The number of successive grinding steps clearly influenced the microstructure of 
bran particles (Fig. 1.7a–c). The size of particles containing intact aleurone cells 
correlated negatively with the number of grinding steps. After one grinding, bran 
particles consisted mostly of more than ten intact aleurone cells. The second and 
third grinding step decreased the number of intact aleurone cells in bran particles 
to c. 2–7 and c. 1–4, respectively. Similarly, the fibre-rich pericarp particles were 
the smallest in the sample ground three times. Grinding also affected the adherence 
of tissue layers present in bran particles. Aleurone, testa and pericarp tissues were 
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more dissociated from each other after each grinding step. In ambient temperature, 
the degree of grinding was detected also in the increased amount of both aleurone 
cell walls and protein released from the aleurone cells.

The median particle diameter of the cryogenically ground sample was 55 µm 
being nearly the same as after three grinding steps at ambient temperature (51 µm). 
Nevertheless, there were substantial differences in the microstructure of the bran 
particles milled in different temperatures (Fig. 1.7c, d). Cryogenic grinding had not 
dissociated the pericarp from the testa and the testa from the aleurone in the bran 
particles. These interfaces were present as intact in most of the particles in the cryo-
genically ground sample, while after three grinding steps in ambient temperature 
only few composite particles were observed. In addition, testa particles observed 
as red were smaller (< 200 µm) after cryogenic grinding at − 100 °C in comparison 
with the ambient grinding (c. 200–500 µm). This indicates that the brittleness of the 
testa was increased at low temperature.

The milling temperature thus clearly affects the production mechanism of finer 
particles. At low temperature, the increased brittleness of tissues, in particular the 
testa, contributes to the breakage or fragmentation of bran particles and results in 

Fig. 1.7  Microstructure of coarse wheat bran samples ground a once, b twice or c three times in 
ambient temperature and d once under cryogenic conditions. Cell walls and protein are stained 
with Calcofluor and Acid Fuchsin, respectively. Aleurone cell walls appear blue and protein 
brownish-red. Fibre-rich material from the pericarp appears as light greenish-yellow and the testa 
appears orange. Starch is not stained. (Reproduced from Hemery et al. 2011a with the permission 
from the publisher)
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more rapid production of finer particles in comparison to ambient grinding. How-
ever, in cryogenic conditions bran layers stayed adherent, while in milling at ambient 
temperature, they were separated from each other due to their different extensibility 
properties.

1.4.1.2  Extensive Dry Ball Milling Leads to Fragmentation  
of Arabinoxylan of Wheat Bran

Arabinoxylan oligosaccharides (AXOS) derived from wheat bran have potential 
prebiotic properties (Glitsø et al. 1999; Cloetens et al. 2008). They can be pro-
duced by solubilizing and degrading water-unextractable AX with endo-β-(1,4)-
xylanases (Courtin and Delcour 2001). This enzymatic treatment affects the AX in 
aleurone layer but cannot release AXOS from the AX with higher A/X ratio located 
in the pericarp (Benamrouche et al. 2002). Water solubility can be, however, also 
affected by mechanical means. Water solubility of AX in psyllium seed husk has 
been increased with simultaneous decrease in molecular size by ball milling (Van 
Craeyveld et al. 2008).

The increase in the water solubility of AX due to ball milling of wheat bran has 
been related to the changes in the microstructure (Van Craeyveld et al. 2009). Both 
the reduction of particle size down to the nanoscale level and the aggregation of 
milled bran components were observed upon ball milling. In the unmilled sample, 
large bran particles with pericarp, testa and aleurone attached to each other were 
distinguished (Fig. 1.8a). These large particles contained also fragments of sub-
aleurone cell walls located below the aleurone. Ball-milled samples consisted of 
fine material in which only few recognizable structures, including small fragments 
of aleurone cell walls and some protein aggregates, were observed (Fig. 1.8b–d). In 
comparison to ball milling for 24 h with 50 % filling degree, the longer ball-milling 
treatment (48 h, 50 % filling degree) resulted in less and smaller aleurone cell wall 
fragments observable by staining with Calcofluor (Fig. 1.8b, c). Wheat bran that 
was ball milled for 24 h at a lower filling degree (16 %) contained even fewer and 
smaller pieces of the cell wall (Fig. 1.8d).

Thus, the fragmentation of the cell walls upon ball milling was observed as the 
low number of discernible cell wall structures. Individual, recognizable cell wall 
structures produced upon ball milling were in the low-micrometre to high-nano-
metre range. Also the low stainability of cell wall fragments with Calcofluor in 
the ball-milled samples reflected the fragmentation occurred during ball milling, as 
only β-glucan molecules with molecular mass > 10,000 can be detected by Calco-
fluor. On the basis of the molecular weight of the AXOS produced, the ball milling 
abled the breakdown of covalent bonds inside AX molecules and the reduction of 
the particle size to the nanoscale level. The fragmentation of cell wall polymers oc-
curred as an effect of both the high-energy impact in the ball-milling process and the 
considerable development of heat in the milling jar. This combined influence of me-
chanical forces and heat could explain why extended milling times are necessary to 
significantly increase the water solubility of AX. In addition, the effect of ball mill-
ing on the fragmentation of bran was intensified by decreasing the filling degree.
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The aggregation of the milled bran material visualized by light microscopy was 
in line with the particle size analysis by laser diffraction (e.g. in the sample ball 
milled for 24 h with 50 % filling degree d50 was 32 µm). Thus, the particle sizes 
observed by laser diffraction reflect the aggregation of very finely ground bran ma-
terial and not the actual particle size of the bran material after milling treatment.

An extensive single-stage, dry ball-milling process can reduce the size of wheat 
bran to the nanoscale level. AXOS produced by ball-mill treatment had a higher 
A/X ratio in comparison to AXOS produced enzymatically from wheat bran. This 
implies that ball milling renders AX from both the aleurone layer as well as the 
pericarp layer water-extractable. Ball milling resulted in also higher AXOS yields 
compared to enzymatic treatment. Ball milling thus facilitates the more efficient use 
of the cereal bran, in particular the pericarp.

Fig. 1.8  Microstructure of a untreated wheat bran, b wheat bran ball milled for 24 h (50 % filling 
degree), c wheat bran ball milled for 48 h (50 % filling degree) and d wheat bran ball milled for 
24 h (16 % filling degree). Cell wall β-glucan stained with Calcofluor appears blue, and proteins 
stained with Acid Fuchsin appear red. Starch is unstained and appears black. (Adapted with per-
mission from Van Craeyveld et al. 2009. Copyright 2014 American Chemical Society)
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1.4.1.3  Effect of a Milling Pretreatment on the Microstructure of Brewer’s 
Spent Grain

Brewer’s spent grain is a by-product of the brewing industry containing mainly the 
insoluble residues of malt separated from wort before fermentation (Fig. 1.9a). The 
components such as AX, cellulose, lignin and protein present in this side stream 
could be utilized in food, chemical or energy production (Mussatto et al. 2006). 
As millions of tonnes of brewer’s spent grain is produced worldwide annually, a 
cost-efficient fractionation method would enable its better valorization. Carbohy-
drates present in brewer’s spent grain are rather resistant to enzymatic hydrolysis 
(Forssell et al. 2008; Treimo et al. 2009) and set thus certain requirements for the 
fractionation of this material. However, the decrease of the particle size is known 
to open up the cell wall structures and to reduce cellulose crystallinity thus making 
the biomass more accessible to enzymes (Hendriks and Zeeman 2009). The particle 
size reduction should be severe enough in order to influence the cell wall structures 
or the crystallinity of cellulose (Beldman et al. 1987).

The effect of different milling pretreatments on the microstructure of brewer’s 
spent grain and further on its enzymatic hydrolysis has been demonstrated by Ni-
emi et al. (2012a). Light microscopy shows that the unmilled brewer’s spent grain 
contains large fragments of grain outer layers and aleurone and protein (Fig. 1.9b). 
After pin-disc milling, brewer’s spent grain contained still the same recognizable 
structures, which were present in the unmilled sample, although the size of the 
particles was clearly reduced (Fig. 1.9c). The grinding with TurboRotor was more 
effective to break down the aleurone cell walls in comparison to pin-disc milling 
(Fig. 1.9c, d). Wet milling either with Masuko mill or microfluidisizer resulted in 
the thin particles with hardly any recognizable cellular structures (Fig. 1.9e, f). The 
similarity of these wet-milled samples was confirmed by the particle size distribu-
tion. The higher stainability of protein in the Masuko-milled sample could reflect, 
for example, the change in the physicochemical properties of the brewer’s spent 
grain components due to heating up during milling. Ball milling of brewer’s spent 
grain for 1 h did not totally break down the cellular structures, but extending the 
milling time to 24 h resulted in a very fine powder with no distinguishable or clearly 
stainable structures (Fig. 1.9g, h). Similarly with the results of Van Craeyveld et al. 
(2009), large aggregates of fine particles were observed after long ball-milling treat-
ment and also contributed to the presence of larger particles in the particle size 
distribution. Aggregation could be due to the charges caused by the frictional elec-
tricity of the milling or mixing of lipids with protein and carbohydrates.

The solubilization of brewer’s spent grain carbohydrates was clearly increased 
by the milling pretreatment, and the highest rates were observed in the samples ball 
milled for 24 h. Cellulose in particular was more hydrolysable after milling, while 
the solubilization of AX was not notably affected by milling pretreatments. Consid-
ering the need of a cost-efficient process, wet milling is a good option, as no drying 
is required for the material and the size reduction is sufficient to improve hydrolysis 
of cell wall carbohydrates.



18 U. Holopainen-Mantila and M. Raulio

Fig. 1.9  Microstructure of a, b initial unmilled brewer’s spent grain and brewer’s spent grain 
milled with c pin-disc mill, d TurboRotor, e Masuko, f microfluidizer, g ball mill for 1 h and h 
ball mill for 24 h. Image a is a stereomicrograph and images b–h are light microscopy images of 
samples stained with Acid Fuchsin and Calcofluor showing protein red and cell wall β-glucan 
blue, respectively. Due to autofluorescence, lignified cell walls appear yellowish-green. (Repro-
duced from Niemi et al. 2012a with the permission from the publisher)
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1.4.2  Enzymatic Processing

1.4.2.1  The Release of Ferulic Acid Metabolites from Wheat Aleurone Is 
Increased by Enzymatic Disintegration

In wheat grain, the nutritionally interesting component, namely dietary fibre, is 
concentrated in the cell walls of the aleurone layer. These cell walls are present in 
bran and consist mainly of AX with β-glucan, cellulose and phenolic acids as mi-
nor components (Bacic and Stone 1981). AX of wheat aleurone is highly esterified 
with phenolic acids, ferulic acid as the most abundant substituent. These phenolic 
compounds are carried by AX as co-passengers into the digestive tract. In fact, the 
health benefits of wheat aleurone may not be due only to the fermentation of its 
dietary fibre but also to the action of its co-passengers. The physiological activity of 
the different parts of the gut can be affected by the phenolic co-passengers released 
from cereal matrix (Jones 2010). Mechanically or enzymatically processed wheat 
bran has been shown to increase the bioaccessibility of phenolic compounds in an 
in vitro model of the upper gastrointestinal tract (Fardet 2010; Hemery et al. 2010a).

The microstructural integrity of wheat aleurone has been linked also to its co-
lonic fermentability (Rosa et al. 2013a). The disintegration of aleurone layer frac-
tions was carried out by dry processing (grinding) and wet processing (treatment 
with xylanase or xylanase and feruloyl esterase). The microstructure of the treated 
fractions was visualized by microscopy (Fig. 1.10). The native aleurone fraction 
comprises clusters of c. 5–8 intact aleurone cells (Fig. 1.10a, b). Ground aleurone 
fraction contained fragments of aleurone cell walls and protein released from the 
broken cells, but also recognisable cell clusters from the aleurone layer (Fig. 1.10c, 
d). The autofluorescence observed in the native and ground aleurone fractions was 
due to ferulic acid bound to AX in the aleurone cell walls (Fig. 1.10b, d).

The size of the aleurone layer fragments was not pronouncedly influenced by 
the treatments with xylanase or xylanase and feruloyl esterase (Fig. 1.10e–h). How-
ever, the composition and the appearance of the aleurone cell walls were clearly 
affected by the enzyme treatments. As indicated by the lower stainability with Cal-
cofluor, β-glucan in the aleurone cell walls was degraded in both enzymatic treat-
ments (Fig. 1.10e, g). The enzyme-treated aleurone cell walls were also thinner in 
comparison to the cell walls present in the starting material. Especially the com-
bined influence of xylanase and feruloyl esterase plasticized the cell walls and made 
them appear in wrinkles (Fig. 1.10g). The degradation of both AX and β-glucan was 
confirmed by chemical analyses. Enzymatic treatment was also noticed to release 
protein from aleurone cells. In addition, the loss of autofluorescence due to enzyme 
treatment indicated the release of ferulic acid from the aleurone cell walls. In the 
xylanase-treated sample, the autofluorescence was lost from the periclinal cell walls 
leaving anticlinal cell walls between aleurone cells intact (Fig. 1.10f). The treatment 
with xylanase and feruloyl esterase was found to decrease also the autofluorescence 
of these anticlinal cell walls (Fig. 1.10h). The higher solubilization of ferulic acid in 
these two fractions was confirmed by higher quantities of conjugated and free forms 
of ferulic acid present in the enzymatically treated samples.
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Fig. 1.10  Microstructure of wheat aleurone fractions a, b as native, c, d as ground, e, f as treated 
with xylanase and g, h as treated with xylanase and feruloyl esterase. Images a, c, e and g show 
cell wall β-glucan blue stained with Calcofluor and protein red stained with Acid Fuchsin. Images 
b, d, f and h show autofluorescence ( λex = 400–400 nm, λem > 455 nm) mainly due to the aromatic 
structures of ferulic and para-coumaric acids present in the aleurone cell walls. (Adapted with 
permission from Rosa et al. 2013a. Copyright 2014 American Chemical Society)
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Fermentability of the aleurone samples was tested in the in vitro colon model. 
The fermentation of ground aleurone fraction showed increased production of total 
gas and short-chain fatty acids in comparison to the native aleurone fraction. This 
can be taken as an indication of enhanced microbial accessibility due to decreased 
particle size. The enzymatic disintegration of the aleurone fraction increased the 
formation of the colonic metabolites of ferulic acid (especially phenylpropionic ac-
ids) as a consequence of ferulic acid released by the enzymatic hydrolysis but did 
not change significantly the formation of short-chain fatty acids. Combined with 
the earlier results on the influence of the inhibition of lipid peroxidization by the 
bioavailable ferulic acid (Rosa et al. 2013b), these results indicate that bioactive 
compounds released from processed aleurone can benefit both in the upper and 
lower part of the digestive tract.

1.4.2.2  Microstructural Changes in Brewer’s Spent Grain Due to Milling 
Pretreatment and Enzymatic Hydrolysis of Carbohydrates

Cost-efficient separation of components is needed for the valorization of brewer’s 
spent grain, a remarkable side stream of brewing industry consisting mainly of wa-
ter insoluble structures of malt. In the study of Niemi et al. (2012b), a two-step 
enzymatic hydrolysis of brewer’s spent grain was carried out, and along with the 
compositional analyses, the microstructure of the material was monitored through-
out the procedure by light microscopy. Prior to the sequential treatments with car-
bohydrate- and protein-degrading enzymes, brewer’s spent grain was wet milled 
with a Masuko grinder. The intact cellular structures of husk, grain outer layers and 
aleurone present in the unmilled brewer’s spent grain were broken in Masuko grind-
ing, and the particle size was significantly decreased (Fig. 1.11a, b).

As the result of carbohydrase treatment carried out with two enzyme prepara-
tions, 26 % of the brewer’s spent grain was solubilized. No Calcofluor-stainable, 
β-glucan-containing cell walls were detected after this treatment (Fig. 1.11c). The 
non-lignified endosperm cell walls were more accessible for enzymes in compari-
son with the grain outer layers. The higher resistance to enzymatic hydrolysis of 
the grain outer layers may be due to their higher degree of arabinose substitution 
(Beaugrand et al. 2005). Despite the proteinase side activity of one of the carbohy-
drases, the protein stained by Acid Fuchsin was concentrated due to hydrolysis of 
carbohydrates.

The degree of solubilization of the protease treatment step was 40 %, and at 
this point, 93 % of original protein present in brewer’s spent grain was solubilized. 
The removal of protein was detected by microscopy as a clear decrease of particles 
stained with Acid Fuchsin in the insoluble residue (Fig. 1.11e). Thus, the protein of 
brewer’s spent grain consisting mainly of water-insoluble barley storage proteins 
and precipitated protein from wort boiling was efficiently hydrolysed in this treat-
ment. The orange particles visible in the insoluble residue after the protease treat-
ment should not be mistaken as protein. On the basis of their thin and longish shape, 
they most probably are fragments of cutin. Cutin is a polyester present in the hy-
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Fig. 1.11  Microstructure of brewer’s spent grain and the enzyme-treated fractions: a unmilled 
brewer’s spent grain, b Masuko-milled brewer’s spent grain, c and d insoluble residue after the 
carbohydrase treatment, e–f insoluble residue after the protease treatment and g protease-alka-
line extracted fraction. In the images a–c, e and g, protein and cell wall β-glucan stained with 
Acid Fuchsin and Calcofluor appear red and blue, respectively. Due to autofluorescence, ligni-
fied cell walls appear yellowish-green. Images d and f show autofluorescence ( λex = 330–385 nm, 
λem > 420 nm) mainly due to the aromatic structures. (Adapted with permission from Niemi et al. 
2012a. Copyright 2014 American Chemical Society)
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drophobic cuticle layers of the grain outer parts. Cutin fragments, which are visible 
due to their autofluorescence, became easier to distinguish after removal of protein.

The autofluorescence of the insoluble hydrolysis residue was increased by the 
protease treatment (Fig. 1.11d, f). This is according to the enrichment of lignin 
along with the enzymatic hydrolyses. In fact, the major autofluorescent compound 
in brewer’s spent grain is lignin, although several other aromatic compounds are 
present as well (Jay et al. 2008). The autofluorescence of lignin may become more 
visible as the protein and carbohydrates covering it were removed. The supernatant 
containing the solubilized material from the protease treatment was further acidi-
fied in order to precipitate lignin. The yield of this precipitate was 11 % of the solu-
bilized material. In this material, precipitated proteinaceous material presumably 
covered lignin and thus its autofluorescence (Fig. 1.11g).

The two-step enzymatic treatment solubilized 66 % of brewer’s spent grain.
Carbohydrates were partially resistant to the action of the carbohydrate-degrad-

ing enzymes, whereas the proteins were almost completely solubilized by the pro-
tease treatment. Further analysis of the supernatant from protease treatment proved 
the presence of lipids and lignans in this fraction.

1.4.3  Fractionation Processing

1.4.3.1  Enrichment of Grain Outer Layers and Aleurone Cell Walls  
Present in Wheat Bran by Electrostatic Separation

The utilization of wheat bran could be increased by fractionating this currently un-
dervalued side-stream product into purified fractions. One of the promising dry-frac-
tionation technologies is electrostatic separation, in which finely ground material is 
separated depending on charge acquired in tribo-electrification, and the positively and 
negatively charged fractions can be collected separately (Stone and Minifie 1988; 
Bohm et al. 2003). In the study of Hemery et al. (2011b), two types of ultrafine wheat 
bran was fractionated using electrostatic separation, and the microstructure composi-
tion and the particle size distribution of the resulting fractions were analysed.

In addition to protein and the fragments of individual bran layers, the cryogeni-
cally ground wheat bran contains composite particles, in which the pericarp, testa 
and aleurone layers are attached to each other (Fig. 1.12a). The material attracted by 
the negative electrode in the electrostatic separation consisted mainly of rather large 
fibre-rich particles originating from the pericarp and to smaller extent the cell walls 
and cell contents originating from the aleurone layer (Fig. 1.12b). Accordingly, the 
composition of this fraction showed high contents of arabinose and dimers and tri-
mer of ferulic acid, which are characteristic for the complex heteroxylans present in 
the pericarp (Fincher and Stone 1986). The cell walls and proteinaceous cell contents 
of the aleurone layer were enriched in the positive fraction, although some smaller 
pericarp fragments were also present (Fig. 1.12c). In line with the microstructure, 
the compositional analysis underlined aleurone as the origin of the particles present 
in this positive fraction. The β-glucan and ferulic acid monomers typical to aleurone 
cell walls and folates and phytates localized in aleurone cells (Pomeranz 1988) were 
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Fig. 1.12  Micrographs of ground wheat bran samples and their fractions obtained after two or 
three successive steps of electrostatic separation: a the cryogenically ground bran sample and its 
b negative and c positive fractions and d bran sample ground three times in ambient temperature 
and its e negative and f positive fractions. The cross sections of the resin-embedded powders were 
stained with Calcofluor and Acid Fuchsin. Aleurone cell walls appear blue and protein brownish-
red. Fibre-rich material from the pericarp appears as light greenish-yellow, testa appears reddish-
orange, whereas starch and aleurone granules stay unstained (black). (Reproduced from Hemery 
et al. 2011b with the permission from the publisher)
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enriched in this fraction. The negative fraction exhibited higher median particle size 
(88.3 µm) in comparison to the positive fraction (26.5 µm). However, the composite 
particles made of adhering bran layers were present in both purified fractions. This 
indicates that these composite particles limited the enrichment of bran components. 
As bran tissues are more efficiently dissociated in grinding at ambient temperature 
in comparison to cryogenic grinding (Hemery et al. 2011a), electrostatic separation 
was carried out with an ultrafine bran sample produced by ambient grinding.

The wheat bran ground in ambient temperature contained structures originating 
from the pericarp, testa, aleurone and starchy endosperm (Fig. 1.12d). Almost all the 
pericarp and aleurone particles were apart from those of the testa, and no composite 
particles were observed. The negative fraction obtained after three successive elec-
trostatic separations was composed of fibre-rich pericarp particles and fragments 
of the testa (Fig. 1.12e). Only few cell wall structures from the aleurone or starchy 
endosperm were present in this fraction. The compositional analysis supported the 
enrichment of pericarp structures and the decrease of particles from the aleurone as 
the contents of arabinose, ferulic acid dimers and ferulic acid trimer were higher 
and the contents of aleurone cell contents such as folates, phytic acid, and ash were 
lower than in the fractions of positively charged particles. The positively charged 
fraction obtained after three successive electrostatic separations consisted mainly of 
aleurone cell wall fragments, loose protein matrix and intact aleurone cells as single 
or in entities of 2–4 cells (Fig. 1.12f). Few composite particles with a fragment of 
the testa attached to aleurone cell walls and some small pericarp particles were pres-
ent in this fraction. The enrichment of structures originating from the aleurone and 
starchy endosperm in the positively charged fraction was reflected as the enrich-
ment of β-glucan, protein, para-coumaric acid, ferulic acid monomers and starch.

In addition to the compositional enrichment, the median particle size was also af-
fected by the electrostatic separation. The positively charged fraction was composed 
of finer particles than the corresponding negatively charged fraction. This indicates the 
resistance of pericarp fragments to milling as these were enriched to negative fraction.

Electrostatic separation allows the fractionation of wheat bran to fractions with 
very different biochemical compositions and grain tissue proportions depending on 
the degree of the dissociation of the starting material. It enables the production of 
fractions containing the pericarp which are thus rich in insoluble dietary fibre or 
fractions containing mainly structures from aleurone cell walls which are rich in 
β-glucan and ferulic acid monomer. These fractions could serve as food ingredients, 
or they could be purified further with other processing methods.

1.4.4  Malting

1.4.4.1  Using Starter Culture as a Tool to Reduce Extracellular Polymeric 
Substances Accumulation in Barley Kernel Tissues During Malting

Microbial communities are an integral part of all cereals (Fig. 1.13a–c). The natural 
microbiota of grains has great impact on the technical performance and the quality 
of cereal products (Noots et al. 1999; Laitila et al. 2007a). The steeping in water 
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stimulates the microbiota in the barley kernel to grow and to produce extracellu-
lar substance (Fig. 1.3d–f). Biofilms and extracellular polymeric substances (EPS) 
can deteriorate grain germination (Kelly and Briggs 1992; Doran and Briggs 1993; 
Laitila et al. 2007a) and be harmful in brewing by reducing the separation of wort 
and filterability of the mash (Laitila et al. 1999).

We previously reported changes in ultrastructural details of the natural micro-
biota of barley kernels before and after the steeping step of malting by field emis-
sion scanning electron microscopy (FESEM; Raulio et al. 2009). Amending the 
steeping water with a culture of Lactobacillus plantarum E76 reduced the accumu-
lation of EPS during the subsequent steeping. The strain of L. plantarum as a starter 
culture was capable of colonizing the tissues of barley kernel (Raulio et al. 2009; 
Fig. 1.13g–i). This colonization resulted into reduced growth of slime-producing 

Fig. 1.13  Scanning electron micrographs of surfaces of the epidermis layers of barley kernels. 
a–c Clusters of bacteria on a dry kernel of barley, collapsed fungal hyphae (h) and yeast cells (y). 
d–f 2 days old biofilms on a steeped barley kernel. Most of the kernel surface and the attached 
bacteria are embedded in amorphous slime. g–i 2 days old biofilms on a barley kernel steeped in 
the presence of the starter Lactobacillus plantarum E76 with Wickerhamomyces anomalus C565 
(synonym Pichia anomala). Cells looking like L. plantarum (short rods) have colonized the kernel 
surface. In g, yeast cells (y), putative W. anomalus, are in close proximity to putative L. plantarum 
cells. In i, the belt-like structures of L. plantarum cells are visible (white arrows). (Images by Mari 
Raulio, unpublished)
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bacteria. A positive effect on mash filterability was also observed. Lactic acid starter 
bacteria have been shown effective in controlling undesirable microbial contami-
nants, particularly pseudomonads and the Fusarium fungi in malting elsewhere (re-
viewed by Lowe and Arendt 2004; Laitila et al. 2006).

Laitila et al. (2007b) have shown that adding the yeast Wickerhamomyces anoma-
lus C565 (synonym Pichia anomala) neither noticeably affected bacterial growth in 
grain nor disturbed the germination. The final malts were good quality, but the sepa-
ration of wort slowed down. On the other hand, use of W. anomalus as starter culture 
suppressed the growth of contaminating yeasts and filamentous fungi. Based on this 
knowledge, we decided to use two starters simultaneously, Lactobacillus plantarum 
E76 and W. anomalus C565 in the steeping water. When we examined biofilms on 
the barley kernel surfaces with FESEM, we found that both the L. plantarum and 
the W. anomalus strains had entered the husk layer of the barley grain and adhered 
on the surfaces of the kernel suppressing the growth of the EPS-producing bacteria 
(Laitila et al. 2011; Fig. 1.13g–i).

1.4.5  Baking

1.4.5.1  Fermentation

In the sourdough process, flour and water are fermented with microbes originating 
from preceding sourdough, commercial starter culture, bakery equipment or from 
flour. Using sourdough as a part of the dough is an ancient way to improve flavour, 
texture and microbiological shelf life of bread, and this technique is widely utilized 
in whole grain rye baking (Valjakka et al. 2003). What comes to wheat baking, the 
use of sourdough is less common. Products made from endosperm wheat flour have 
usually mild flavour, and thus the addition of acidic sourdough has a great influence 
on it. Although the sourdough process is rather widely studied, the localization of 
the bacterial cells in the cereal material is not well detected and documented.

The location of microbes and exopolysaccharides as well as the ultrastructure 
of microorganisms adhering onto the wheat bran surface after fermentation can be 
demonstrated using electron microscopy. In our study, first the structure of native 
wheat bran was examined (Fig. 1.14). This revealed the structures present in wheat 
bran, namely the outer layers including pericarp, aleurone and sub-aleurone layers. 
The pericarp was a distinguishable layer, and some starch granules originating from 
the inside of the grain were attached on it. The still alive cells of the aleurone had 
distinguishable, thick cell walls enclosing the protein and lipids. Starchy endosperm 
cells were also observed in these native, non-fermented wheat bran samples. The 
cells of the starchy endosperm were packed with starch granules and storage protein 
and have quite thin walls.

In the fermented wheat bran, lactic acid bacteria and yeast cells were observed 
attached to wheat aleurone cell walls and other surfaces of wheat bran (Fig. 1.15). 
Some bacterial cells were noticed to be attached on a surface of starch granules.
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1.4.5.2  Microstructure of Pasta Made with Wheat Flour Rendered 
Gluten-Free

There is a growing demand for novel gluten-free products with acceptable flavour 
and structure, and thus new technologies need to be developed. One option is to 
render gluten-containing wheat flour to gluten-free one by lactic acid bacteria fer-
mentation and fungal proteases (Rizzello et al. 2007). The major technological chal-
lenge is achieving adequate structural properties in a product lacking the viscoelastic 
properties of gluten proteins. Curiel et al. (2014) have studied the structure of pasta 
made with wheat flour, which is rendered gluten-free, in comparison to commercial 
durum wheat and gluten-free pastas. In addition, pre-gelatinized rice flour was used 
as a part of the experimental gluten-free pasta to enable the use of same production 
procedure as routinely applied for durum wheat pasta (Arendt et al. 2008).

Fig. 1.14  Scanning electron micrographs of native wheat bran. a The inner pericarp. b and c The 
structure of aleurone and sub-aleurone layers. d Cells of the starchy endosperm. (Images by Mari 
Raulio, unpublished)
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The microstructure of cooked pasta samples was examined using light micros-
copy (Fig. 1.16). In the experimental gluten-free pasta, only few and scattered pro-
tein spots were observed (Fig. 1.16a). These protein aggregates were likely derived 
exclusively from rice flour on the basis of the very low gluten content present after 
fermentation and enzymatic hydrolysis. In the commercial durum wheat pasta, an 
intact protein network was detected (Fig. 1.16c). Starch granules were entrapped in 
this protein network (Fig. 1.16d). Similarly to the experimental gluten-free pasta, the 
commercial gluten-free pasta contained only few protein aggregates (Fig. 1.16e). 
Due to the lack of protein network, starch granules were not surrounded by protein 
matrix in either of the gluten-free pasta samples (Fig. 1.16b, f). Although starch 

Fig. 1.15  Scanning electron micrographs of wheat bran inoculated with lactic acid bacteria and 
fermented for 20 h. a A low magnification micrograph of a piece of aleurone layer. b An enlarge-
ment of an area from a showing a group of lactic acid bacteria attached on the aleurone cell wall. 
c A low-magnification micrograph of a piece of bran. d An enlargement of an area from c show-
ing the surface of the bran colonized by lactic acid bacteria and yeasts. (Images by Mari Raulio, 
unpublished)
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granules in all three samples were gelatinized, they were more swollen and de-
formed in the experimental or commercial gluten-free pastas in comparison to du-
rum wheat pasta (Fig. 1.16g–i). In the gluten-free pasta samples, the leakage of 
amylose from the starch granules confirmed the further gelatinization. Thus, the 

Fig. 1.16  Micrographs of cross sections of pasta samples. a and b Experimental gluten-free pasta. 
c and d Commercial durum wheat pasta. e and f Commercial gluten-free pasta. In the fluorescence 
images (a, c and e), cell walls β-glucan stained with Calcofluor appear blue, proteins stained with 
Acid Fuchsin appear red or pink and starch is unstained and appears black. In the bright field 
images (b, d and f), protein shows light green and the amylose component of starch blue and amy-
lopectin brown. The starch granules are represented in the enlarged framed area (g, h, and i). (The 
image from Curiel et al. 2014 is reproduced with the permission from the publisher)
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gluten network present in durum wheat pasta probably prevented the swelling and 
further deformation of starch granules.

All in all, the microstructure of the experimental gluten-free pasta was very simi-
lar to that of commercial gluten-free pasta, even though the former contained wheat 
flour. The experimental gluten-free pasta was intermediate between the two com-
mercial samples in the structural characteristics such as hardness, gumminess and 
chewiness. It also had faster water absorption and shorter optimal cooking time. 
Most probably the structure of experimental gluten-free pasta despite the lack of 
gluten network was maintained by pre-gelatinized rice flour, which has been re-
ported to improve the texture of gluten-free pasta (Mastromatteo et al. 2011). As 
the sensory properties of the experimental gluten-free pasta were also acceptable, 
fermented, gluten-free wheat flour appears as a promising ingredient for gluten-free 
pasta and also other types of food products.

1.4.5.3  The Effect of Alkylresorcinols on Microstructure of Bread

Addition of whole grain flour or bran to dough increases not only the fibre content 
but also the amount of alkylresorcinols in final breads. Alkylresorcinols are phe-
nolic compounds naturally found in high amounts in the outer layers of wheat and 
rye kernels. It is known that whole grain flour or bran influences the technological 
properties of bread by decreasing volume and making the structure more compact 
(Katina 2003). However, the impact of alkylresorcinols on bread properties is not 
well understood. In the study of Andersson et al. 2011, the influence of alkylresor-
cinols purified from rye, wheat and durum wheat on yeast-leavened bread micro-
structure as well as on bread volume, height and porosity was demonstrated.

In order to investigate the effect of alkylresorcinols on the microstructure, pieces 
from breads with added alkylresorcinol were fixed, embedded into resin and exam-
ined by light microscopy. It was noticed that addition of purified alkylresorcinol 
extracts from rye, wheat or durum wheat had a clear influence on the degree of 
starch granule aggregation. In the breads with 1.0 % added alkylresorcinol, starch 
granules were the most aggregated, while in the breads with 0.1 % added alkylres-
orcinol, only minor effects on starch granule aggregation were observed and the 
breads resembled the control samples with no alkylresorcinol added (Fig. 1.17). 
Starch granule aggregation in breads with 0.5 % added alkylresorcinol was inter-
mediate in comparison with breads containing 0.1 and 1.0 % added alkylresorcinol. 
Starch granules also were more swollen in breads with higher contents of added 
alkylresorcinol.

In addition to higher degree of starch aggregation, breads with 1.0 % added al-
kylresorcinol showed separation of the protein phase. Breads with 0.1 % added al-
kylresorcinol had a protein phase showing a similar dispersion to that observed in 
reference samples with no added alkylresorcinol (Fig. 1.17a, b, d, f). However, in 
the breads with 0.5 and 1.0 % added alkylresorcinol, the separation of the protein 
phase increased along with the higher content of added alkylresorcinols (Fig. 1.17c, 
e, g). Separation of the protein and starch phases may be a consequence of starch 



32 U. Holopainen-Mantila and M. Raulio

Fig. 1.17  Microstructure of wheat breads with added and purified alkylresorcinol extracts. a 
Reference bread without alkylresorcinol addition. b 0.1 % rye alkylresorcinol added. c 1.0 % rye 
alkylresorcinol added. d 0.1 % wheat alkylresorcinol added. e 1.0 % wheat alkylresorcinol added. f 
0.1 % durum wheat alkylresorcinol added. g 1.0 % durum wheat alkylresorcinol added. Protein and 
starch were stained with Light Green and Lugol’s iodine solution, respectively. Light Green stains 
protein green, and starch appears dark blue due to iodine staining. (Adapted with permission from 
Andersson et al. 2011. Copyright 2014 American Chemical Society)
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swelling and may lead to uneven distribution of protein network. A similar effect on 
protein was observed with another protein stain, Acid Fuchsin. Based on the stain-
ing with Calcofluor, cell wall components were not clearly influenced by addition 
of alkylresorcinols.

Thus, addition of alkylresorcinols to dough seemed to change the protein–pro-
tein interaction and aggregation of starch granules in bread. Based on the data, it 
was not possible to deduce which one of the effects are direct consequences of 
alkylresorcinols or what are the mechanisms behind these effects. Alkylresorcinols 
are known to have different homologue composition for each cereal (Chen et al. 
2004). However, the alkylresorcinols purified from wheat, rye and durum wheat 
had the same effects on bread microstructure.

The results of the microstructure of breads with added alkylresorcinols were well 
in line with the bread quality parameters. Irrespective of homologue composition of 
alkylresorcinols added, the breads with high amounts of added alkylresorcinols had 
a lower volume and a more compact structure compared with breads with no or low 
levels of added alkylresorcinols. Despite their amphiphilic nature, alkylresorcinols 
did not seem to have positive influence on the bread properties, although amphiphi-
lic emulsifiers are frequently used in order to increase dough strength, give higher 
water absorption and improve crumb structure and gas retention during fermenta-
tion in the baking industry (Stampfli and Nersten 1995).

1.4.5.4  The Impact of Tyrosinase on the Microstructure of Gluten-Free Oat 
Dough

The network of gluten proteins accounts for the viscoelastic properties of wheat-
based dough and the structure of final bread. Thus, the formation of adequate tex-
tural quality is the main challenge in baking gluten-free bread. The rheological 
properties of dough and bread could, however, significantly be altered by oxida-
tive enzymes, which generate covalent bonds within or between cereal biopoly-
mers (Gujral and Rosell 2004; Flander et al. 2008; Renzetti et al. 2010). Tyrosinase 
(EC 1.14.18.1) is an oxidative enzyme, which is capable of catalysing cross-linking 
biopolymers, such as tyrosine side chains in proteins and monophenols via their 
phenolic moieties (Xu 1997; Takasaki and Kawakishi 1997; Buchert et al. 2007; 
Selinheimo et al. 2007).

Flander et al. 2011 have studied the effect of tyrosinase on the dough microstruc-
ture and further on the quality of final bread. Light microscopy enabled the exami-
nation of individual flour component, namely protein and β-glucan. Proteins were 
stained with 0.2 % (w/v) Xylidine Ponceau (Fig. 1.18a–c). Protein in the doughs 
treated with the highest tyrosine dosage (30 nkat tyrosine/g flour; Fig. 1.18c) 
seemed to be more aggregated than in the control sample and in the dough treated 
with lower dose of tyrosinase (Fig. 1.18a, b). To confirm this visual observation, the 
particle size distributions of proteins stained with Xylidine Ponceau were analysed 
from 20 images/sample by classifying the particles according to their area and cal-
culating their number. The proteinaceous particles were divided into four different 
classes shown by false colours in Fig. 1.18d–f. The significantly ( p < 0.05) higher 
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mean area and the mean count of protein particles between 100 and 1000 μm2 (false 
coloured as blue in Fig. 1.8d–f) in the dough with 30 nkat tyrosinase/g flour proved 
the higher protein aggregation in comparison to the control dough. Together with 
the results of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) separations of these dough proteins, this microscopical analysis suggests 
that the blue areas represent probably aggregated oat globulins formed by tyrosine-
induced cross-linking.

The same protein aggregation was observed also in the staining with Calcofluor 
and Acid Fuchsin (Fig. 1.18g–i). Similar particle analysis as that of protein stained 
with Xylidine Ponceau was performed of cell wall structures stained with Calcoflu-
or. The area and count of particles with diameter from 10 to 1000 μm2 stained with 
Calcofluor decreased significantly ( p < 0.05) as the dosage of tyrosine increased 
(Fig. 1.18g–i). This is in line with the fact that oat endosperm cell walls consist 

Fig. 1.18  Microstructure of oat doughs with reference treatment (a, d, g), with 10 nkat of added 
tyrosinase/g of flour (b, e, h) and with 30 nkat of added tyrosinase/g of flour (c, f, i). Images 
a–c represent doughs stained with Xylidine Ponceau showing protein red. Images d–f show the 
particle size distribution of the proteins stained with Xylidine Ponceau. The size classes of pro-
tein particles were detected by image analysis and coded by colours as follows: 4–10 μm2 (red), 
10–100 μm2 (green), 100–1000 μm2 (blue), > 1000 μm2 (yellow). Images g–i represent doughs 
stained with Acid Fuchsin and Calcofluor showing cell wall β-glucan blue and protein red. Scale 
bars = 100 μm. (Adapted with permission from Flander et al. 2011. Copyright 2014 American 
Chemical Society)
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mainly of β-glucan in oat (Henry 1987; Shewry et al. 2008). The effect of tyrosinase 
treatment on β-glucan may have been caused by the side activities of xylanase and 
β-glucanase present in the tyrosine preparation.

Possibly as a result of the more intensive protein aggregation, tyrosinase in-
creased the firmness of the dough. In addition, tyrosinase improved the textural 
quality of final bread by increasing significantly the specific volume of the bread. 
The results thus indicate that cross-linking of oat globulins by tyrosinase is benefi-
cial for improving the texture of gluten-free oat bread.

1.5  Summary

Microscopy techniques enable the examination of cereal grain structure on differ-
ent levels. The structural features as well as the localization of grain components 
in whole grains as well as in their processing and end products can be carried out. 
Alongside with the chemical data and information on the processing and end use 
quality properties, the visualization of grain structures and composition assists in 
understanding the processability of cereal grains and products derived from them.
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Chapter 2
Localization of Cereal Grain Components  
by Vibrational Microscopy and Chemometric 
Analysis

Anna-Stiina Jääskeläinen, Leonardo Galvis Rojas and Carlo G. Bertinetto

2.1  Introduction

The structure and composition of cereal grains are important factors when consider-
ing their usage in industrial food processes such as milling, bread-making, malting, 
and brewing. Grain composition also affects its digestion in human and animal gut, 
contributing to the nutritional value and possible health benefits. From these aspects 
follows an increasing importance in finding ways to characterize cereal structure 
quickly and accurately. This chapter shows how two spectroscopic imaging tech-
niques, Fourier transform infrared (FTIR) microspectroscopy and confocal Raman 
microspectroscopy (CRM), can provide powerful tools for this purpose. The ba-
sic functioning and some practical issues of these experimental techniques will be 
illustrated in Sect. 2 and 3, respectively. An extensive overview of methods for 
chemometric analysis focusing on data preprocessing and spectral unmixing and 
resolution is provided in Sect. 4. Finally, Sect. 5 will present a case study demon-
strating the application of CRM combined with chemometric processing to investi-
gate samples of barley ( Hordeum vulgare L.), one of the most commonly cultivated 
agricultural cereal crops. For information about the general structure of cereal ker-
nels, the reader is invited to refer to Chap. 1 of this book.
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2.2  FTIR Microspectroscopy

Infrared spectroscopy is a widely applied, noninvasive technique to characterize the 
chemical structure of plant materials. In the vast majority of experiments, infrared 
spectroscopy has been utilized to characterize the bulk structure of the samples 
(Gholizadeh et al. 2014). However, a few research groups have applied the poten-
tial of location specificity of infrared microspectroscopy to determine the structural 
features of selected regions in cereal grains (Mills et al. 2005). Hence, the changes 
in, for example, aleurone and endosperm cell walls (Barron et al. 2005; Jamme et al. 
2008; Saulnier et al. 2009) or secondary structure of protein (Bonwell et al. 2008) 
during grain maturation (Toole et al. 2007) or rumen degradation (Walker et al. 
2009) have been investigated.

Infrared microspectroscopy is most commonly applied for thin-sectioned grain 
samples, which are deposited on infrared inactive discs, such as barium fluoride 
or zinc selenium. These samples are measured in transmission mode using either 
conventional globar or synchrotron infrared light source. The main advantage of 
the latter is a much higher (1000x) light density but the utilization is limited due to 
few instruments available.

Alternatively, attenuated total reflectance (ATR) infrared spectroscopy can be 
applied in grain cell wall microspectroscopic analysis (Barron and Rouau 2008). In 
this technique, the sample is pressed against a high- refractive index crystal and the 
infrared spectrum is measured through the crystal in the total reflection angle. In 
this technique, the infrared irradiation does not actually penetrate the sample but the 
evanescent wave at the crystal–sample interface generates the infrared spectrum at 
the sample surface. Hence, the analysis depth of the sample is small, only ca. 0.5–4 
μm, depending on the wavelength range and the refractive indices of the ATR crys-
tal and sample materials. Barron and Rouau (2008) estimated that, in their setup, the 
sampling volume was ca. < 2 mm × 2 mm × 6 μm.

The spatial resolution of infrared spectroscopy is limited by diffraction. In theo-
ry, the highest achievable resolution depends on the microscope magnification (nu-
merical aperture) and infrared wavelength. Theoretically, the calculated diffraction 
limit is ca. 5 μm, indicating that two points that are separated with a distance shorter 
than this are detected as a single object. In practice, it is commonly stated that the 
spatial resolution of FTIR microspectroscopy is approximately 5.5–6 μm (Barron 
et al. 2005; Bonwell et al. 2008). When this resolution is compared to the dimen-
sions of cereal grain structures, it can be revealed that the cell walls of endosperm 
or aleurone cells are typically 2–3 μm thick (Bacic and Stone 1981) and hence much 
thinner than the lateral resolution of FTIR microspectroscopy. Therefore, even with 
the most careful focusing on the cell walls, some signals from the surrounding areas 
influence the spectra. Consequently, FTIR microspectroscopy is mainly employed 
to visualize grain features at a cellular scale, as shown in the example in Fig. 2.1.

Interpretation of FTIR spectra The spectral assignment is critical when in-
terpreting the data. The FTIR spectra of several cereal grain components are il-
lustrated in Fig. 2.2. The most important information on the chemical structure of 
components is in the fingerprint region of the spectra (800–1800 cm−1). The high 



432 Localization of Cereal Grain Components by Vibrational Microscopy …

wavenumber range at 3800–2800 cm−1 contains mostly information on the OH, CH, 
and NH stretching vibrations. This spectral range is sensitive to sample moisture 
and, due to the broad and overlapping bands, this region is only occasionally used 
in quantitative analysis of the samples.

The characteristic infrared bands from protein and carbohydrates are clearly 
seen in the fingerprint region, as illustrated in Fig. 2.2. The wavenumber range of 
1710–1500 cm−1 shows the most intense vibrational modes of cereal grain proteins.

Amide I and II have bands at 1710–1580 cm−1 and 1560–1500 cm−1, respectively 
(Walker et al. 2009). Typically, the highest intensities are observed at 1650 and 
1543 cm−1, as reported by Thygesen et al. (2003) and as illustrated in the FTIR spec-
trum of gluten in Fig. 2.2. When investigating the protein spectra in more detail, the 
absorption band at 1658 cm−1 has been assigned to originate from the alpha helix 
and beta-sheet of amide (Bonwell et al. 2008).

The strong absorption at spectral range 1300–800 cm−1 is characteristic for ce-
real carbohydrates (Kačuráková and Wilson 2001). These bands arise from different 
stretching and bending modes of CO, CC, COH, and COC structures in carbohy-

Fig. 2.1  Overlaid FTIR 
images of cross-section of 
wheat (Triticum aestivum) 
kernel: blue = arabinoxylan 
(highly branched); green = 
arabinoxylan (low branched); 
white = starch; black = holes. 
(Toole et al. 2007). Repro-
duced with permission from 
Springer

 

Fig. 2.2  FTIR spectra of 
main cereal grain compo-
nents: protein (gluten) and 
three different carbohydrates 
(arabinoxylan, β-glucan, and 
starch)
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drate polymers (Cael et al. 1973). It has not been possible to assign these bands 
unambiguously because most of these bands result from highly coupled vibrational 
modes. In addition, some of the bands are poorly resolved and severely overlapping, 
thus making the assignment challenging even when using advanced computational 
techniques, such as multivariate analysis or deconvolution (see below and Sect. 
4.2). Nevertheless, all carbohydrate polymers have their own characteristic infrared 
absorption bands, which enable us to investigate the carbohydrate composition of 
the sample as well as identify selected features in the polymer structure at a molecu-
lar level (e.g., substitution, chain conformation, helicity, crystallinity, and retrogra-
dation process) (van Soest et al. 1995).

The proportion of different carbohydrates in the sample can be performed using 
the FTIR spectra. Jamme et al. (2008) stated that arabinoxylan exhibits strong bands 
at 1045 and 970 cm−1, whereas in β-glucan the band at 1155 and 1078 cm−1 is stron-
ger. On the other hand, Barron et al. (2005) proposed that the band at 1075 cm−1 is 
influenced by the degree of branching and hydration of arabinoxylan, illustrating 
the difficulty of precise assignment of certain spectral bands.

Cereal grain arabinoxylan may have variable amount of ferulic acid substituents 
which can be observed by the presence of a band at 1595 cm−1. This band is charac-
teristic for the C = C stretching bond in the aromatic ring of ferulic acid. However, 
this spectral region overlaps with the bands from proteins and possible other aro-
matics (e.g., lignin) and therefore ferulic acids are not easy to detect or quantify.

The impact of, for example, starch can be removed by spectral subtraction, but 
this typically causes a distortion of the spectra. To overcome this problem, Barron 
et al. (2005) developed a method to prepare transverse thin sections of pure grain 
cell walls by removing the cell contents in the samples with 70 % ethanol solution. 
This treatment leaves the cell walls intact, and then it has been possible to investi-
gate the structure of endosperm cell walls at different positions of the grain without 
the interference of neighboring starch granules.

As illustrated above, the infrared bands are overlapping and hence univariate 
analysis, that is, considering a single peak at a time, is usually not possible. Hence, 
the utilization of multivariate methods is necessary to highlight the small changes 
in composition or architecture of different sampling positions, for example, in dif-
ferent positions of grain cell walls. The most common approach is to apply principle 
component analysis (PCA) (Barron et al. 2005; Saulnier et al. 2009). Alternatively, 
the second derivative of the spectrum can be utilized to identify the minor changes 
in the spectra, as has been performed by Bonwell et al. (2008), to determine the 
secondary structure of the endosperm proteins. The spectral analysis is discussed in 
more detail in Sect. 4.

2.3  Confocal Raman Microscopy

Raman spectroscopy is based on the inelastic scattering of light interacting with 
molecules in which the frequency shift between the incident and the scattered 
light is associated with a particular vibration mode of a chemical bond (Tsuboi 
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and Thomas JR 1997; Tanaka and Young 2006; Masic et al. 2011). When incident 
radiation encounters molecules, the electric field of the light induces the polariza-
tion of the electron cloud and the formation of a short-lived “virtual state” (Tanaka 
and Young 2006). Different energy transitions take place during this interaction. 
In elastic energy transition, molecules from the ground state are promoted to the 
“virtual state” level and return to the ground state with emission of scattered light 
in a process called Rayleigh scattering. However, the scattering process may also 
involve inelastic energy transitions to different energy levels from their initial one. 
These energy transitions are called Raman scattering. Raman scattering is inher-
ently a very weak process, since only one in every 106–108 photos experiences a 
frequency shift (Gierlinger et al. 2013).

One tool that is suited to study cereal kernels is CRM , which can obtain maps of 
the chemical composition and orientation of materials present in a sample with high 
resolution (0.6–1 µm) in a nondestructive manner. The main advantage of confo-
cal mapping is an improvement in lateral discrimination with simultaneous reduc-
tion of the fluorescence background and an important improvement in axial resolu-
tion (depth discrimination) that allows “optical sectioning” in transparent samples 
(Chalmers and Griffiths 2001). CRM has been used to image the distribution of 
different components with at least micron resolution in different plant-based sam-
ples, including cereal grains (Gierlinger and Schwanninger 2006). For instance, it 
allowed the study of the relationship between interstitial protein structure in wheat 
grain and its hardness, through the characterization of the arabinoxylans present in 
the cell wall during the development of wheat endosperm and the revelation of the 
structure of starch granules in the endosperm of wild and mutant maize kernels, 
thus obtaining the compound distribution on the aleurone layer in wheat and barley 
kernels (Piot et al. 2002; Wellner et al. 2011; Jääskeläinen et al. 2013).

Experimental setups Different approaches can be used to produce Raman im-
ages such as scanning mapping (point-by-point scanning), line scanning, and wide-
field illumination. Figure 2.3 depicts a point-by-point scanning where the laser is 
focused onto the sample surface using an objective, and a spectrum is taken by the 
detector at each spatial position over the region of interest (ROI) in the x and y direc-
tions. The integration values of a particular band (band intensity) are visualized as 
image where the bright pixels correspond to higher values of the integration. The Ra-
man intensity value is linearly related not only to the number of chemical bonds but 
also to the orientation of molecules present in a confocal volume (Kneipp et al. 1999; 
Tanaka and Young 2006). Depth scan (x-z) direction is also possible as well as their 
reconstruction into 3D stack images (x, y, z). The time for the acquisition of every 
single spectrum at each pixel (integration time) depends usually on the Raman signal 
of the sample and also on the instrument setup. Integration time values between 0.1 
and 1 s are commonly used in this mapping strategy; the duration of an experiment 
will be proportional to the integration time and also to the number of image pixels.

For the line imaging approach, cylindrical optics is used to distribute the laser 
beam in one direction over the sample. The laser line is oriented in a parallel fashion 
to the direction of the entrance slit of the dispersive spectrometer and a 2D charge-
coupled device (CCD) detector located at the exit port of the spectrograph collects 
simultaneously spatial and spectral data of the illuminated sample (Chalmers and 
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Griffiths 2001; Schlücker et al. 2003). As a result of this setup, only the dimension 
perpendicular to the laser line is required to be scanned, thus reducing the experi-
mental time. Finally, in wide-field Raman imaging, the entire ROI of the sample is 
illuminated and analyzed simultaneously by recording an image at discrete wave-
number increments through the spectrometer (Chalmers and Griffiths 2001).

Typical point-by-point Raman microspectroscopy maps are performed in a con-
focal Raman microscope equipped with linearly polarized lasers with a wavelength 
comprised in the visible range (e.g., Ar+, He-Ne, Kr+, and doubled Nd:YAG lasers) 
coupled to a dispersive spectrometer and a CCD detector. Figure 2.4 shows a stan-
dard configuration of the confocal microscope in Raman mode where the excitation 
laser is focused onto the sample with an objective, and the reflected Raman radia-
tion resulting from the interaction of the laser and the sample is collected with the 
same objective and focused into a pinhole in front of the detector. The spectra are 
acquired using an air-cooled CCD camera behind a grating spectrograph. The Ra-
man images are obtained by moving the sample with a piezoelectric scan table in 
x and y directions. The lateral resolution of the technique is calculated according 

Fig. 2.3  Raman imaging procedure: a The selected region of interest (ROI) is scanned and Raman 
spectra of the ROI are taken at certain spatial steps. b Subsequently, the intensity of a single Raman 
band is obtained by integration (univariate analysis) for each spatial location on the ROI. c The 
result of this integration procedure is shown as chemical distribution image where the brightness 
of each pixel is associated with the intensity of the selected Raman band
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to the Rayleigh criterion: Δx = 0.61λ/NA, where Δx is the smallest distance between 
two point objects that will appear separated in the image plane, λ is the wavelength 
of the laser, and NA is the numerical aperture of objective that is described by the 
equation: NA = n sinθ, where n is the refractive index in which the objective is im-
mersed (e.g., 1.0 for air and up to 1.56 for oils) and θ is the half-angle of the maxi-
mum cone of light that can enter or exit the objective. In order to obtain reliable 
spectral data from Raman mapping experiments, different aspects should be taken 
into consideration such as sample preparation, damage threshold of the sample un-
der excitation radiation (laser), and presence of fluorescent compounds. The first 
requirement is to have a very flat sample surface because correct spectral analysis is 
only possible by mapping even surfaces; otherwise, it is recommended to normalize 
all spectra with a reference band (see Sect. 4.1). Histological sections of kernels are 
usually selected for point-by-point Raman mapping. There are several protocols for 
preparation of kernel sections, but in general they involve several steps like dehy-
dration of kernels in a series of ethanol solutions followed by embedding (in resin, 
paraffin, polyethylene glycol) and cutting of the kernels into semi-thin sections us-
ing a rotary microtome (Holopainen et al. 2005; Gierlinger et al. 2012). The use of 
polyethylene glycol as embedding media has proven to be useful in plant materials 
because the dehydration step is unnecessary and the embedding polymer can be 
easily removed from sections by rinsing with water. It is also important that the 
section thickness is never lower than the confocal depth of laser beam (depending 
on the particular setup). For the most common CRM setups, kernel sections with a 
thickness of 4–8 µm are suitable for Raman mapping. Another important aspect to 
be considered is the selection of the appropriate excitation laser. The Raman scat-
tering intensity is proportional to ν4, where ν is the wavelength of the excitation 
laser (Gierlinger et al. 2013). Therefore, excitation lasers at 400 nm produce a Ra-
man scattering intensity about 16 times higher than others at 800 nm. However, in 
confocal microscopes equipped with lasers at 532 nm, the improvement in lateral 

Fig. 2.4  Confocal Raman 
setup and optical pathway 
in Raman mode. The laser is 
delivered by an optical fiber 
and focused onto the sample 
with an objective lens. The 
reflected Raman radiation 
is collected with the same 
objective and focused into 
a multimode fiber, which 
sends the radiation to the 
spectrometer
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resolution and Raman intensity is accompanied by an increase in fluorescence that 
can hamper the Raman signal. In this case, it is advisable to use setups with higher 
wavelength lasers, such as 633 or 785 nm. Finally, kernels sections also need to be 
tested for laser power density to determine the level at which samples do not suffer 
from degradation or burning. A laser power between 5 and 20 mW in green laser 
setups is commonly used in plant materials (Gierlinger et al. 2012).

Raman signature of main components in cereal starchy endosperm kernels As 
the first step in Raman spectral analysis of cereal kernels, a previous knowledge of 
the Raman fingerprint of pure components present in the cereal kernel material is 
necessary. For example, Fig. 2.5 shows the Raman spectra of the main components 

Fig. 2.5  a Raman spectra of 
model compounds of main 
carbohydrates present in 
sectioned wheat kernels; b 
spectra of other components 
as embedding media, ferulic 
acid and protein (gliadin)
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in embedded sections of cereal starchy endosperm. This information will serve to 
elaborate chemical images based on the Raman intensity of a particular band (uni-
variate analysis) in case there is no band overlapping from other components in the 
sample. Polysaccharides spectra in Fig. 2.5a are represented by β-glucan, starch, 
and arabinoxylan that show bands in the three major regions: 1000–1200 cm−1 
that are the typical fingerprint of carbohydrates assigned to C-O-C, C-O, and C-C 
stretching; 1200–1500 cm−1 associated to CH/CH2 deformation and C-O-H bending 
modes, and below 800 cm−1 that is attributed to the skeletal and torsional vibration 
modes (Barron et al. 2006; Philippe et al. 2006). It is in the last region that starch 
displays a strong band at 485 cm−1 that is assigned to the skeletal vibration of the 
glucopyranose unit (Kizil et al. 2002; Liu et al. 2004).

The starch spectrum also exhibits a band located at 865 cm−1assigned to stretch-
ing C-O-C/ ring-breathing that could indicate sensitivity to the molecular ori-
entation of ordered structures in starch grains (Wellner et al. 2011). The protein 
component is represented by a spectrum of gliadin (wheat protein) that shows the 
characteristic signature given by the amide I band that is assigned to the vibration 
of the trans-peptide group (CONH) in the range 1600–1700 cm−1, the amide III 
band (1230–1340 cm−1) that arises from the combination of N-H bending and C-N 
stretching of the peptide group, and the sharp band at 1003 cm−1 assigned to the 
phenylalanine ring vibration (Tsuboi and Thomas JR 1997; Movasaghi et al. 2007). 
Phenolic compounds are represented by ferulic acid, which exhibits sharp bands at 
1604 and 1631 cm−1 that are assigned to the aromatic ring vibration and to C = C 
side-chain stretching, respectively (Sebastian et al. 2009). The same doublets on 
the region 1590–1630 cm−1 are observed in the arabinoxylan spectrum due to the 
presence of covalently bonded ferulic acid to its structure (Kačuráková et al. 1999; 
Calheiros et al. 2008). The spectrum of the embedding media needs to be taken into 
account for further Raman spectral analysis of histological sections.

2.4  Data Analysis of Spectral Images

Further chemical and structural knowledge can be extracted from spectral images 
by means of computational processing. Several methods are available, depending 
on the analyzed sample and desired information, which can be classified into two 
main categories. The first is commonly referred to as preprocessing and comprises 
algorithms for correcting noises, distortions, or any other unwanted effect in the 
signal. The second category consists of those methods that perform qualitative and 
quantitative evaluation of chemical composition and structure. In this chapter, we 
focus on multivariate methods for unmixing and resolution of spectral components. 
There are several other uses of spectral data by chemometric techniques, such as 
classification of substances or prediction of their properties, for which the reader 
is invited to consult other texts (Tauler et al. 2009). These operations are normally 
executed either using programming languages (most codes are in MATLAB, R, and 
C++) or by means of dedicated software often incorporated with the instrument.

2 Localization of Cereal Grain Components by Vibrational Microscopy …
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2.4.1  Preprocessing

The various operations collectively called preprocessing range from simple format 
conversions to sophisticated algorithms to filter the signal from certain types of 
noise, instrumental artifacts, nonrelevant sources of variation and/or nonlinear be-
havior (Rinnan et al. 2009). These issues may not hamper peak detection or basic 
univariate analysis but are usually detrimental to precise quantification by multi-
variate analysis. Choosing the most suitable combination of preprocessing methods 
is not always easy: it depends on the particular case under study, it often involves 
additional human knowledge on the data, and there are normally no objective cri-
teria to help the decision (Engel et al. 2013). Some studies have been carried out to 
address this issue (Bocklitz et al. 2011; Laxalde et al. 2011; Polshin et al. 2011; Ber-
tinetto and Vuorinen 2014a), but they only apply to certain problems and contexts. 
As a general rule, it is better not to perform a computational transformation on the 
data when it is not strictly necessary.

For the spectral techniques treated in this chapter, the most common preprocess-
ing operations include restriction of the wavenumber range, removal of cosmic ray 
peaks, correction of random noise, of baseline distortion, and of intensity variations 
not related to the phenomenon under study. These operations can be performed in 
different order and their effect is illustrated in Fig. 2.6.

Restriction of the wavenumber range The purpose of this operation is to remove 
the region that does not contain meaningful information (e.g., singling out the fin-
gerprint region as discussed in Sect. 2 and 3) to simplify the calculations and reduce 
the influence of noise on the result. The selection is usually based on experience 
and chemical knowledge of the problem, although there are ways to automate this 
step using partial least squares, genetic algorithms, or other machine learning tools 
(Devos and Duponchel 2011; Polshin et al. 2011).

Removal of Cosmic Ray (CR) peaks CR peaks are large, positive, unidirectional, 
and narrow features that emerge when a CCD detector, such as those typically pres-
ent in Raman spectrometers, is accidentally stricken by a cosmic ray. They vary 
randomly in magnitude, bandwidth, and wavenumber, often appearing on top of 
other spectral features. They are computationally detected by observing a sudden 
jump in signal intensity that is anomalous with respect to the overall standard devia-
tion and signal-to-noise ratio. The detection can be done by comparing adjacent 
wavenumbers (Zhang and Henson 2007), adjacent pixels for the same wave number 
(Cappel et al. 2010; Schulze and Turner 2013), or using wavelets (Ehrentreich and 
Sümmchen 2001). The CR peaks thus found are then removed by substituting the 
affected spectral points with an interpolation curve or with an average of neighbor-
ing spectra at the same wavenumbers.

Very small CR peaks are likely to be missed by most methods but they can be 
handled in a subsequent smoothing step (see next paragraph).

Smoothing of random noise Signals are also contaminated by random high-
frequency oscillations, which can be reduced by smoothing, that is, some sort of 
weighted averaging that decreases the curvature of the sharpest signal features. The 
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most widely used smoothing method is perhaps the Savitzky-Golay filtering (Sav-
itzky and Golay 1964), based on a convolution operation with a low-order polyno-
mial through a shifting data interval. Another popular and more recent method is the 
Whittaker smoother (Eilers 2003), based on the concept of penalized least squares. 
It is usually faster than Savitzky-Golay and better at dealing with signal boundaries 
and with missing spectral points. A third popular approach is Fourier and wavelet 
filtering (Strang and Nguyen 1996), which exploits the concepts of “frequency” or 
“scale” to separate signal components and remove those with very high curvature 
(the term “low-pass filter” is often used to refer to this approach). They are par-
ticularly effective when the shape of components to be separated resembles that of 
the basis function (i.e., sinusoidal or wavelet) but may otherwise cause distortions 
(Eilers 2003).

It is difficult to objectively know how much smoothing can be applied without 
removing useful information from the signal. Some authors have tried to determine 
it systematically (Bocklitz et al. 2011; Devos and Duponchel 2011; Laurens and 

Fig. 2.6  Visualization of the 
effect of the most common 
preprocessing operations: 
a raw data; b after cosmic 
ray peak removal; c after 
smoothing; d after baseline 
correction
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Wolfrum 2011; Weakley et al. 2012) but their results can seldom be generalized 
beyond the specific case they are treating. As a rule of thumb, a slight smoothing 
that still leaves a little random noise is usually beneficial (Bertinetto and Vuorinen 
2014a).

Correction of baseline distortions Nearly all quantification criteria in spectral 
analysis assume that peaks arise from a flat baseline but this case seldom occurs in 
practice. Although the deviations from ideal behavior can sometimes be separated 
and accounted for by multivariate analysis, they are typically removed or at least 
reduced in the preprocessing stage. The most common way to do this is probably by 
detrending, that is, evaluating the baseline by fitting the regions without peaks with 
a curve function and then subtracting the fit from the spectrum, see Fig. 2.7. For 
Raman spectra affected by fluorescence of the sample, a fifth degree polynomial is 
widely agreed to be a suitable curve (Zhao et al. 2007), but for simple cases even 
a straight line can be enough. For large amounts of spectra with peaks at varying 
positions, the recognition of peak-free regions can also be carried out automatically 
(Bertinetto and Vuorinen 2014b).

Another simple and common approach is to use the derivative of the spectrum, usu-
ally first or second, which suppresses features with wide curvature and highlights 
the narrower ones. Derivatives can also be employed to locate small spectral fea-
tures more precisely. However, this approach severely amplifies random noise (it is 
often combined with smoothing to limit this effect) and transforms the spectra in a 
way that is not suitable for any subsequent chemometric treatment.

Baseline correction is normally the most delicate preprocessing step because of the 
considerable influence it has on the result and because of the difficulty in determin-
ing the baseline objectively. A great number of methods based on different math-
ematical criteria exist in the literature and new ones are continuously devised to 
treat specific spectroscopies or data sets more effectively.
Relatively recent reviews can be found in the works of Schulze et al. (2005) and 
Rowlands and Elliott (2010).

Fig. 2.7  Example dem-
onstrating the principle of 
detrending: a regions without 
peaks (highlighted by shad-
ings) are identified; b peak-
free points are fitted with a 
suitable curve; c the fitted 
curve is subtracted from the 
spectrum
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Normalization In confocal microscopy, the overall intensity may be affected by 
factors that are not related to the analytes’ concentration, such as a not perfectly 
smooth sample surface that causes some parts of the image to be off the laser focus. 
In such cases, spectra are usually normalized to make quantifications less arbitrary 
and pixels more comparable. The most accurate and objective way to do this is 
by exploiting an internal standard, that is, a peak corresponding to a substance 
with a known concentration or constant throughout all spectra. If such standard is 
not available, commonly used alternative normalization criteria are: total spectral 
intensity, intensity of the highest peak, and Euclidean length of the spectral vector. 
Among these, there is no general consensus on which one is most appropriate; in 
most cases, this choice does not have a great influence on the final results. Some 
studies (Bertinetto and Vuorinen 2014a) suggest that normalizing by the total spec-
tral intensity may be more suitable for data with a high signal-to-noise ratio, but for 
noisy data it is better to use Euclidean or max-peak normalization, which are less 
influenced by small noise features. It is worth noting that normalization without 
internal standard does not allow for determining absolute concentration, but only 
comparing relative abundances among pixels of the same image.

Other preprocessing operations In certain contexts, multivariate techniques that 
are normally employed to perform the final qualitative or quantitative analysis can 
be used as a preprocessing step. PCA and cluster analysis are worth mentioning 
here. The former (Abdi and Williams 2010), which will be better described in the 
next section, can be used to remove noise by identifying the spectral components 
with the greatest contribution to the overall variance and exclude the rest. However, 
it must be remembered that there can sometimes be useful information that does 
not entail large variance in the data. Cluster analysis is a wide family of algorithms 
for the unsupervised classification of data (Jain and Dubes 1988). It can be used to 
suppress noise and other distortions by grouping similar spectra together and then 
computing their mean, although at the expense of spatial and spectral detail.

2.4.2  Spectral Analysis

As mentioned in Sect. 2 and 3, univariate analysis can be used only when the inte-
gration peak does not overlap with others. In case of partial overlap, it is possible to 
do a deconvolution using suitable curves, usually Gaussians, Lorentzians, or mix-
tures of both, for example, a Voigt profile. It may not always be easy to decide how 
many curves should be employed, especially when information on the active vibra-
tion modes is insufficient. As a rule of thumb, it is best to use the lowest number of 
curves that allows for a reasonably accurate fit.

Multivariate methods For more complex systems with significant peak overlap, 
multivariate approaches that exploit the information contained in all the spectral 
range are necessary. All methods described in this section rely on the assumption 
that the signal intensity is linearly proportional to the concentration of the analyte. 
Following this, the spectral data can be modeled as:
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 (2.1)

where M is the n × w matrix of the spectral image (n = number of pixels, w = number 
of wavechannels), C is the n × p matrix of concentrations or relative abundances 
(p = number of components), S is the p × w matrix of spectra of pure components, 
and E accounts for noise. If the components present in the sample and their relevant 
spectra are known, their abundances, that is, C, can simply be obtained by a linear 
least-squares (LLS) fit of S into M, with the same limitations as explained above 
for determining the absolute concentrations. This method is sometimes referred to 
as linear spectral unmixing (Zimmermann et al. 2014) or basis analysis (Dieing and 
Ibach 2011). It must be stressed that for it to be effective, all the component spectra 
must be known because the lack of even one influences the fit of those that are 
accounted for. Moreover, the accuracy of these spectra must be carefully checked 
as this method can yield results that make mathematical (and sometimes physical) 
sense even with spectra that bear no relation to the actual chemical composition.

If the spectra of the individual components are unknown, the problem must be 
tackled with techniques that analyze relationships among variables. Their basic idea 
is that if intensities at certain wavenumbers are observed to vary in the same pro-
portion throughout the data, they are likely to originate from the same chemical 
component. From this follows that this approach is not able to distinguish chemical 
components whose abundances vary together proportionally. On the other hand, 
factors that affect the signal without being an actual substance are sometimes ob-
served as an independent component (see below in Sect. 5.2).

The most widely known multivariate analysis technique is PCA (Abdi and Wil-
liams 2010), which transforms the data by projecting it into a new set of variables, 
called principal components or loading factors, obtained by linear combination of 
the original ones. The loading factors are defined to be mutually orthogonal and to 
account for the maximum possible variance in the given data. They contain spectral 
features of chemical compounds present in the sample and they can be used to fit 
Eq. (2.1), obtaining a rough distribution of these compounds (Miljković et al. 2010; 
Bonifacio et al. 2010); an example is shown in Sect. 5.2. A similar type of result can 
be obtained by independent component analysis (ICA; Hyvärinen and Oja 2000; 
Hao et al. 2009), which finds new components that have the maximum statistical 
independence, usually by imposing that their probability distribution be as dissimi-
lar as possible to a Gaussian. However, the loading factors from both PCA and ICA 
are different than the actual spectral signals of the chemical compounds: they often 
contain features from more than one component and they do not even comply with 
physical requirements; most notably, they have negative intensities. Consequently, 
such results are approximate and of no direct physical interpretation.

Other methodologies aim at finding the spectra of the real components in the 
sample. The simplest approach consists in identifying the pixels with the composi-
tion closest to the pure compounds. These pixels can be searched with methods such 
as N-FINDR (Winter 1999) and vertex component analysis (VCA; Nascimento and 
Bioucas Dias 2005). These methods are fast and reliable, but they can provide the 

M CS E= + ,
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actual spectra of pure components only if they are present somewhere in the sample, 
a requirement that is seldom met in experimental situations.

Pure-component methods The problem of finding the spectra of the pure com-
ponents when they cannot be directly observed in the sample is complicated by the 
so-called rotational ambiguity of Eq. (2.1), meaning that an infinite number of solu-
tions can be found for C and S if no additional constraints are specified (Windig and 
Keenan 2011). These solutions are related so that a greater resolution in the spectra 
(i.e., fewer and sharper peaks) yields a lower resolution in the concentrations and 
vice versa; this concept is better illustrated in Fig. 2.8. Three different methodolo-
gies for tackling this issue are briefly presented here.

Fig. 2.8  Simulated example demonstrating the concept of rotational ambiguity. A spectral image 
has been made with an S matrix composed of spectra A and B and a C matrix plotted by the two 
maps on the left side ( lighter color indicates higher abundance of the respective component). The 
same image can be represented using A’ and B’, which have less overlap than A and B, but the 
resulting C’ matrix would be less resolved, as observable by the color plots on the right side
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The first one, multivariate curve resolution-alternate least squares (MCR-ALS) 
(Jaumot et al. 2005) solves Eq. (2.1) iteratively: it starts from initial estimates of 
C and S (e.g., the purest pixels) and alternates their LLS resolution to optimization 
steps in which either matrix is modified by imposing constraints that reflect chemi-
cal or physical information on the studied system. Several types of constraints are 
possible, e.g., non-negativity, stoichiometric balances, or absence of certain com-
pounds in some pixels. Moreover, MCR-ALS can handle systems in which more 
than one spectrum is taken, at different conditions, for each data point. This situa-
tion, attainable by various experimental means (Van Benthem et al. 2011; Buckley 
et al. 2014), allows for a unique resolution of Eq. (2.1; in such cases another viable 
technique is the parallel factor analysis method, or PARAFAC (Bro 1997)). The 
possibility of tailoring the constraints according to the specific case gives MCR-
ALS a flexibility that allows it to be effective in very different situations, such as 
spectral images, chromatograms, reaction profiles, and gene expression profiles. 
However, the information required for the necessary constraints may not always be 
available.

The second methodology consists in finding the simplex with the minimum vol-
ume that encloses the data points of abundance fractions, that is, the C matrix. A 
simplex is the simplest shape (i.e., with lowest number of vertices) that can be ob-
tained for a given number of dimensions. For example, the 2D simplex is a triangle 
and the 3D one is a tetrahedron. For a 3-component system, the principle of this 
methodology can be easily visualized in Fig. 2.9. Various algorithms are available 
to solve this problem, such as minimum volume enclosing simplex (MVES) (Chan 
et al. 2009), minimum volume simplex analysis (MVSA) (Li and Bioucas-Dias 
2008), nonnegative matrix factorization minimum volume transform (NMF-MVT) 
(Tao et al. 2007) and simplex identification via split augmented Lagrangian (SI-
SAL) (Bioucas-Dias 2009).

The latter is probably more recommended for large spectral images because of 
its speed and robustness to noise and outliers. The requirement for the minimum-
simplex-volume approach is that the data contains, per each component, at least a 

Fig. 2.9  Example dem-
onstrating the principle of 
minimum simplex volume 
for three components in three 
spectral dimensions. The pure 
components are the vertices 
of the grey triangle, which is 
the simplex with minimum 
area/volume that comprises 
all data points (small white 
circles)

 



57

few pixels in which this component is absent (in the 3-component case they cor-
respond to points lying on the side of the triangle).

The third methodology aims at reconstructing the spectra of pure components 
without directly solving Eq. (2.1). This is done by initially performing a PCA (or the 
substantially equivalent singular value decomposition, SVD) on the spectral matrix 
and then finding linear combinations of the loading factors that satisfy the condi-
tions of non-negativity and minimum entropy.

Entropy, which can be mathematically defined in slightly different ways, is a 
way to quantify the concept of simplicity. The principle behind entropy minimiza-
tion methods is that a pure component (and so its spectrum) is always more simple, 
that is, has a lower entropy, than a mixture containing it. Band-target entropy mini-
mization (BTEM) (Widjaja et al. 2003) adds the condition that the reconstructed 
spectra must contain a certain peak, named band-target in this context; each band-
target yields a different reconstruction. BTEM thus searches for pure spectra by 
exploring the solutions produced by all the prominent peaks observed in the loading 
factors. Since the set of these solutions is usually redundant (and some of them 
may just reproduce noise), a post-screening is necessary to identify the best ones. 
The chosen set of reconstructed pure spectra can then be fitted in Eq. (2.1) to ob-
tain the C matrix. One advantage of BTEM is that it needs virtually no chemical 
knowledge of the sample, not even about the number of components, although some 
knowledge is useful for the post-screening. The other advantage is that BTEM is 
particularly good at identifying minor components whose signal easily gets over-
whelmed by other components or by noise deviations. On the other hand, BTEM 
is not very effective in reconstructing spectra with wide and low features, such as 
background components. Its solutions may also have too narrow peaks, which yield 
a suboptimal resolution in the concentrations, as illustrated in Fig. 2.8. BTEM is the 
technique employed in the case study shown in Sect. 5.

Obtaining the spectra of pure components with one of the above-described meth-
ods is also a powerful tool for qualitative analysis. Not only does it allow for de-
termining which substances are present in a certain sample (at least those respond-
ing to the employed spectroscopy), but also for observing details relative to the 
condition of the analyte in its current environment, for example, an interaction that 
produces a shift or a different peak as compared to the spectrum of corresponding 
model compounds (see Sect. 5.2).

2.5  Study of Barley Grains Using CRM and Multivariate 
Analysis

This case study (Galvis et al. 2015) aimed at evaluating chemical and structural 
changes in the endosperm of barley ( Hordeum vulgare L.) upon malting by using 
CRM. The spectra of the main components were reconstructed with multivariate 
computational analysis and their distribution was mapped for native and malted 
kernels, respectively.
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2.5.1  Materials and Methods

Barley samples The analyzed barley kernels were of cultivar Fairytale, crop 2010. 
Some of them were malted by steeping the kernels twice in conical vessels at 15 °C 
during 13 and 3 h, respectively, with a 16 h air-rest between the steeps. After steep-
ing, the barley kernels were transferred to germination boxes for 6 days at 16 °C. 
The germination process was terminated during kilning using air at 50 °C for 17 h 
and finally at 84 °C for 4 h.

Malted and native barley kernels were then fixed with a solution of 3 % para-
formaldehyde and 1 % glutaraldehyde in 0.10 M sodium potassium phosphate 
buffer pH 7. Subsequently, kernels were dehydrated in a series of ethanol solu-
tions, embedded in Historesin© (Leica microsystem; Mensheim, Germany) and cut 
into semi-thin sections (4 µm thick) with a rotary microtome (Microm Labogeräte 
GmbH, Walldorf, Germany) using a tungsten carbon knife. Cross-sections of native 
and malted barley kernels were then mounted onto glass slides and dried on a heat-
ing plate at 40 °C.

Raman spectroscopy For Raman experiments, a continuous excitation laser beam 
was focused down to a micrometre-sized spot on the barley sections through a 
confocal Raman microscope equipped with a piezo-scanner. A frequency-doubled 
Nd:YAG, 532 nm linear polarized excitation laser (~ 20 mW) was used in combina-
tion with a ×100 (Nikon, NA = 0.90) microscope objective. The polarization angle 
of the laser was rotated using a half-wave plate in the optical pathway. The spectra 
were acquired using a CCD camera (Andor Newton DU970-BV, Andor Technol-
ogy plc, Belfast, UK) behind a grating (600 g mm−1) spectrograph with a spectral 
resolution of ~ 6 cm−1. For mapping, the surface of the barley sections was scanned 
with steps of 1 μm, integrating the signal for 0.3 s and using 0 ° polarization of the 
exciting laser.

Analysis of Raman images All spectra were preprocessed by performing the fol-
lowing operations in order: (i) CR removal using an algorithm written in-house; (ii) 
baseline correction with an automatic detrending method (Bertinetto and Vuorinen 
2014b); restriction of the wavenumber range to 320–1800 cm−1; (iii) smoothing 
using Whittaker smoother (Eilers 2003); (iv) normalization by Euclidean norm. 
Spectra of pure components were reconstructed with BTEM (Widjaja et al. 2003), 
employing an automatic identification of band-targets (Tan et al. 2009) and a par-
ticle swarm optimizer (Singh 2004). The number of loading factors used for the 
spectral reconstructions was chosen by visual inspection; in a few cases, different 
numbers were tried.

BTEM was applied to all preprocessed spectra, as well as two sets of cluster-
averaged spectra. Cluster analysis (Jain and Dubes 1988) was performed on the 
preprocessed data compressed by PCA, retaining the principal components explain-
ing 85–90 % of the total variance. The first set was obtained using hierarchical 
clustering, city-block distance, complete linkage, and selecting a partition with a 
number of clusters approximately equal to 1/100 of the total number of pixels in the 
image. The second set was obtained using k-means clustering, city-block distance, 
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and setting a number of clusters ~ 1/10 of the total number of pixels. Prior to the 
clustering step, the noisiest spectra were filtered out to avoid the risk of averaging 
them with good ones and thus severely distorting the signal.

The results from all these BTEM runs (i.e., on whole image, on two sets of 
cluster-averaged spectra and on occasional alternate sets of loading factors) under-
went a post-screening, in which the best solutions were selected by removing near-
identical ones, by comparing with the spectra of model compounds and using some 
available chemical knowledge. Images of the relative concentration of each identi-
fied compound were generated by an LLS fit of the set of selected BTEM solutions 
(basis set) on the Raman spectra. In a few cases, different basis sets were tried and 
the one with the best fit and no negative concentrations (with some tolerance for 
noisy points) were retained.

2.5.2  Results and Discussion

The mapping by CRM focused on two selected regions of the barley endosperm: 
the centre of starchy endosperm and the boundary between starchy endosperm and 
aleurone layer. An example of the spectra of pure components reconstructed by 
BTEM (from the endosperm-aleurone boundary) is shown in Fig. 2.10. They match 
very well with the spectra measured from model compounds corresponding to pro-
tein, starch, non-starch carbohydrates, and the embedding media (see Fig. 2.5). The 

Fig. 2.10  Reconstructed spectra (A-F) from BTEM analysis performed on native barley kernel 
at the boundary of the starchy endosperm and the aleurone layer. The reconstructed spectrum F 
appears as a result of anisotropic Raman bands in starch spectrum
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spectrum B in Fig. 2.10 shows the typical doublet band of ferulic acid but with a 
slight frequency shift of the band located at 1604 cm−1 in pure ferulic acid to 1599 
cm−1 in the reconstructed spectra. This shifting has been attributed to the influence 
of the environment on the esterified form of ferulic acid present in the aleurone cell 
wall (Piot et al. 2000). Another interesting aspect of this reconstructed spectrum is 
the presence of a small band at ~ 1660–1725 cm−1 that is associated with the carbon-
yl group present in esters (Movasaghi et al. 2007; Calheiros et al. 2008). Moreover, 
peaks in the range ~ 1100–1500 cm−1 are much less sharp than in the model com-
pound, probably due to the pure crystalline state of the latter as opposed to the com-
plex mixture of substances present in the barley kernel. The reconstructed spectrum 
E, related to proteins, clearly shows the characteristic amide I (1600–1700 cm−1), 
amide III (1230–1340 cm−1), and phenylalanine ring (~ 1003 cm−1) vibrations.

The spectrum F did not match with any of the model compounds, but appears as 
a result of the contribution of anisotropic starch bands, especially the glycosidic one 
at 865 cm−1that is sensitive to the orientation of molecules within starch granules.

On the other hand, it was not possible to obtain clearly distinct reconstructions 
for the spectra of arabinoxylan and β-glucan, probably because of their highly simi-
lar spectral features or insufficient signal-to-noise ratio in the relevant areas of the 
image. In this sense, it is better to account for this spectrum as “non-starch cell wall 
carbohydrate” that, according to its location in barley seed, might represent arabi-
noxylan (71 %) in the endosperm aleurone layer or β-glucan (75 %) in the starchy 
endosperm (Bacic and Stone 1981).

The relative concentration of each component was mapped by fitting the cor-
responding BTEM-reconstructed spectrum. Figure 2.11 shows the resulting images 
from areas located at the boundary between starchy endosperm and aleurone layer 
in native and malted barley, respectively. Color bars indicate the coefficient of the 
LLS fit (with the sum of coefficients normalized to 1 for each pixel), which is pro-
portional to the relative abundance of the component. Starch images reveal small 
rounded and large ellipsoidal starch granules ranging from 2 to 20 µm inside the 
starchy endosperm cells. In native barley, proteins appear distributed in the cells of 
the aleurone layer and the starchy endosperm. Malted barley endosperm exhibits a 
reduction in protein matrix concentration inside the starchy endosperm cells quite 
likely caused by the enzymatic action during malting.

Esterified ferulic acid in both native and malted barley is disseminated through-
out cell walls of the aleurone layer. Non-starch carbohydrates (arabinoxylan and 
β-glucan) are distributed throughout the cell wall of the aleurone layer and the endo-
sperm in the native barley but appear completely degraded in the starchy endosperm 
of malted barley. In several images, a pale “halo” is observable outside the areas of 
high concentration, probably due to an excessive peak resolution in some BTEM 
reconstructions, as commented at the end of Sect. 4.2.

For the sake of comparing different spectral analysis methods, Fig. 2.12 shows 
the images obtained from the same native sample in Fig. 2.11 by mapping the PCA 
coefficients (or scores) of the first four loadings, which are plotted alongside each 
image. These images present clear similarities with those observed with the BTEM 
processing, but they are considerably more blurred and of more difficult interpreta-
tion because the relevant loadings mix features from different components.
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Fig. 2.11  Raman images based on the BTEM-reconstructed spectra of compounds present in the 
boundary aleurone layer-endosperm in native and malted barley. They correspond to: starch, pro-
tein, ferulic acid, non-starch carbohydrates. Color bars indicate the fraction of the LLS fit coef-
ficient, which is proportional to the relative concentration of the component (Galvis et al. 2015). 
Reproduced with permission from Elsevier
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Consequently, and also because PCA scores can have negative values, it is al-
ways problematic to relate them to precise chemical concentrations or other physi-
cal quantities.

Raman images taken from the center of the starchy endosperm in both native and 
malted barley are shown in Fig. 2.13. Large starch granules (10–20 µm) and small 
rounded granules (2–5 µm) embedded in the cells can be observed. The small starch 
granules in malted barley appear partially degraded because of the hydrolytic action 
of amylases (Pomeranz 1972; Tarr et al. 2012). Changes in the shape of large starch 

Fig. 2.12  Plots of the first four principal components (PC) for the Raman image from the bound-
ary aleurone layer-endosperm in native barley and corresponding maps. The color bar indicates 
the coefficient (score) of the relevant loading
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granules were observed in the malted grains. In this case, the equatorial groove ap-
pears bigger when compared to starch granules in the native kernel, an effect that 
might be caused by the thermal treatment during kilning. The cells and the cell walls 
in the central endosperm in native barley show smaller protein concentration com-
pared to the native endosperm areas close to the aleurone layer (Fig. 2.11), but after 
malting almost no protein matrix was detected (Wijngaard et al. 2007). Similarly, 
the spectrum of ferulic acid is not found in the cell walls in the central endosperm 
in native barley, in accordance with observations reported in the literature (Fincher 
and Stone 1986; Jääskeläinen et al. 2013).

Fig. 2.13  Raman images based on the BTEM-reconstructed spectra of starch, protein, and non-
starch carbohydrates present in the middle of endosperm of native and malted barley. Recon-
structed spectra of non-starch carbohydrates were not resolved for malted barley. Color bars 
indicate the fraction of the LLS fit coefficient as in Fig. 2.3 (Galvis et al. 2015). Reproduced with 
permission from Elsevier
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Non-starch carbohydrates (mainly β-glucan) are distributed within the cell wall 
of native barley but not in the malted barley, thus indicating cell wall hydrolysis 
during malting.

As can be seen in Fig. 2.14, maps obtained from spectrum F of Fig. 2.10 are 
very similar to those produced by simple integration of the highly anisotropic starch 
peak at 865 cm−1. This outcome supports the interpretation that spectrum F does not 
correspond to a chemical substance, but rather expresses the orientation of ordered 
structures in the sample, mainly inside large starch granules.

2.6  Conclusions

In this chapter, the FTIR microspectroscopy and CRM techniques were illustrated, 
explaining their functioning principles and main experimental setups. Their appli-
cability in the analysis of cereal grains was discussed, presenting their strengths, 
limits, and other issues to be taken into consideration. Most grain components can 
be effectively identified and imaged based on their infrared or Raman features. In 
case of overlapping peaks, many chemometric methods are available to process the 
signal and resolve the various components in the sample. The case study shown here 

Fig. 2.14  a Raman images of the integrated 865 cm−1 band from a region located on the center of 
the endosperm for native (top) and malted (bottom) barley kernel. b Raman images for the same 
samples based on the BTEM-reconstructed spectrum F (Fig. 2.10) (Galvis et al. 2015). Repro-
duced with permission from Elsevier
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is a clear example of how the combination of these spectral and computational tech-
niques allows for a fast and noninvasive mapping of several chemical and structural 
details in cereal kernels.

The topics covered here provide an extensive and critical picture to all those who 
are interested in using vibrational microscopy for the imaging and analysis of cere-
als. We hope that this paper helps them choose the right technique for their purpose 
and gives stimuli to dig deeper into the subject.
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3.1  Introduction: Double Emulsions—Structure and 
Challenges for Imaging

Emulsions are disperse systems that can be found in many food systems. Their 
droplets can be loaded with various substances, among others with colours, fla-
vouring or active agents. Process and recipe parameters influence the emulsions’ 
structure and consequently their properties. The physical properties of emulsions 
depend on structure parameters such as droplet size distribution (DSD) and disperse 
phase ratio (DPR). Not only texture and colour tone can be adjusted (Schuchmann 
2007; Ribeiro et al. 2009), also rheological (Weipert et al. 1993) and biochemical 
(Badolato-Bönisch 2009), as well as physical storage stability (Stokes 1851) are 
determined by DSD and DPR while keeping the recipe of the emulsion constant.

The structure of double emulsions is more complex (Schuchmann and Köhler 
2012; Muschiolik 2007; Muschiolik 2006); they can be described as an emulsion 
within an emulsion: Inner droplets are dispersed in intermediate droplets, which are 
dispersed in the outer phase (Fig. 3.1). A variety of potential applications make re-
search in this field attractive. An often discussed application is fat reduction without 
compromising textural properties (Ficheux et al. 1998; Lobato-Calleros et al. 2008), 
which is of interest especially for high-fat products such as mayonnaise. Function-
al food products should provide active substances. Release kinetics (also release 
rate) becomes important as an additional parameter in multiple emulsion systems. 
Adjustable release kinetics is nowadays often realised via coated (microporous) 
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particles, which can also be synthesised via double emulsion polymerisation 
(Shum et al. 2009; Liang et al. 2011). In double emulsions, the inner droplets can 
be loaded with active substances (Ribeiro et al. 2009; Ax 2004; Frank 2012). The 
fact that double emulsions are in liquid aggregate state leads to a variety of diffu-
sion phenomena. The release kinetics is influenced by diffusion between the inner 
and outer phase, where molecules pass the intermediate phase and both interfaces. 
These exchange phenomena have to be considered with respect to a controlled re-
lease of active substances (McClements et al. 2009b; Garti and Benichou 2011; 
Lakkis 2007; Bernewitz et al. 2013).

During (double) emulsions characterisation (Bernewitz 2013; Guthausen 2012) 
in product design and development as well as in quality control, parameters such 
as DSD, DPR, chemical composition, release kinetics and the disperse character 
itself have to be known. Besides other measuring techniques for these parame-
ters (Schuchmann and Köhler 2012), diverse imaging techniques are extensively 
applied.

Generally, an appropriate image contrast between the three phases has to be cre-
ated for successful imaging. Distorting effects such as droplet movement, diffusion 
or optical overlay effects have to be overcome. Droplets dispersed within drop-
lets require the inner droplets to be small. Their diameters d are usually between 
0.1 µm < d < 20 µm. Temporal and spatial resolutions of the imaging technique have 
to match the system’s characteristics, especially in the case of time-resolved obser-
vation of processes. Apart from the appropriate imaging modality, data processing 
is an issue particularly in the case of quantitative analysis. In the following session, 
an overview of imaging techniques and data processing will be given with a focus 
on double emulsion systems.

Fig. 3.1  Scheme of a double emulsion showing inner droplets dispersed in intermediate droplets 
which are dispersed in the outer phase. The inner and the outer phases are usually of similar chemi-
cal composition (oil or water, with some additives). Two interfaces are present, the inner (1) and 
the outer (2). They are typically covered by at least two different emulsifiers that stabilise both 
emulsions
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3.2  Imaging Techniques: Principles and Application to 
Double Emulsions

3.2.1  Optical Microscopy

Since the early days of multiple emulsion science, the emulsions’ structure has 
been examined with optical microscopes (Seifriz 1925). Over time, light sources 
changed, and imaging principles have been developed further. Optical transmission 
microscopes (e.g. Török and Kao 2007) can often be found in double emulsion 
characterisation (Lee and Weitz 2009). Figure 3.2a shows such an image of a water 
in oil in water (WOW) double emulsion. The multiple emulsion structure is clearly 
visible. Apart from a polydispersity check, the technique also allows for the obser-
vation of reactions inside the droplets (Shum et al. 2009). However, the contrast 
between the phases and the projection technique limit the application towards a 
statistical analysis. Optical overlay of droplets leads to distorting effects especially 
in concentrated emulsions. Additionally, the optical resolution is strictly limited by 
flared light and the Abbe limit (Abbe 1873), which is determined by the light’s wave 
number.

Overlay effects can be overcome by confocal microscopes (Price and Jerome 
2011; Pawley 2006): The excitation light is focussed on an optical plane within 
the sample. As a result, an optical slice image is obtained (Figs. 3.2b and 3.3), and 
emission light from other distances outside the slice is excluded from the image ac-
quisition. The confocality and therefore the optical slice thickness can be varied via 

Fig. 3.2  a Transmitted light microscope image of a double emulsion. As the third spatial dimen-
sion is not resolved, projections of the sample are observed. The size of the droplets can be deduced 
from the image. Overlay effects of the inner and intermediate droplets hamper a detailed image 
analysis regarding the inner droplets. b Confocal laser scanning microscopy (CLSM) image of a 
double emulsion (image size: 142 × 142 µm). A good contrast between the phases is achieved by 
the addition of fluorescent dyes ( here: Nile Red). The confocal principle allows a minimisation 
of overlay effects, leading to an appropriate image quality for statistical image analysis. (Schuster 
et al. 2012)
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the diameter of an aperture, often named pinhole. Depending on the microscope’s 
parameters, overlay effects can be reduced to nearly zero.

Additionally, the third spatial dimension can be resolved in confocal micros-
copy: When performing a multi-slice experiment, 3D images can be reconstructed 
from 2D spatially resolved images taken at different depths, but continuously over 
a certain height (also called 2.5D). This results in a comprehensive quasi 3D view 
of the imaged sample. Therefore, one of the main differences compared to conven-
tional transmission light microscopy is that the projection technique is replaced by 
a slicing technique via the focus of the laser beam in a certain depth of the sample. 
By scanning the lateral dimensions, an optical slice can be observed instead of the 
projection in transmission light microscopy.

R. Bernewitz et al.

Fig. 3.3  Projection versus slice imaging: The profile of droplets, which is obtained by, for exam-
ple, a transmission light microscope, suffers from overlay effects. Structural parameters can hardly 
be extracted. Nevertheless, representative diameters and the circumferences can be extracted from 
the projections. When a spatial resolution along the third spatial dimension, often called depth, 
is available, slices through the samples can be observed, which represent the sample at a certain 
depth. Droplets are optically cut, and overlay effects are reduced to nearly zero. This slicing can 
either be achieved technically, resulting in a non-destructive slicing (e.g. optical imaging, mag-
netic resonance imaging (MRI) and computer tomography) or mechanically (e.g. transmission 
electron microscopy, TEM)
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A second difference concerns the image contrast: When observing liquid phas-
es with similar refraction index with light microscopes, the contrast between the 
phases is relatively poor. For a better contrast between the phases, dyes can be used. 
When choosing dyes with largely different solubility in the different phases (i.e. oil 
or water), specific image contrast can be obtained (Adams et al. 2012). Fluorescent 
dyes (e.g. Haugland 2002) have special advantages regarding double emulsions. 
Solubility, excitation and emission wave length are specific for a dye molecule. 
In fluorescence microscopes (e.g. Pawley 2006) the spontaneous emission of pho-
tons after excitation, the fluorescence of dye molecules, is exploited. The excita-
tion wave length can be adjusted when using lasers, the common light sources in 
fluorescence microscopy nowadays. Due to the Franck–Condon principle and the 
Stoke’s shift, the wave number of the emitted light equals or is larger than the wave 
number of the excitation. This leads to a comfortable way to create contrast between 
excitation and detected light, as well as between different phases—an optimal con-
dition for optical imaging of double emulsion.

Another point to be mentioned is the lateral dimension of a light beam. Focus-
sing the light effectively into a small spot allows the application of the scanning 
technique, well known in electron and atomic force microscopy (AFM). It is usu-
ally combined with the confocal principle (Pawley 2006): The excitation light is 
focussed not only on a plane in the sample but also laterally. Thus the focused laser 
beam is scanned pixel by pixel over the complete optical mask, which defines the 
area of the sample to be imaged. The complete image is subsequently calculated. 
This leads to drastically reduced flare light, that is, to better contrast and better 
spatial resolution.

All these technical details improve the image quality in confocal laser scanning 
microscopy (CLSM; Pawley 2006), which has been applied on emulsions in vari-
ous ways:

• Visualisation of particles (Balakrishnan et al. 2012) and proteins (Saglam et al. 
2011) at the droplets’ interface

• Visualisation of the morphological character of (food) emulsions (Blonk and 
Vanaalst 1993) with high DPR (Romero et al. 2008; Manoi and Rizvi 2009)

• Visualisation of the distribution of active substances (Nilkumhang et al. 2009)
• Observation of the multiple character (Blonk and Vanaalst 1993; Mao et al. 

2007) of an emulsion and complex particles produced of multiple emulsions 
(Lamprecht et al. 2000)

• DSD of (food) single emulsions (van Dalen 2002b; Emin and Schuchmann 2013; 
Langton et al. 1999; Ríos et al. 2002)

• DSD of double emulsions (Schuster et al. 2012)
• Observation and quantification of release processes (Bernewitz et al. 2013)

A rather interesting application of CLSM concerns the above-mentioned release 
kinetics: In the case of an impermeable interfacial structure, the dye molecules are 
concentrated in a certain phase. An osmotic pressure exists, which drives the system 
towards concentration equilibrium. In the case of more or less permeable interfaces 
and boundary layers of emulsions, diffusion of dye molecules between the phases 
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leads to an equilibration of the dye molecule concentration in different compart-
ments or even throughout the whole double emulsion. For a constant contrast in 
a CLSM image, diffusion of the dye molecules between the phases has to be pre-
cluded. On the other hand, with respect to observation of release kinetics, diffusion 
between the phases in double emulsions can be exploited (Sect. 4.3).

The minimal resolution of a common CLSM is in the order of 0.4 µm/pixel, de-
pending on the hardware, the emission wave number and the aperture. The resolution 
is also limited by the Abbe limit. Progress in the field of microscopy led to new tech-
niques, which overcome these limits. 4π-microscopy (Hell and Stelzer 1992; Hell 
et al. 1994; Cremer and Cremer 1971) improves the spatial resolution by using two 
lenses that are installed in opposite to each other with the sample in between. Its name 
is derived from the maximum possible angle at which the sample can be excited and 
signal can be detected. The excitation can be realised via both lenses (depending on 
the geometric arrangement of the lens) at the same time, leading to an improvement 
of the optical resolution. Another fluorescence method to improve the image quality 
is the stimulated emission depletion (STED; Hell and Wichmann 1994; Klar and Hell 
1999). It uses a second emission beam of a certain wave number which deactivates 
fluorescence molecules by stimulated emission. The geometry of this light beam is 
such that only molecules in the centre of gravity of both beams contribute to the 
image which therefore shows a largely reduced spatial resolution. With the STED 
technique, lateral resolutions down to 2.6 nm have been realised (Wildanger et al. 
2012), being no longer restricted by the Abbe-limit. The 4π and STED techniques can 
advantageously be combined (Dyba and Hell 2002; Schmidt et al. 2008).

Some challenges and limitations are presently known when examining double 
emulsions with optical microscopes. Brownian and forced motion of the droplets 
due to temperature and density gradients have an increasing impact on the image 
quality with higher magnification and beam power. Especially temperature gra-
dients caused by the microscope’s light beam are unavoidable and often lead to 
changes of the emulsion’s composition or aggregate state. Motion blurred images 
are a result of moving droplets in combination with high light power and high expo-
sure times during image acquisition. The effect is shown in Fig. 3.4 on the example 
of a water-in-oil-in-water (W/O/W) triple emulsion. It is observed more often in 
aqueous than in oily emulsions, due to the lower viscosity of water. The small ap-
erture of scanning microscopes leads to longer exposure times of a smaller area, 
therefore to larger temperature gradients and finally to motion blurring. Not only 
is the lateral image quality influenced, but the effect is especially visible in the 
3D reconstruction of multi-slice experiments (Fig. 3.4) due to the long experiment 
times. An optimisation of aperture size, exposure time and scan number is necessary 
for a good image quality with as little artefacts as possible and an optimal contrast. 
Digital image size is another important parameter. The optimal parameters need to 
adjusted based on individual sample and experiment conditions.

The variability of liquid multi-dispersed systems increases with the degree of 
dispersity. As shown in (Adams et al. 2012), transmitted light microscopy can be 
used to check the poly-disperse character of dyed droplets also. The inner droplets 
in these experiments were low concentrated and are arranged in a way that overlay 

R. Bernewitz et al.



753 Imaging of Double Emulsions

effects are excluded in this case. Figure 3.4 shows a CLSM multi-slice experiment 
on a W/O/W triple emulsion where the advantages of CLSM for imaging of mul-
tiple emulsion structures are summarised. It is an example showing different aspects 
of disperse systems’ imaging.

• The image contrast depends on the dye and its concentration.
• Droplets stick to the glass slides commonly used in optical microscopy. They are 

partially deformed due to the glass contact.
• Due to temperature gradients, the long experiment duration of 1.5 h and the vis-

cosity of the quasi-continuous outer oil phase, motion blurring occurs.
• The reconstruction of the 2D slice images to a 3D data set allows the optical rota-

tion into all directions and a volumetric reconstruction, which results in a more 
comprehensive view of the structural details in this multiple emulsion.

The images can be statistically evaluated for DSD determination of the disperse 
phases (Sect. 3.2). The sample depths have to be chosen to image round droplets 
that are not deformed while being adhered at the glass slide for this purpose.

Fig. 3.4  Confocal laser scanning microscopy (CLSM) on a W/O/W triple emulsion. In a multi-
slice experiment, the observed 2D images were reconstructed to a 2.5D image. Rotations of the 
resulting image are shown here. a No rotation. The upper slice nearest to the glass slide already 
shows the triple emulsion character. Optical effects due to the glass slide are visible in the form 
of small bright spots. Oil droplets sticking at the glass slide are deformed ( lower and right area). 
Other droplets ( upper left area) move during light exposure causing motion blurring. a–c show 
slices obtained by a left hand rotation of the 3D reconstruction with 100 slices and a resulting slice 
thickness of 0.149 µm. The multiple image acquisition time was about 1.5 h. The different obser-
vation angles, in b 40° and in c 70°, reveal the structure of the two inner emulsions (especially for 
the two droplets in the lower right corner), which are not visible in the 2D image in a
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3.2.2  Electron Microscopy

Electron microscopy (Egerton 2005a, 2005b) relies on the interaction of emitted 
electrons with matter. Two main techniques are known, the surface-sensing scan-
ning electron microscopy (SEM) working in reflection and the TEM, which exploits 
the attenuation of energy of the electron beam while passing through the sample. 
These techniques are of high interest in industry and research and are applied in 
various fields (Li 2002) with a spatial resolution down to a few nanometres. This 
spatial resolution is required, for example in nanoscience, where nanoparticles can 
also be prepared from double emulsions (Cohen-Sela et al. 2009).

In the case of double emulsions, TEM provides images of the complete double 
emulsion structure. Good contrast is achieved due to the specific electronic proper-
ties of oil and water phases. One consequence of the good spatial resolution is that 
motion processes within the sample and of the sample itself have to be avoided on 
the length and time scales of the experiment. Freezing of double emulsions satisfies 
this technical prerequisite.

Cryo-TEM is a destructive method. First, the emulsion is frozen. Depending on 
the freezing temperature and time scale, ice crystals can penetrate interfaces and 
change the structure dramatically. This aspect has to be considered when preparing 
emulsion samples. Once frozen, a very thin piece of sample is cut from the frozen 
emulsion, to achieve sufficient transmission of the electron beam. As a result, slice 
images are obtained. These images could lead to both DSD and DPR. Several error 
sources have to be considered in such analysis: Apart from the destructive nature 
of the method, the statistical significance has to be taken into account, which is 
discussed in more detail in Sect. 3. Due to the elaborate sample preparation of the 
Cryo-TEM technique, this aspect leads to high effort when aiming for statistical pa-
rameters of double emulsions. Therefore, this technique is appropriate to investigate 
the multiple disperse character as well as interface structure.

The Cryo-TEM technique was applied to WOW double emulsions (Hanson et al. 
2008). Droplets could be observed on a 100-nm scale, revealing the multiple emul-
sion character. Additionally, a first vague insight into the stabilisation properties 
of co-polypeptides could be observed. Although this example shows how electron 
microscopy can be used, the laborious and destructive sample preparation proce-
dure does not make electron microscopy techniques appropriate standard measuring 
techniques, but well-suited techniques for unraveling spatial details on a very small 
length scale.

3.2.3  Atomic Force Microscopy

In contrast to the imaging modalities mentioned before, AFM (Binnig et al. 1986; 
Butt et al. 2007) relies on interactions between a surface under examination and the 
tip of a micromechanical cantilever. Samples can be investigated under ambient con-
ditions, which is a big advantage compared to electron microscopy. Forces as small 
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as a few pN can be measured. By scanning a given area of up to 100 µm in square 
by AFM, surface maps of specific forces can be obtained, which reflect surface spe-
cific properties such as molecular arrangement, composition, magnetic moments, 
etc. Lateral resolution is currently in the order of 2–10 nm, the depth dimension 
can be resolved on the atomic scale. Apart from the imaging capability of AFM, 
forces are studied most often as a function of distance from a surface, while keeping 
the lateral position constant. In the case of emulsions, colloidal probes allow direct 
measurements of adhesion phenomena and interactions between droplets. Care has 
to be taken with respect to pressure, stress and temperatures on the location of the 
measurement in order to retain the molecular structure during the measurement.

Against the background of the imaging methods mentioned before, it is clear that 
each technique has its unique length and time scales on which it delivers valuable 
information. In the case of AFM on emulsions, the relevant length scales are the 
dimension of the colloidal tip, which determines the spatial resolution together with 
the surface roughness. The geometry of the tip is another important quantity, which 
determines sensitivity as well as the resolvable time scales of AFM measurements 
(Butt et al. 2007). It is clear that the instrumental time and length scales should ide-
ally match with those of the investigated samples and the processes taking place 
in the sample (i.e. diffusion). Although AFM investigations in emulsion science 
consider only single emulsions, interesting results are generated by this technique, 
while the focus is currently on three main aspects:

• Force measurements: In this measurement mode, the lateral resolution is of mi-
nor importance. Forces between the colloidal tip and a fixed droplet are inves-
tigated as a function of speed and direction (approach or retraction; Gillies and 
Prestidge 2004). Surface forces determine the stability of the dispersion and are 
accessible by AFM. Adhesion, caused by electrostatic and van der Waals forces, 
play a major role in flow properties and nano-rheology. These forces have also an 
impact regarding macroscopically observable phenomena such as coalescence. 
Recently, it was shown that AFM measurements could also be performed in the 
non-linear range and under oscillatory motion. Although AFM allows access to a 
rather limited surface area, it reveals elementary parameters for modelling emul-
sion systems (Tabor et al. 2011a, b, 2012, 2013; Lockie et al. 2012).

• Imaging of emulsion surfaces and distribution of surface active molecules and 
their molecular conformation: The molecular scale in emulsions is of special im-
portance in investigations of permeability and controlled release of active agents. 
Surface coverage and molecular conformations determine these macroscopically 
relevant parameters. AFM allows a detailed view into the arrangements of sur-
face molecules, also in the case of mixtures of these macromolecules and as a 
function of chemical parameters such as pH-value (Morris et al. 2011; Touhami 
et al. 2011).

• Combination with other imaging techniques: A fascinating question concerns the 
deformation of droplets under shear, under pressure and during approach of an-
other droplet in an emulsion. Combining AFM with CLSM allows investigation 
of these processes. While measuring forces with AFM, CLSM can be used to 
observe the mechanical responses in real time. The surface layer of the droplets 
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is usually fluorescent, allowing the optical detection of the deformation directly 
(Manor et al. 2012; Wackerbarth et al. 2009).

As nanoparticle research currently widens towards possible applications, an interest-
ing approach should be mentioned, where AFM and TEM are used to probe proper-
ties of nanoparticles relevant as MRI contrast agents (Ashjari et al. 2012): Mean-
while, relaxation agents play a major role in medical MRI, which have the prerequi-
site of being very effective and biocompatible. Relaxation active agents were imple-
mented into double emulsions. Their structure was examined by AFM and TEM, 
the relevance for MRI by means of relaxation measurements. This study shows that 
the combination of several analytical techniques allows drawing a comprehensive 
picture and deepening the understanding of structured substances substantially.

3.2.4  Nuclear Magnetic Resonance

MRI is known to be a powerful imaging tool in medicine and increasingly also in 
material and food science. It relies on Nuclear Magnetic Resonance (NMR) and em-
ploys magnetic field gradients for generation of spatial resolution (Kimmich 1997; 
Callaghan 1991, 2011). Typical values for spatial resolution are in the range of 
several 10 µm in material science and up to the millimetre range for medical imag-
ing. Often, it is limited by the achievable signal-to-noise ratio, which is given by the 
number of nuclear spins in a volume element, that is, voxel. The diffusion limit at 
spatial resolutions of a few micrometre in liquid samples is important: As the spatial 
resolution in MRI is created by a linearly varying magnetic field on a given spatial 
coordinate, every sort of motion of the detected nuclear spins is detected in the 
images. Brownian motion leads to displacements of molecules in the micrometre 
range on the typical time scales of image acquisition and therefore to artefacts in 
the micrometre-resolved images. By the way, the diffusion limit restricts the spatial 
resolution not only of MRI, but also of the other techniques, dependent on the time 
scales and other specific properties of the corresponding techniques.

There are mainly three schemes for spatial encoding via gradients in MRI sum-
marised below. They can be combined for pure 2D, multi-slice 2.5D, or real 3D 
images. Also profiling along one spatial dimension is known:

• Read gradient: A magnetic field gradient is applied during data acquisition. A 
Fourier transform of the acquired data finally reveals a profile along the selected 
spatial coordinate.

• Phase gradient: Data are acquired which are encoded by a gradient before data 
acquisition. By incrementing the phase gradient and a subsequent Fourier trans-
form along this direction of the two dimensional data set, the spatial information 
can be obtained.

• The third possibility is to use slice selection by a gradient combined with a shaped 
pulse. Almost rectangular slices can be imaged and reveal information just of the 
chosen slice. This technique can also be applied as a multi-slice experiment, where 
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slices can be acquired in parallel and with arbitrary orientation without spending 
measurement time for a detailed representation of the chosen spatial dimension.

The three encoding techniques can be combined in a very flexible and variable way 
such that an MRI experiment can be individually designed for the sample and ques-
tion under investigation. This is a major advantage of MRI, which on the other hand 
requires users with some knowledge.

Despite the limitations concerning mainly spatial resolution, signal-to-noise ratio 
and temporal resolution, MRI is unique concerning the image contrast: Different 
from, for example, optical and x-ray techniques, which use absorption or emission 
contrast also by adding dyes as contrast agents, MRI utilises diversity of intrinsic 
contrast parameters. The most elementary is the spin density, which determines the 
NMR signal amplitude of each voxel directly. Additionally, the NMR relaxation times 
T1 and T2 are quite different and specific for substances and materials. For example, 
oil and water as fundamental ingredients in double emulsions have T1 values in the 
order of 350 ms and 2–3 s, T2 values around 50 ms and 1.6 s at a 1H Larmor frequen-
cy of 200 MHz. Diffusion is not only a limited factor when using small voxel sizes, 
but it can also be exploited as a contrast parameter. Water shows a self-diffusion co-
efficient of about 2 × 10−9 m2/s, whereas oil is characterised by a mean self-diffusion 
coefficient of about 8 × 10−12 m2/s at room temperature. Further techniques exploit 
the chemical shift as contrast parameter. In this respect, NMR is known as a versatile 
tool for determination of chemical structures. The use of this contrast is extremely 
useful, for example, in functional imaging for revealing metabolic activities. As in 
optical imaging, contrast agents can be added. Most of them consist of paramagnetic 
molecules or ions (Aime et al. 2005; Bertini et al. 2001), which shorten both relax-
ation times T1 and T2. Other studies exploit the magnetic susceptibility contrast due 
to magnetic nanoparticles (Choo et al. 2013; Courant et al. 2013; Fardis et al. 2012; 
Chaughule et al. 2012). Especially in the context of hyperthermia, these particles can 
be applied not only for diagnostic but also for dedicated therapeutic purposes.

An important point to mention is that MRI is completely non-destructive in both 
senses that the samples do not have to be cut physically nor the energy intake is such 
that destruction can occur. The energy quanta are in the radio frequency range and 
therefore, they do not ionise tissue or other sample materials (compared to x-ray 
tomography, for example). Temperature gradients are usually of minor importance.

Regarding emulsions, NMR imaging techniques are applied in various ways 
(Mariette 2009). An MRI study was performed on a millimetre-scale emulsion 
(Henning et al. 2012), aiming for detection of release. Microcapsules of polysaccha-
rides were investigated with respect to the permeability of the membranes and the 
influence of environmental parameters. Concretely, the permeability of a common 
MRI relaxation agent gadolinium-diethylenetriamine penta-acetic acid (Gd-DTPA) 
was investigated and quantitatively analysed via the change in relaxation contrast 
of 2D MRI images. The comparison of the experimental MRI results with results 
from the numerical solution of the diffusion equation reveals good agreement. By 
this means, a variation of environmental parameters such as pH-value could be in-
vestigated with respect to their influence following the experimental and numerical 
procedures (Henning et al. 2012).
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As mentioned above, the length scale of most food emulsions is in the range of 
0.1–50 µm. The spatial resolution of a common MRI, also called k-space imaging, 
is therefore hardly sufficient to directly image the droplets over the complete range 
of sizes. On the other hand, pulsed field gradient (PFG)-NMR, also called q-space 
imaging (Callaghan 2011, 1990; Lee et al. 1998), can be applied, which is not di-
rectly an imaging method in the sense of visualisation along spatial coordinates, but 
an indirect method to investigate length scales of diffusing molecules, that is, it is 
an imaging method for the observation of molecular displacements within a given 
time. Apart from PFG-NMR in porous media (Callaghan 2011; Kärger et al. 2013), 
this approach is applied to analyse DSD of single and double emulsions (Johns 
2009; Hollingsworth et al. 2004; Hollingsworth and Johns 2003; Bernewitz et al. 
2011a, b; Wolf et al. 2009; Hindmarsh et al. 2005; Mezzenga et al. 2004; Lönnqvist 
et al. 1997). It relies on the measurement of Brownian motion in the presence of 
geometrical hindrance or restriction. Dedicated mathematical models allow the cal-
culation of, for example, DSD (Packer et al. 1972; Murday and Cotts 1968; Veeman 
2003; Balinov et al. 1993, 2003). In the case of single emulsions, standard routines 
and procedures are used in food design and production (van Duynhoven et al. 2002, 
2010; Voda and van Duynhoven 2009). Some insight into release kinetics was ob-
tained in a diffusion exchange study. It revealed the exchange of molecules in poly-
electrolyte multilayer structures (Wende and Schönhoff 2010; Qiao et al. 2005).

On double emulsions, PFG-NMR was successfully applied for a comprehensive 
characterisation. Topics of release kinetics and exchange of molecules between simi-
lar phases across an intermediate phase were addressed as well as the determination 
of DPRs and droplet size determination (Bernewitz et al. 2011b, 2013, 2014a; Hind-
marsh et al. 2005; Mezzenga et al. 2004; Lönnqvist et al. 1997; Guan et al. 2010; 
Johns and Hollingsworth 2007). In contrast to the above-mentioned CLSM and MRI 
experiments, the difference in the effective diffusion coefficient between the quasi-
continuous phase and the geometrically restricted inner phase of a double emulsion is 
explored. This allows the investigation of double emulsions in concentration equilib-
rium, that is, the osmotic forces can be neglected. Even in this case it was found, that 
molecules penetrate the intermediate phase and exchange between the two similar 
phases (Wolf et al. 2009; Bernewitz et al. 2011a; Guan et al. 2010). This phenomenon 
can be described in analogy to water exchange in biological tissues (Hindmarsh et al. 
2005; Pfeuffer et al. 1998a, b) and will further be discussed in Sect. 4.3.

3.3  Image Processing

3.3.1  Contrast and Quantitative Image Analysis

Apart from the diverse underlying physical principles leading to different possibili-
ties and limits of the mentioned imaging methods, data processing and analysis has 
to be considered as an important step towards reliable interpretation of spatially 
resolved data. Particularly with regard to quantitative data analysis, image contrast 
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is a rather important parameter. Depending on the imaging technique chosen, the 
physical origin of contrast is different; a general statement for optimisation is there-
fore not possible in the present context. However, on the examples of CLSM and 
MRI some essential points can be discussed, which can be transferred to other tech-
niques:

• CLSM: Image contrast is created by fluorescence which depends strongly on 
structure and concentration of molecules being present in the imaged section. 
The contrast can therefore be designed by using the appropriate concentration 
of molecules, which fluoresce in a specific range of wavelength. Additionally, 
technical parameters such as focus and aperture size, slice thickness, size of the 
image section and digitisation rate are important to obtain images of good quality 
(Sect. 2.1).

• MRI: Contrast is often achieved due to the intrinsic spin density distribution, 
relaxation and diffusion in MRI in material science. Additionally, contrast agents 
might be applied, often in form of paramagnetic substances which influence the 
relaxation times or in form of magnetic particles with their influence on the main 
magnetic field. Interaction of the sample with the apparatus is rather small in the 
case of NMR and can be neglected in the presently know investigation of double 
emulsions (Sect. 2.4).

In both cases it is essential that the structures which should be quantified show 
a sufficient signal difference from other parts of the image as well as a sufficient 
signal-to-noise ratio. It is not only the signal-to-noise ratio of the image, which is 
important in the context of structural analysis. Most often, the first step is to cre-
ate an intensity histogram, which is the basis for setting thresholds for structural 
differentiation. Binning of the image data is of course crucial for the quality of 
the deduced parameters, irrespective of the spatial dimensionality. Both, statistical 
significance and detail recognition are important and often interfere. Compromises 
have to be made in real imaging, well knowing that a final uncertainty remains. It is 
also due to the fact that the signal intensity is not constant over the complete field 
of view due to technical imperfections. Apart from thresholding, intensity gradients 
are explored to unravel structures. Separation of nearby and unresolved structures 
can be treated by water shed algorithms, leading to an improved recognition of 
structures. An example for image treatment can be found in the work of Al-Raoush 
2007; Al-Raoush and Alshibli 2006. Also algorithms are known which use prior 
knowledge, for example, about the shape of the structure to be quantified. Modern 
numerical mathematics opens a variety of possibilities, which currently introduces 
image analysis in the field of material science.

3.3.2  Profiling Versus Slice Selective Imaging

Imaging methods can be divided into projection methods, for example, classic light 
microscopy and slicing methods such as x-ray imaging, CLSM and MRI (Fig. 3.3). 
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It is rather clear, that projections, also named profiles, have to be treated differently 
concerning information along the third spatial dimension. With respect to imaging 
of double emulsions, profiling methods often reveal diffuse images which do not 
allow a quantitative interpretation and description of the sample under investiga-
tion. Nevertheless, qualitative information about the dispersion degree of the inner 
emulsion can be obtained as well as a first impression about the DSD of the outer 
emulsion, separation and coalescence processes.

In contrast, slicing methods usually reveal 2D spatially resolved images. The third 
spatial dimension is averaged over the generally very small slice thickness. In CLSM, 
this is done by a dedicated focus of laser light, in MRI by slice gradients in combina-
tion with shaped rf-pulses, in x-ray tomography by mathematical treatment of the 
angle dependent projections via Radon transformation. All three methods are in prin-
ciple capable to measure 3D images. In practice, requirements of data representation 
and restrictions of measurement time often lead to the reduction to slicing of the most 
interesting parts of the sample. The three mentioned imaging modalities work more 
or less non-destructively and are therefore able to describe the double emulsion as it 
is. Destructive slicing methods have to be distinguished. Most often, surface sensitive 
methods such as SEM and other electron spectroscopic methods have to be men-
tioned here. Emulsions are frozen and cut into slices, which are subsequently imaged. 
With the assumption that these processes do not influence the structure and composi-
tion of the sample, electron microscopy images reveal details on an atomic length 
scale, which is complementary to the scales of CLSM and MRI mentioned before.

An important characterising parameter is the DSD where the aspect of slicing 
methods versus projection (Fig. 3.3) has to be considered in the context of quantita-
tive image analysis. In a projection, always the largest dimension of an object deter-
mines the shape. Smaller objects may be obscured by these large objects, especially 
in highly concentrated emulsions. On the other hand, slicing leads to a selection of 
a certain area which is not necessarily representative in several respects:

• Slicing error: In the case of a slice thickness smaller than the diameter of a drop-
let, it is obvious that the droplet is not necessarily cut in the equatorial plane. 
The measured diameter in the image is therefore equal or smaller than the true 
diameter of a droplet. Therefore, statistical data treatment was developed early in 
stereology, in the context of mineralogy and medicine (Gegner et al. 2004; Gold-
smith 1967; Wicksell 1925; Reverter et al. 1993; Cruzorive 1976; Jeppsson et al. 
2011; Saltykov 1974), which can be adapted to the special needs of the present 
noninvasive imaging techniques (Schuster et al. 2012; Van Dalen 2002a): The 
apparent diameter of droplets in a CLSM image are equal or smaller than the 
diameter, leading to an underestimation of the droplet sizes. The probability of 
being captured in an image is larger for large droplets, which leads to an overes-
timation of the larger fraction in the DSD. Both consequences can be statistically 
corrected by the corresponding algorithms according to Wicksell, Gegner and 
others (Gegner et al. 2004; Goldsmith 1967; Wicksell 1925; Reverter et al. 1993; 
Cruzorive 1976; Jeppsson et al. 2011; Saltykov 1974; Van Dalen 2002a).

• Error due to the image mask: Apart from the systematic error due to slicing the 
influence of the image mask, also named field of view, has to be considered: In 
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optical imaging and in AFM, TEM and SEM, only small sections of the sample 
are observed. Boundary effects are to be considered especially in cases when the 
dimensions of typical structures are comparable to the image mask. One possi-
bility is to reject droplets from the quantitative analysis which are only partially 
visible in the image, which, however, decreases the statistical significance. A 
second possibility is to estimate the true diameter via statistical mask error cor-
rection (Schuster et al. 2012).

It should be mentioned, that both effects lead to systematic errors, which can be cor-
rected only statistically. Special emphasis should be put on magnification, choice 
of slice thickness and image mask to minimise the impact of errors. A comparison 
with alternative techniques such as PFG-NMR and light scattering techniques could 
reveal systematic errors, too. These techniques are not capable to produce direct 
visual inspection but lead to DSD of a representative amount of sample.

3.3.3  Determination of Structural Parameters

The importance of structural parameters for product properties leads to intense in-
vestigations of deducing them from images. Quantitative image interpretation needs 
first of all suitable images which are acquired with appropriate contrast and signal-
to-noise ratio as stated above. Imaging of structures is often sufficient for qualita-
tive interpretation but not for qualitative and even more for automated analysis. 
An equally distributed intensity over the image section is preferable, however, in 
reality this is difficult to achieve during imaging and thus requires corrections al-
ready in the early stage of data interpretation. Additional to the mentioned steps of 
setting thresholds, binning of images and other numerical data treatment, typical 
characterising parameters have to be extracted from the corrected images. One of 
them is the DSD. The final step in data treatment is therefore to count droplets with 
a diameter in the experimentally accessible range. Two main approaches have to be 
mentioned: One method is counting pixels within a given area determined by the 
boundaries in a black–white image. This approach is independent on the shape of 
the object but depends on the quality of the watershed separation and the image con-
trast, that is, the thresholding procedure. In the second approach, prior knowledge 
on the droplets’ spherical symmetry is utilised. In the case of double emulsions of 
reasonable concentration, this assumption is appropriate, whereas deviations might 
occur at high concentrations. In the most common imaging modality, that is, optical 
imaging, these emulsions are problematic anyway because of multiple scattering ef-
fects influencing the image quality significantly. Both methods are implemented in 
current imaging software. Nevertheless, quantitative image analysis is still a crucial 
step which should be critically observed in order to gain correct data for further 
steps of design and development of complex food structures.

A typical ratio of inner to outer droplets in double emulsion depends on the DPR, 
the dilution factor and the preservation degree due to the emulsification process. 
In the work by Schuster et al. 2012, the DSD of a WOW double emulsion was 
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determined by CLSM showing a ratio of inner to outer droplets of approximately 
6. A DSD is, on the other hand, a statistical quantity. Therefore, a consideration of 
the statistical significance of an image analysis has to be performed. An empirical 
way of doing so can be found in the work by Schuster et al. 2012, where a varying 
amount of droplets was analysed in order to find a stable cumulative DSD. The 
number of droplets to be counted is rather large, leading to a considerable effort in 
data processing. The statistically relevant number of analysed droplets can also be 
found by application of statistical tools as hypothesis tests, which are implemented 
in common numerical data treatment software.

From these considerations, it is clear that a statistically significant amount of 
samples has to be analysed. Imaging modalities with spatial resolution in the nano-
metre range reveal detailed insight into forces and interfaces but hardly in a statisti-
cal description of structural parameters. Combining the complementary techniques 
mentioned above, however, completes and deepens our understanding of multiple 
emulsions to an enormous extend which would not be possible when just analysing 
the results from one technique.

3.4  Insights into Double Emulsions

3.4.1  Geometric Structure

The DSD determination of the inner and outer emulsion in multiple emulsions is 
a challenge for standard measuring techniques such as laser diffraction due to the 
need of dilution and multiple scattering (Bernewitz et al. 2014b). Other techniques 
such as PFG-NMR were adapted and currently reveal the inner DSD.

Imaging techniques have the potential to give a direct insight into structural de-
tails of double emulsions. Combined with statistical image processing, both DSD 
of double emulsions were determined applying CLSM (Schuster et al. 2012). Apart 
from the challenges to acquire appropriate images with sufficient contrast and a 
small amount of artefacts, the data analysis step has to be performed.

Critical points in deducing DSD of inner and outer dispersed phases from CLSM 
slice images are the following and need special emphasis:

• Adding dye molecules to the distinct phases is necessary for a good contrast. 
This could change, for example, the pH-value, which, then again, can have an 
impact on the structural parameters of a double emulsion. Care has to be taken 
that the double emulsion is not altered, neither with respect to structural nor with 
respect to physico-chemical parameters.

• To reduce motion blurring, the outer phase can be thickened, for example, by a 
gel-forming agent in water-based emulsions. However, many of these substances 
often used as food thickeners (e.g. xanthan, pectin, gelatine, etc.) are known to 
be surface active (Garti and Leser 2001; Dickinson 2011).

• Energy intake is not negligible. Temperature effects have to be critically consid-
ered.
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• The optical slice thickness and the field of view should be adequate compared to 
the size of the structural elements to be analysed.

• Diffusion of dye molecules, concentration gradients and bleaching effects of the 
dye molecules should be considered when analysing the fluorescence intensity 
quantitatively. Setting thresholds in automated data processing should take these 
effects into account which can also exhibit a spatial dependence.

• The number of analysed objects have to be statistically relevant, especially when 
applying statistical corrections for slicing and mask errors.

• Depending on the underlying physical principle, different information about the 
distribution is gained: In PFG-NMR, volume-related distributions densities q3(d) 
or cumulative distributions Q3(d) are measured, other techniques such as CSLM 
reveal number or area-related distributions. The distributions can be converted 
mathematically.

The diversity of ingredients in double emulsions (at least two emulsifiers are re-
quired, and other stabilising agents as hydrocolloids often are added) means that 
the system is susceptible to chemical manipulation. A shift in pH-values can lead 
to a change in proteins’ conformation, which can change the emulsions properties 
when using protein emulsifiers (Lam and Nickerson 2013; Benjamin et al. 2012). 
This was confirmed also by AFM measurements (Morris et al. 2011; Touhami et al. 
2011). Salt-based dyes applied in fluorescence microscopy could also lead to a con-
centration gradient when added to the outer phase of double emulsions. Concentra-
tion gradients are usually equilibrated; in the case of WOW emulsion they often 
lead to driven diffusion from the inner water phase to the outer. The influence of 
added substances should always be known or investigated, in order to interpret the 
imaging data correctly. Due to their surface tension and thermodynamics, the as-
sumption of droplets being spheres and showing circles in 2D-images is justified 
experimentally. Nevertheless, deformations occur, for example, in highly concen-
trated emulsions (Balinov et al. 1996) or due to adhesion at surfaces especially in 
optical microscopy and AFM. In such cases, the form factor has to be considered in 
data processing and interpretation.

The big advantage of applying CLSM to determine DSD of double emulsions is 
the direct access and visibility of a variety of droplets, which is the basis for a reli-
able determination of both DSDs. In Fig. 3.5, the outer and inner DSD of a WOW 
double emulsion is shown (Schuster et al. 2012). They have been extracted from 
one set of CLSM images with a ratio of inner to outer droplets of 6.

As mentioned, q-space imaging (PFG-NMR, Sect. 2.4) is capable to determine 
the inner DSD of a highly representative amount of double emulsions noninvasively 
and non-destructively. The sample can be measured as it is, without any additives 
or dilution, which shifts the thermodynamic equilibrium. The DSD is usually de-
termined by fitting a mathematical model to the data. The most common ones are 
the model by Murday and Cotts (Murday and Cotts 1968) and the model of short 
gradient pulse approximation (Veeman 2003). Quantitative analysis of signal at-
tenuation as a function of the q-value reveals the characteristic parameters of the 
droplets, median volume-related diameter d50,3 and associated standard deviation σ, 
which corresponds to the distribution’s width, of a log-normal distribution function. 



86 R. Bernewitz et al.

Currently, model-free approaches were investigated on single emulsions, which jus-
tify the assumption of a log-normal distribution (Johns and Hollingsworth 2007). 
In several investigations of q-space imaging on WOW double emulsions, it was 
found that dynamic exchange of water molecules has to be considered for a con-
sistent DSD determination (Hindmarsh et al. 2005; Guan et al. 2010). This will be 
discussed in Sect. 4.3.

With CLSM and NMR q-space imaging, there are two possibilities to obtain 
valuable information about the DSD of double emulsions after their production. 
The CLSM technique shows good agreement for the outer DSD when compared 
to laser diffraction measurements (Schuster et al. 2012). Regarding CLSM and q-
space imaging, good agreement was found for single emulsions (van Duynhoven 
et al. 2002; Johns and Gladden 2002; Van Lent et al. 2008) as well as for the inner 
DSD of double emulsions (Bernewitz et al. 2013).

3.4.2  Chemical Composition and Morphology

During production and storage, the ratios of the phases can change due to the emul-
sification process (Schuch et al. 2013), diffusion phenomena (Guan et al. 2010; 
Mezzenga et al. 2004) and physical processes during storage such as coalescence 
(Magdassi and Garti 1984) and Ostwald ripening (Marqusee and Ross 1984; 
Sect. 4.3). A loss of inner phase into the outer phase influences the emulsion’s prop-
erties drastically. It can lead to the loss of active agents, a change in viscosity and 
therefore sensorial properties, an increase of the water activity (spoilage of food) or 
even the loss of the double emulsion character itself. These are usually unwanted 
effects. Two DPRs, the inner and outer, have to be measured for determination of 
the preservation degree (often yield).

In principle, both DPR can be determined from 3D images (Fig. 3.4). However, 
multiple slice experiments require measurement times in the order of several 10 min 

Fig. 3.5  Simultaneous 
determination of both, the 
inner (W1, ■) and outer (O, 
▲) cumulative volume-
related droplet size distribu-
tions (DSDs) of a water in 
oil in water (WOW) double 
emulsion. The oil phase was 
dyed with Nile Red. The 
insert shows the confocal 
laser scanning microscopy 
(CLSM) image of the W/O/W 
with the oil phase dyed (field 
of view 142.9 × 142.9 µm. 
(Reproduced from Schuster 
et al. 2012)
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to hours, depending on the required quality and accuracy of the images. The imaged 
objects have to keep their position during the complete acquisition time. This hardly 
is the case in phases of low viscosity. Therefore, the sample has to be solidified 
either by freezing or by thickening via additives that keep the sample translucent.

In fluorescence imaging, the light intensity can be analysed spectrally and spa-
tially resolved (Lakowicz 2007; Gauglitz and Vo-Dinh 2006). With respect to DPR 
determination of double emulsions a prerequisite is that the fluorescence dyes, dis-
solved in the different phases of a double emulsion, emit fluorescence light of differ-
ent wave number. Therefore, mixing of dyes in a given phase due to molecular dif-
fusion has to be prevented which is achieved by polarity, that is, specific solubility.

A direct access to chemical information is given in NMR. As known from an-
alytical chemistry, this technique is unsurpassed with respect to determination of 
chemical structure and quantification of mixtures’ composition. Regarding double 
emulsions, the situation is complicated by the fact that phases of similar chemical 
structures have to be quantified, whereas oil and water can be differentiated and 
quantified easily in NMR spectroscopy (Guthausen and Kamlowski 2009), quantifi-
cation of the similar phases of a double emulsions has to be discussed in more detail.

In fluorescence microscopy, this differentiation is achieved by adding specific 
dyes. In NMR, relaxation agents or diffusion contrast can be exploited, the latter be-
ing discussed in Sect. 4.3. Molecular displacements are strongly influenced by the 
geometry of the environment, which is clearly different in the outer and in the inner 
phases. The mechanisms of hindered and restricted diffusion influence the NMR 
signals characteristically and can therefore be used for the mentioned differentia-
tion. If the molecular displacements are known from PFG-NMR experiments, the 
DPR can be determined with two methods (Bernewitz et al. 2014b):

• Diffusion weighted spectroscopy: In the case of double emulsions with strong 
signal attenuation of the outer phase (usually WOW emulsions), the DPR can be 
extracted from spectroscopic data by separation of the inner and outer phases’ 
signals via application of magnetic field gradients and integration of the cor-
responding lines in the spectra, taking into account the influence of relaxation 
times and diffusion.

• Signal reconstruction: The differentiation of inner and outer phases is more com-
plicated in case of highly concentrated double emulsions or OWO emulsions 
which have outer phases with small diffusion coefficients. The phase contribu-
tions to the oil signal are reconstructed via the molecular displacement signature. 
The single contributions of hindered and restricted diffusion have to be deter-
mined before by PFG-NMR experiments on the corresponding single emulsions, 
and deformation of droplets has to be excluded.

Prerequisite for these two NMR methods is that the time scale of molecular ex-
change, which will be discussed in Sect. 4.3, is long compared to the experimental 
time. If this assumption is fulfilled, the DPR can be determined with an accuracy 
of about 3 %.

As double emulsions are composed not only of water and oil, but also of emulsi-
fiers in the percent range and as interfaces play a major role in stabilisation of emul-
sion structures, it is of special interest to image emulsifier distributions and even the 
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molecular configuration of these macromolecules. AFM is a suitable technique in 
this respect, requiring good spatial resolution. Images reveal surface and interface 
composition also as a function of local concentration (Morris et al. 2011).

13C-NMR can be used to characterise emulsifiers. Valuable structure information 
from 13C-NMR spectroscopy can be combined with information of other measur-
ing techniques to gain a profound understanding of the emulsifier systems (e.g. 
Alberola et al. 2006; Parra et al. 1989).

3.4.3  Dynamic Processes: Exchange and Instabilities

Processes on the molecular scale determine encapsulation and controlled release 
of active agents. Also osmotic tailoring (Mezzenga et al. 2004) and physical in-
stabilities such as Ostwald ripening (Yao et al. 1993; Marqusee and Ross 1984) 
are driven by diffusion phenomena. Diffusion phenomena are a special challenge 
for measuring techniques in emulsion science due to the involved time and length 
scales. Nowadays, imaging techniques are not fully capable of monitoring diffusion 
of molecules in real time, although new techniques can image on the nanometre 
scale (Sect. 2.1). Diffusion is a statistical process; the comprehensive description 
requires therefore the observation of an ensemble of molecules. Regarding double 
emulsions, dye diffusion in and between phases can be imaged leading to an esti-
mation of the time scales of driven diffusion. Double emulsions of different recipes 
can be compared in order to get an insight into boundary properties of interfaces 
and intermediate phases. In the work by Bernewitz et al. 2013, an experiment is 
presented to monitor driven diffusion of fluorescein in WOW double emulsions by 
CLSM. Initially the double emulsion is dyed only in the intermediate phase. An ap-
propriate CLSM set-up can be adjusted to perform the main experiment: A drop of 
dye solution is added, and a time series of images is acquired with a time resolution 
of about half a second. Two WOW emulsions of different recipes (see differences 
in legend) have been compared (Fig. 3.6): The concentration equilibrium is reached 
within few minutes in one double emulsion, but the concentration equilibrium was 
not reached after hours in another emulsion (Bernewitz et al. 2013). From these 
observations, diffusion kinetics could be extracted. This type of experiment can also 
be applied to OWO double emulsions (Bernewitz et al. 2014b).

A more detailed look into the molecular processes can be obtained by NMR. 
Whereas the above-described CLSM-related experiment allows the observation of 
concentration equilibration by driven diffusion, PFG-NMR can be used to measure 
diffusion properties of double emulsions in concentration equilibrium, which is of 
importance with respect to controlled release of active agents. Molecular exchange 
of water in WOW emulsions has been investigated and proven (Hindmarsh et al. 
2005; Guan et al. 2010). It takes place on time scales of several up to a few hundred 
milliseconds. The exchange model (Pfeuffer et al. 1998a, b) was originally devel-
oped for the water exchange in tissue. Transferred to double emulsions, the resi-
dence times of molecules can be determined, which is another essential parameter 
for the characterisation of emulsions of different recipes.
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The application of paramagnetic relaxation agents in NMR is in principle similar 
to the application of dyes in fluorescence microscopy. Due to the different nature of 
NMR, conclusions about the diffusion mechanisms can be drawn additionally to the 
diffusion kinetics. As the effect of paramagnetic relaxation is strongly dependent 
on distance, the direct environment of a paramagnetic molecule will be influenced, 
whereas molecules at larger distances will not be influenced. The experiments show 
that in a WOW emulsion the oil relaxation is enhanced—in addition to the water 
relaxation, which is expected in the case of exchange. This observation can only be 
interpreted when assuming that the diffusion mechanism takes place on the molecu-
lar scale, rather than in micelles.

3.4.4  Imaging of Emulsion: Characterisation of Physical 
Parameters from Processing to Digestion

The quantities in Sects. 4.1–4.3 describe mainly double emulsions in a thermody-
namic equilibrium state and reveal a basic understanding of this type of food materi-
als. Especially in the context of single emulsions, further studies are known, which 
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Fig. 3.6  Observation of fluo-
rescein diffusion by confocal 
laser scanning microscopy 
(CLSM). According to the 
concentration gradient, a net 
transfer of dye to the inner 
phase occurs via driven 
diffusion from the outer to 
the inner water phase. Two 
emulsions of different recipes 
are shown. a The inner 
droplets were dyed within 
several minutes. In this case, 
polyglycerol polyricinoleate 
(PGPR) and Lutensol TO-10 
were used as emulsifiers. b 
The emulsion was still not 
fully dyed after 4 h. The 
emulsifiers were PGPR and a 
whey protein isolate
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should be mentioned in this chapter, as an outlook for possibilities of future imaging 
based research on double emulsions.

During production, emulsions are exposed to considerable mechanical stress. 
Rheological quantities allow an integral characterisation of these processes. When 
combined with imaging methods, additional spatial information can be obtained. 
Several attempts are reported, combining a Couette shear cell with MRI for reveal-
ing the local shear stress and droplets deformation (d’Avila et al. 2005; Fridjonsson 
et al. 2011; Hollingsworth and Johns 2006).

Interactions between droplets are essential for ripening and coalescence, for ex-
ample. These interactions can be characterised via force microscopy and combined 
methods (Sect. 2.3). Sensory properties are determined also by interactions of drop-
lets with more or less solid surfaces, which are addressed via optical microscopy 
(Dresselhuis et al. 2008).

In the understanding and modelling of drying, for example, of milk, the behav-
iour of a single droplet as well as of an ensemble of droplets is essential to know. 
Publications report on the in situ observation of droplets drying (Lin and Chen 2004; 
Reis et al. 2006), which allow the determination of relevant model parameters.

Double emulsions often tend to separate. In the example of a WOW, several 
possibilities exist: Either only the outer water phase separates from the oil phase, 
the inner emulsion is stable such that the separated oil layer still contains the inner 
water droplets. This separation could also be incomplete. Or the emulsion separates 
completely, and the separated compartments are no longer in the dispersed state but 
rather completely coalesced and separated. Combined MRI and PFG-NMR reveal 
the microscopic character of a separated WOW emulsion (Caro 2014). In contrast 
to the WO single emulsion, from which the double emulsion was produced, the 
WOW separated into different phases: an oily phase in the supernatant and a watery 
phase being underneath. Additionally, part of the emulsifier is found on the bottom 
of the NMR tube. A sample from each phase was taken with a pipette for PFG-
analysis. The MRI images show the phase separation clearly (Fig. 3.7a), whereas 
the PFG-NMR experiments show the structural composition: Comparing the signal 
decays of the oil rich phase of the separated WOW emulsion with the correspond-
ing observation on the single emulsion (Fig. 3.7b), the conclusion is that the inner 
emulsion is more or less retained, but water molecules are still present in a spatial 
very restricted, perhaps layered form, leading to a rather slow signal decay at large 
gradients. A similar investigation of creaming by optical micrographs led to a model 
for depletion in the presence of protein sub-micelles (Jang et al. 2004).

Motivation for further development of double emulsions in the field of foods 
can be seen in the context of health benefits with fat reduction and encapsulation of 
active ingredients (Jiménez-Colmenero 2013). Digestion is therefore an important 
topic for possible applications of these structures. Imaging activities are also found 
in this context (McClements et al. 2009a), using—amongst others—fluorescence 
for the observation of processes in the mouth (Adams et al. 2007).

These few examples show the variety of beneficial application of analytical im-
aging techniques in the context of emulsion science and might be considered as a 
starting point for further investigations.
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3.5  Summary

Imaging techniques on multiple emulsions were presented, and analytical tech-
niques were shortly summarised with respect to their impact on emulsion science. 
The methods are rather complementary regarding spatial resolution and physical 
and chemical parameters, which can be obtained from the images. Slicing and pro-
filing imaging techniques were compared. Structural parameters most often are 
distributed measures; therefore slice imaging techniques are more appropriate for 
characterisation of double emulsions, also with respect to overlay effects. The use 
of paramagnetic ions in MRI and q-space imaging and dyes, especially fluorescence 
dyes, in optical microscopy can lead to very good contrasts between the different 
phases of multiple emulsions. Dedicated experiments with these contrast agents al-
low the investigation of diffusion properties of double emulsions. On the example 
of molecular diffusion imaging, it is clear that time scales and dynamics of the sys-
tem under investigation are reflected differently. These facts can be used to choose 
a well-suited technique for an actual question. More useful for a comprehensive 
description of complex food systems such as double emulsions, however, is the 
combination of the methods, all with their specific strength and weak points. On the 
examples of CLSM and NMR, this approach was shown to reveal many parameters 
relevant to describe double emulsions in product design and development as well 
as in quality control.

3 Imaging of Double Emulsions

Fig. 3.7  Separation study on a WOW double emulsion. a Magnetic resonance imaging (MRI), 
from left to right: separated water phase, inner water in oil (WO) single emulsion, separated oily 
phase (supernatant) and separated water in oil in water (WOW) double emulsion. The time from 
sample preparation until the measurement was 2 h. Dark areas correspond to the water, light areas 
to the oil and emulsifier-rich phases. Additional diffusion measurements showed almost no dif-
ference between pure water (Sect. 2.4) and the separated watery phase. b q-space imaging of the 
water in oil (WO) single emulsion (●) and the water signal in the separated oil rich phase (□). The 
signal attenuation curves show that the oily supernatant consist of inner droplets and of boundary 
water
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4.1  Introduction

4.1.1  Colloidal Components of Milk

Milk is an oil-in-water emulsion and a dispersion of colloidal protein particles in a 
liquid phase which contains sugar and salts. The interaction between and within the 
colloidal and the soluble fractions determine the processing behaviour and the final 
structure of the milk products.

Protein composition of bovine milk is distributed among caseins (~ 80 %) and 
whey (or serum) proteins (~ 20 %). Caseins consist of four major proteins, αs1-, αs2-, 
β- and κ-caseins, which show differences in their electrophoretic mobility, degree 
of phosphorylation, glycosylation and genetic polymorphism (Fox 2003; Fox and 
Brodkorb 2008). Owing to their structural properties and the calcium phosphate 
content of milk, caseins are found as association colloids, namely casein micelles. 
Casein micelles are assembled mainly by hydrophobic interactions and calcium 
phosphate bridges. While calcium sensitive caseins form the interior structure, 
κ-caseins, which are glycoproteins, are located at the micelle surface protruding 
their hydrophilic domain out to the serum phase forming a hairy layer on the mi-
celle surface and rendering micelles with steric (and electrostatic) stabilization (De 
Kruif 1999; Horne 1986; Dalgleish 2011; Dalgleish et al. 2004). Casein micelles 
are highly hydrated, polydisperse colloidal particles with a large size distribution 
(50–500 nm). Studies on the micelle structure (how they are formed and stabilized) 
are vast and various models have been proposed until today (see reviews by Horne 
2006; Farrell Jr et al. 2006; Fox and Brodkorb 2008; Dalgleish 2011; Dalgleish and 
Corredig 2012; McMahon and Oommen 2013). Even though there is a consensus 
about the surface location of the κ-caseins, the interior structure of the micelles, 
that is how the calcium sensitive caseins are assembled and glued with colloidal 
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calcium phosphate (CCP), still needs further elucidation. Advances in microscopy 
techniques enabled detailed imaging of the surface as well as the interior of the ca-
sein micelles facilitating better evaluation of the existing models (Fig. 4.1).

The proteins that remain after the isoelectric precipitation of caseins (pI, ~ pH 
4.6) are called whey proteins and are comprised primarily of β-lactoglobulin 
(50 % of whey proteins) and α-lactalbumin (20 % of whey proteins) but also im-
munoglobulins, bovine serum albumin, lactoferrin and enzymes (lipases, pro-
teinases, etc.). Whey proteins are compact globular proteins with well-defined 
secondary and tertiary structures which make them more heat sensitive and less 
calcium sensitive as compared to caseins (Fox 2003). Under physiological condi-
tions, bovine β-lactoglobulin exist as a homodimer. The monomeric diameter of 
the β-lactoglobulin molecule was reported to be ~3.5 nm (Sawyer and Kontopidis 
2000). α-Lactalbumin contains four intramolecular disulphide bridges and adopt an 
ellipsoid-like shape with dimensions between 2 and 4 nm in diameter (Fox 2003).

The other colloidal component of milk is the milk fat globule (MFG). Milk 
fat comprises around 4 % of whole bovine milk and exists as globules with siz-
es ranging between 0.2 and 15 µm (4 µm on average), depending on the breed 
(Walstra 1995; Smith and Campbell 2007). Native MFG are essentially droplets of 

D. Ercili-Cura

Fig. 4.1  a Scanning electron microscopy (SEM) image of a casein micelle. The bar represents 
200 nm. Reprinted from Dalgleish et al. (2004), b Cryo-transmission electron microscopy (TEM) 
image of casein micelles. The bar represents 50 nm. Reprinted from Marchin et al. (2007), c and d 
Atomic force microscopy (AFM) images of casein micelles in close to native state. (Reproduced 
from Ouanezar et al. 2012)
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triglycerides (~ 98 % of milk fat) surrounded and stabilized in the milk’s aqueous 
phase by a biological membrane (milk fat globule membrane, MFGM), which is 
composed of proteins, glycoproteins, phospholipids, enzymes, cholesterol and other 
small molecules. MFGM shows a complex multilayer structure with a thickness of 
around 10 nm. It acts both as an emulsifying agent and a protective layer against 
lipolysis of milk fat (Walstra 1995). Homogenization of milk causes an increase in 
the milk fat surface area by reduction in the size of the MFG to  1 μm, depending 
on the homogenization conditions (pressure, temperature, etc.). The composition 
of the MFGM after homogenization is highly altered and includes adsorbed casein 
micelles and whey proteins (Smith and Campbell 2007).

4.1.2  Fermented Dairy Products: Formation and Structural 
Components

Production of fermented milk products, such as yoghurt, relies on acid-induced ge-
lation of milk proteins. Acidification is achieved by slow fermentation of lactose, 
sugar component in milk, into lactic acid by using various bacterial cultures, which 
depends on the type of product. The most common fermented dairy product yoghurt 
is produced by fermentation of milk by Streptococcus thermophilus and Lactoba-
cillus delbrueckii subsp. bulgaricus thermophilic cultures. Set-type, stirred-type 
and drinking yoghurts are available in the market today. Various other products are 
locally available including Nordic-cultured buttermilk (piimä, filmjölk, hapupiim, 
fil, syrnet melk) produced from mesophilic lactic acid bacteria ( Lactococcus lactis 
subsp. cremoris, Lactococcus lactis subsp. lactis, Lactococcus lactis subsp. lactis 
biovar. diacetylactis, Leuconostoc mesenteroides subsp. cremoris and some other 
probiotic cultures); kefir produced from a complex mixture of microorganisms and 
yeast known as kefir grains; and slimy, viscous products such as viili in Finland, 
which contains similar mesophilic cultures as in cultured buttermilk and their ropy 
exopolysaccharides (EPS) forming strains together with a mould Geotrichum can-
didum (Tamime et al. 2007; Tamime et al. 2005).

The main structural component in fermented dairy products is the colloidal pro-
tein aggregates but also fat globules, added or in situ produced (EPS) polysaccha-
rides and water. During fermentation, the gradual decrease in milk pH from around 
6.7 to around 4.5 causes aggregation of proteins due to gradual loss of electrostatic 
repulsion and other physical interactions such as hydrophobic and van der Waals 
attractions and steric and entropic effects (Roefs and Van Vliet 1990; Lucey 2007). 
The casein micelles undergo changes in their physicochemical characteristics dur-
ing pH drop, which finally lead to micelle–micelle interactions and gradual forma-
tion of the three-dimensional protein network. Between pH 6.7 and 6.0, the casein 
micelles retain their size, shape and integrity. CCP solubilisation is very slow until 
pH 6.0–5.8 (Gastaldi et al. 1996). Below pH 6.0, till pH 5.0 the net negative charge 
continues to decrease resulting in the loss of electrostatic repulsion, which also 
leads to the collapse of κ-casein hairy layer on the surface of the micelles. Thus, 
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Fig. 4.2  a Scanning electron microscopy (SEM) micrograph of skim milk fermented with Strepto-
coccus thermophilus. Casein particles form clusters and strands entrapping the water. (Reproduced 
from Aichinger et al. 2003), b Fusion of gel particles (primary particles) in an acid-induced milk 
gel imaged by SEM

 

both electrostatic and steric stabilization mechanisms of the micelles are being lost 
gradually. CCP solubilisation speeds up after pH 5.8 and maximises at ~ pH 5.1 
(Gastaldi et al. 1996; Lucey 2007; Phadungath 2005). As CCP is largely respon-
sible for the integrity of the casein micelles, its depletion causes dissociation of 
individual caseins, mainly β-caseins, from the micelles to some extent depending 
on both pH and temperature. Scanning electron microscopy (SEM) has revealed 
that the newly formed Ca-depleted micelle particles became deformed around pH 
5.3 and coalescence of the particles started (Gastaldi et al. 1996). As acidification 
approaches the isoelectric point of caseins, pH 4.5, casein–casein aggregation via 
electrostatic, hydrophobic and other weak interactions (van der Waals, H-bonding) 
intensifies. Increased ionic strength of the serum phase due to the CCP solubilisa-
tion also strengthens electrostatic interactions. In raw milk, gel formation starts at 
a pH of around 4.9 unless a high acidification temperature is used (Lucey 2007; 
Phadungath 2005). For yoghurt production, milk is subjected to high temperature 
heat treatments (usually around 90°C, 5–10 min) prior to fermentation which causes 
whey protein denaturation and subsequent formation of soluble and micelle bound 
κ-casein/whey protein complexes. As a consequence, the surface hydrophobicity 
and the apparent pI of the micelles increase (towards the pI of whey proteins) and 
thus, the gel formation starts at higher pH values (~ pH 5.4 depending on the pre-
heating conditions and the acidification temperature) in heated milk compared to 
raw milk (Donato and Guyomarc’h 2009; Lucey et al. 1997, 1998). After that point, 
fusion of the casein particles, organisation of strands and clusters, and further rear-
rangement of the three-dimensional network continues.

Fermented milk gels are particle gels, meaning that they are formed of aggre-
gated spherical particles forming a continuous network of clusters and strands 
(Fig. 4.2; Horne 1999; Kalab et al. 1983). However, they differ from gels formed of 
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hard spheres as the internal structure of the building blocks affects the gel proper-
ties greatly and due to fusion of the casein particles, the strand deformation is not 
limited to the interparticle regions (Fig. 4.2b; Horne 2003; Van Vliet et al. 2004). 
Accordingly, van Vliet et al. (2004) proposed that acid-induced milk gels can be 
considered as particle gels during gel formation but soon afterwards they would 
exhibit properties coherent with both particle and polymer gels. Rheological prop-
erties are associated with the number and type (strength) of the bonds between and 
inside the casein particles and their spatial distribution, meaning the curvature and 
thickness of the strands making up the gel network (Lakemond and van Vliet 2008; 
Mellema et al. 2002b; Mellema et al. 2002a; Van Vliet et al. 2004). In dynamic 
small deformation rheological measurements, the evolution of the moduli (Gʹ, Gʺ, 
or G*) is followed during gel formation. First, a lag period is observed until the ge-
lation pH is reached and after that point, a sudden increase followed by a plateau is 
common. In large deformation measurements, usually the fracture stress (force) or 
strain is measured. Accordingly, the strands making up the gel network are straight-
ened, stretched and finally broken.

Fermented dairy products, such as yoghurt contain ~ 90 % water, basically are 
structured water. Retention of water inside the gel is an important functional prop-
erty and is directly related to the network structure (Hermansson 2008; van Vliet 
and Walstra 1994). Syneresis, which refers to separation of water (or whey) from 
the gel without any applied external force, is a common defect in acid-induced milk 
gels, like yoghurt. Water is physically entrapped within the casein strands forming 
the gel network, meaning that the tendency for whey separation is primarily linked 
to dynamics of the network (van Vliet and Walstra 1994). Accordingly, proneness 
of the casein network to large-scale rearrangements during and after gel formation 
leading to contraction of the network is the cause of spontaneous syneresis in set-
type milk gels (Walstra et al. 1985). In stirred-type products, such as fruit yoghurts 
or drinkable fermented milk products, the network of protein particles is destroyed 
due to mechanical stresses (shearing) during processing. Broken network particles 
rearrange into large clusters, referred to as microgel particles (Nöbel et al. 2014; 
Hahn et al. 2012) or super aggregates (van Marle et al. 1999) which are suspended 
in the milk serum. The microgel particles are fractal within, and show the same 
topology as the initial acid-induced gel network itself (Hahn et al. 2012).

Whey separation and poor texture are major problems especially in nonfat or 
low-fat fermented milk products. Addition of stabilizers such as pectin, starch, car-
rageenan, gum arabic, locust bean gum, etc.; increasing the solids nonfat content 
by adding milk or whey powders; or using protein cross-linking enzyme transglu-
taminase (when approved by the national legislations) are the methods adopted by 
the dairy producers today.

A natural way of improving the texture of fermented dairy products is in situ 
production of hydrocolloids known as EPS produced by many lactic acid bacte-
ria. EPS are high molecular weight polysaccharides composed of repeated units of 
monosaccharides, D-glucose, D-galactose and L-rhamnose at varying ratios. The 
content of EPS in fermented products depends on the bacterial strain used and 
the fermentation conditions. EPS, even at low concentrations, may greatly affect 
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the texture, viscosity, creaminess and water-binding properties of fermented dairy 
products (Folkenberg et al. 2005). Moreover, depending on the bacterial strain used 
(capsular or non-capsular EPS forming bacteria), they may induce ropiness in the 
product leading to production of different types of products such as viili or piima 
of Finland. The structure of the EPS and their interactions with each other and with 
other milk components, especially the proteins and the protein network, determines 
their effects on the product’s textural and sensorial properties.

4.2  Imaging Fermented Dairy Gels by CLSM

Imaging the microstructure of gels like yoghurt which consist of around 90 % water 
and where the structure is extremely shear sensitive necessitates that the gel pieces 
are analysed with the least possible external physical and chemical disturbance. 
This simply makes CLSM the best choice for visualising the 3D spatial distribu-
tion of the structural elements in an acidified milk gel. In CLSM, optical sectioning 
attained by moving the focal plane in steps of defined thickness through the depth 
of the specimen allows analysis of thick specimens, for example a piece of yoghurt 
or cheese, with the least possible external disturbance during sample preparation. 
The penetration depth achieved by the laser into the specimen usually exceeds the 
size of the structural components, allowing imaging the bulk properties and elimi-
nating the possible defects at the outer surface (Tromp et al. 2003). Superiority of 
CLSM over widefield microscopy techniques originates from the elimination of 
out-of-focus light in CLSM which reduces the background fluorescence, improves 
signal-to-noise ratio leading to superior resolution and image quality. In contrast to 
most other light microscopy techniques, 3D image with sectional focus can be built 
by using CLSM. Advantages of CLSM over other light microscopy techniques in 
food and bio structure characterisation is discussed in a number of reviews (Dür-
renberger et al. 2001; Ferrando and Spiess 2000; Rincón Cardona et al. 2013; Auty 
2013; Claxton et al. 2006; Tromp et al. 2003).

Owing to above-mentioned factors, CLSM has been the choice of microscopy 
technique to visualise the 3D spatial arrangement of the protein aggregates and the 
distribution of fat and polysaccharides in fermented (or chemically acidified) milk 
gels. Alternatively, a few reports exist where a conventional fluorescence micro-
scope with a motorized sample stage was used to analyse set-type milk gels in a sim-
ilar manner to CLSM (Choi et al. 2007; Ozcan et al. 2011; Peng et al. 2010, 2009). 
The authors used acridine orange to label the milk proteins, and the labelled samples 
were let to gel between concave microscopy slides. By using the Z-stack module, 
a series of images from different positions in the gel matrix were acquired and the 
out-of-focus light was suggested to be eliminated by a 3D deconvolution procedure 
(Choi et al. 2007). Phase contrast microscopy has also been utilized for visualising 
the protein aggregation during acidification of milk (Singh and Kim 2009) or visu-
alisation of the gel structure in thin sections obtained after extensive sample prepa-
ration for transmission electron microscopy (TEM) analysis (Sanchez et al. 2000).
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Casein network can be visualised by CLSM basically in two modes; reflectance 
mode and after staining with protein-specific fluorescent dyes. The ability of casein 
micelles (and gel particles) to reflect laser beams have found use mainly when bacte-
rial EPS were aimed to be visualised together with the protein network in fermented 
dairy products. In most other occasions, suitable fluorescent probes were used to vi-
sualise the structural components. Most fluorescent dyes that have traditionally been 
used in widefield fluorescence microscopy are used also in CLSM. A list of widely 
used fluorescent probes in imaging of structural components in milk protein gels is 
shown in Table 4.1. Most of the fluorescent labels used for labelling proteins and fats 
interact with the target molecules via hydrophobic, ionic interactions and hydrogen 
bonding, that is, non-covalently. Staining of added or in-situ-produced polysaccha-

Table 4.1  Widely used fluorescent probes for imaging of structural components in dairy products
Structural 
component

Fluorescent probe Excitation wave-
length (nm)

References (as examples)

Protein
Acridine orange 450 Ozcan et al. (2011), Peng et al. 

(2009, 2010), Choi et al. (2007)
FITC 488 Lin et al. (2012), Guyomarc’h et al. 

(2009), Jensen et al. (2010), Torres 
et al. (2012)

RITC 543 Guyomarc’h et al. (2009)
Rhodamine B 543 Ercili Cura et al. (2009, 2010)
Fast green 633 Ciron et al. (2010; 2012), Abhyan-

kar et al. (2011, 2014)
Acid fuchsin 488 Partanen et al. (2008), Herbert et al. 

(1999)
Nile blue 633 Auty et al. (1999)

Fat
Nile red 488 Ciron et al. (2010, 2012), Abhyan-

kar et al. (2014)
V03-01136 647 Krzeminski et al. (2011), Heilig 

et al. (2009)
Added hydrocolloids
Starch FITC, Safranin O, 

Rhodamine B
van de Velde et al. (2003)

Pectin FITC 568 Tromp et al. (2004)
Xanthan, 
konjac

FITC 488 Nayebzadeh et al. (2006), Abhyan-
kar et al. (2011, 2014)

κ-carrageenan FITC 488 Heilig et al. (2009)
Exopolysaccharides

WGA-AlexaFluor 
488, conA-Alexa-
Fluor 488

488 Hassan et al. (2002; 2003b); 
Folkenberg et al. (2005)

FITC fluorescein isothiocyanate, RITC rhodamine B isothiocyanate, WGA: wheat germ agglutinin, 
conA concanavalin A
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rides, however, may require covalent labelling, which needs tedious sample prepa-
ration or use of special labels such as lectin-fluorescent probe conjugates. Methods 
of sample preparation for imaging of various components in commercial or model 
dairy protein gels will be briefly described in the following sections.

Fluorescence microscopy allows identification of multiple components in mixed 
biopolymer systems simultaneously when different fluorescent probes associated 
with different phases are used. Most confocal microscopes today are equipped with 
multiple laser excitation sources (UV, blue, green and red) and include integrated 
three electronic detectors (photomultiplier tubes), which enable simultaneous imag-
ing of three different fluorophores in multiply labelled specimens. A fourth detector 
for transmitted or reflected light imaging also exists (Claxton et al. 2006). Signals 
from each detector can be collected simultaneously and the images merged into a 
single overlay file in which different colours represent associated components. The 
main constraint in simultaneous imaging of multiple components is to find fluores-
cent probes specific enough to the target components and have distinct excitation 
and emission spectra from each other. In modern instruments, the emission spectral 
overlaps can partly be resolved due to acousto-optical tuneable filters and beam 
splitters which replace conventional epi-fluorescence filters. For more information 
on CLSM and its use in visualising food structures, readers are directed to excellent 
book chapters by Auty (2013) and Tromp et al. (2003).

4.2.1  Imaging of Protein and Fat

Non-covalent labelling can usually be attained by free diffusion of the dye into the 
specimen. The relevant solutions of fluorescent probes such as Rhodamine B or 
Nile blue used to stain proteins and fats, respectively, for example are directly added 
to the specimen and analysed after an incubation period for homogeneous distribu-
tion, which may be from minutes to hours depending on the structure of the sample. 
Sample preparation for set-type gels usually starts during the initial stages of fer-
mentation (or acidification when a chemical acidifier, e.g. glucono delta-lactone 
(GDL) is used) so as not to disturb the gel after formation. Fluorescent probes are 
added to the milk before or right after the inoculation with the starter bacteria or the 
addition of an acidulant. While the system is still liquid, the stained sample is placed 
onto a concave slide or in a well created by a silicone isolator sealed onto a micros-
copy slide. The cover slip is then carefully placed on top and the sides sealed for 
preventing drying of the sample during incubation at the desired acidification tem-
perature. When the pH reaches predetermined levels, around pH 4.5 for yoghurt, 
the sample which gelled in place is imaged by fluorescence microscopy or CLSM 
without any external disturbance. This method has been adopted by many authors, 
especially when the spatial distribution of the structural elements and the dynam-
ics of aggregation and gel formation were to be explored (examples may be found 
in Ercili Cura et al. (2009, 2010, 2014), Morand et al. (2012a, b), Partanen et al. 
(2008), Myllärinen et al. (2007), Guyomarc’h et al. (2009), and Kristo et al. (2011)).



1074 Imaging of Fermented Dairy Products

Samples of sheared gels, for example stirred-type yoghurt, may be prepared di-
rectly from the final product as the structure has already gone through extensive 
shear stresses. A generally adopted method is that a drop of the fluorescent probe so-
lution is added onto a drop of sample which is placed on a microscopy slide. Imaging 
starts after homogeneous distribution of the dye is attained (Ciron et al. 2010; Kristo 
et al. 2011). Alternatively, a drop of the fluorescent probe solution can be placed on 
a cover glass and left exposed to air for evaporation of the solvent. Then the cover 
glass is placed on top of a sample drop and left for homogeneous diffusion of the dye 
molecules into the sample (Girard and Schaffer-Lequart 2007a, 2007b; Jensen et al. 
2010; Torres et al. 2012). The microstructure of a low-fat stirred yoghurt product 
visualised after dual-labelling with Nile red (for fat) and Fast green (for protein) mix-
ture is shown in Fig. 4.3. A drop of yoghurt sample was stained with 10 µL aqueous 
solution of the dye mixture and imaged with CLSM (Ciron et al. 2010).

4.2.2  Imaging of Added Stabilizers and Bacterial 
Exopolysaccharides

In the dairy industry, various hydrocolloids, starch and starch derivatives are added 
to certain fermented dairy products in order to improve the structural stability by, 
for example, increasing viscosity, limit or prevent whey separation or to improve 
mouthfeel. These may include pectin, xanthan gum, locust bean gum, guar gum, 

Fig. 4.3  CLSM images of low-fat stirred yoghurt produced from milk homogenised by: a Con-
ventional homogenisation, b Microfluidisation. The protein matrix is red (stained with Fast green) 
and the fat globules are green (stained with Nile red). Yoghurt from microfluidised milk showed 
a different structure as a consequence of smaller fat globule size and more fat globules connected 
and bound to the protein. Accordingly, yellow colour in image b indicates intermixing of red and 
green channels due to co-localisation of pixels. Scale bar = 25 mm. (Reproduced from Ciron et al. 
2010)
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carrageenan, cellulose derivatives, starch and gelatin. The structural properties of 
the added stabilizers as well as their interactions with the milk proteins and fat in 
the dairy system are crucial for the final product quality. The functionality of an 
added polysaccharide as well as in situ produced EPS are greatly affected by their 
molecular charge density and molecular structure (Pang et al. 2015a; Girard and 
Schaffer-Lequart 2007b, 2008). Neutral polysaccharides such as starch, guar gum 
and locust bean gum do not particularly interact with the milk proteins but increase 
the viscosity of the continuous phase by filling the pores in the gel network (Ev-
erett and McLeod 2005). Anionic polysaccharides such as pectin, carrageenan and 
xanthan gum interact with protein aggregates that are positively charged at the pH 
of, for example, yoghurt and aid in structural stabilisation by a different mecha-
nism (Girard and Schaffer-Lequart 2007b; Pang et al. 2015a). For example, the 
stabilisation of acidified milk drinks against sedimentation is based on electrostatic 
adsorption of anionic polysaccharides, for example high methoxy pectins, on to 
gel particles during shearing (Tromp et al. 2004; Tuinier et al. 2002). Due to the 
block-wise distribution of the charges along the pectin chain (depending on the 
type and structure of the pectin), while charged blocks adsorb onto the gel particles, 
other parts of the molecule protrude from the surface as loops and tails introducing 
steric stabilisation to the system (Tromp et al. 2004). Besides molecular charge and 
structure, another crucial parameter that affects the functionality of polysaccharides 
in acid milk gel structure is their concentration. The concentration dependence of 
the interplay between proteins and polysaccharides is sourced from the destabilisa-
tion mechanisms such as bridging and depletion flocculation and phase separation 
(Rohart and Michon 2014; Rohart and Michon 2013; Everett and McLeod 2005; 
Aichinger et al. 2006). Protein–polysaccharide interactions and their significance in 
control of structures in dairy matrices have been reviewed by Corredig et al. (2011).

CLSM has been a valuable tool for localisation of the added polysaccharides in 
3D protein spatial organisation of the proteins in fermented milk gels. Staining of 
polysaccharides, however, is not as trivial as for proteins and lipids as there are only 
few fluorescent probes that will non-covalently attach to those hydrophilic mol-
ecules and make it easy to use directly on the final product (Auty 2013; Tromp et al. 
2004). In order to visualize those additives in milk gel structure, polysaccharides 
are pre-labelled (covalently) before being added to the milk during or after gelation. 
Covalent labelling involves high-temperature heating of the polysaccharide-fluo-
rescent probe mixtures in nonaqueous environment followed by alcohol precipita-
tion (Auty 2013). The tedious steps of covalent labelling of some commercial poly-
saccharides by fluorescein isothiocyanate (FITC) can be followed in Laneuville 
and Turgeon (2014) and Tromp et al. (2001). The necessity of harsh treatments for 
covalent labelling brings about unwanted structural and possibly functional chang-
es to polysaccharides. Structural changes were observed in κ-carrageenan (Tromp 
et al. 2001; Laneuville and Turgeon 2014), konjac glucomannan (Abhyankar et al. 
2011) and pectin (depending on the extent of modification; Tromp et al. 2004) due 
to covalent labelling procedures.

Laneuville et al. (2014) recently elucidated addition of various commercial poly-
saccharides (low-methoxy pectin, κ-carrageenan, xanthan gum, agar agar and modi-
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fied corn starch) and a purified anionic EPS to skim milk prior to acidification and 
determined the effects on rheological and microstructural properties of the acid gels. 
Polysaccharides and EPS were covalently labelled by FITC and Rhodamine B iso-
thiocyanate (RITC), respectively. They were able to visualise added polysaccharides 
and EPS together with the protein matrix which was stained non-covalently using 
8-anilino-1-naphthalenesulfonic acid (ANS) and excited at 405 nm, far enough from 
the other two fluorophores. The approach was highly useful to assess the effects 
of single or multiple polysaccharides with different molecular weight and charge 
distributions on whey separation in acid milk gels linked to the microstructural or-
ganisation of the components. The results revealed existence of low-methoxy pectin 
co-localised with proteins but also forming an independent secondary network ex-
tending into the pores of the protein matrix which played a significant role in reduc-
tion of the whey separation (Laneuville and Turgeon 2014). Formation of a ramified 
pectin network and its effects in stabilisation of acidified milk drinks was previously 
elucidated by using a technique called fluorescence recovery after photobleaching 
(FRAP; Tromp et al. 2004). FRAP is based on applying a high-intensity beam on 
a certain area in the sample causing bleaching and loss of fluorescence. Recovery 
of the fluorescence in bleached area in time would indicate the ability of labelled 
molecules to diffuse from other parts of the sample to that area, that is indicate the 
mobility or immobility of the labelled molecules. Accordingly, covalently labelled 
pectin was added to yoghurt before homogenization into an acidified milk drink. 
Pectin was visualised by CLSM using FRAP (Fig. 4.4). No recovery of fluorescence 
was observed in the bleached area in 2 h indicating lack of diffusive mobility of pec-
tin and existence of a weak secondary pectin network (Tromp et al. 2004). The same 

Fig. 4.4  Fluorescence recovery after photobleaching (FRAP) applied on an acidified milk drink 
sample. The fluorescence belongs only to pectin. Pectin was covalently labelled with fluorescein 
isothiocyanate (FITC). The persistency of the bleached area for 2 h indicates the immobility of 
pectin. (Reproduced from Tromp et al. 2004)
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method was also used by Jensen et al. (2010) to assess the mobility of proteins in the 
presence of high-methoxy pectin in a model acidified milk drink.

Covalent labelling of polysaccharides is an effective but unpractical method and 
limits microscopy only to model systems as it is not possible to apply the technique 
to in situ labelling of the final products. Immunolabelling (or immunostaining) and 
use of fluorophore-conjugated lectins are the methods that are adopted for in situ 
labelling of added polysaccharides and EPS in fermented dairy products. Immuno-
labelling includes addition of a primary antibody onto the specimen which attaches 
to the specific compound that will be labelled. Then, a secondary antibody which 
is coupled to a fluorophore recognises and attaches to the primary antibody. Immu-
nolabelling is a widely used technique for localisation of cell wall polysaccharides, 
especially pectins in plants (Willats et al. 2001; Liu et al. 2013; Guillemin et al. 
2005; Van Buggenhout et al. 2013). The immunolabelling technique was adopted 
by a research group in Denmark for localising added pectin and carrageenan in the 
microstructure of fermented dairy products or dairy desserts (Arltoft et al. 2006a, 
b, 2007, 2008). The group developed a direct immunolabelling procedure which 
uses a commercially available primary antibody (e.g. JIM5 or JIM7 for pectin) and 
conjugated it to a fluorophore (Arltoft et al. 2006a; Arltoft et al. 2007) eliminating 
the need for a secondary antibody and washing steps which would be unpractical 
for in situ labelling of dairy gels.

Lectins are carbohydrate-binding proteins. Fluorescent conjugates of some lec-
tins are commercially available and widely used in imaging of specific structures 
in cell biology. Concanavalin A, a lectin from leguminous plants and wheat germ 
agglutinin (WGA) from wheat are the two most commonly used lectins. Their fluo-
rescent conjugates, for example with AlexaFluor 488, has been used to visualise 
added hydrocolloids (Arltoft et al. 2007) and EPS (Arltoft et al. 2007; Hassan et al. 
2003a; Folkenberg et al. 2005; Hassan et al. 2002) in fermented dairy gels. Hassan 
et al. (2002) developed the technique for direct visualisation of bacterial EPS in 
fermented dairy products in their fully hydrated state by using lectin conjugates. 
Accordingly, a stock solution of the lectin–fluorophore conjugate is first prepared 
using a buffer at neutral (for WGA) or alkaline (for concanavalin A) pH (Hassan 
et al. 2002). Before staining of the sample, the stock solutions are diluted in the 
serum (whey) obtained from the fermented product in order to avoid changes in 
pH or osmolarity of the specimen. Some drops of the solution is added onto the 
undisturbed fermented milk sample and imaged using a CLSM after allowing the 
dye to diffuse homogeneously (Hassan et al. 2002, 2003a). Authors were able to 
simultaneously visualise the bacterial EPS produced by different ropy strains and 
the protein network (by using the reflectance mode of the confocal microscope) in 
set- and slightly stirred-fermented milk samples (Fig. 4.5). Interplay between the 
EPS and the protein aggregates as well as EPS–EPS upon stirring was success-
fully visualised and it was further used to explain the rheological properties, whey 
separation (Hassan et al. 2003a) and sensorial properties (Folkenberg et al. 2005) in 
fermented milk gels produced by various EPS-forming strains. Extensive informa-
tion on the role of EPS produced by lactic acid bacteria in structure formation and 
stabilisation of fermented dairy products and examples of microstructure images 
obtained by various techniques can be found in Hassan (2008).
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4.2.3  Dynamic Confocal Microscopy

One highly valuable advantage of CLSM over other microscopy techniques is that 
as the samples are visualised in their natural, hydrated states without external dis-
turbance, structural changes in dynamic systems can easily be recorded in situ. In 
fermented milk gels, such dynamic events may be an aggregation of the proteins 
during gradual pH drop, structure break down under shear, phase separation in time 
or dynamic changes due to, for example, temperature change. Hassan et al. (1995) 
may be the first ones to use CLSM to observe coagulum formation during acidi-
fication of milk on a temperature-controlled stage. In later years, many authors 
combined the technique of in situ visualisation of gelation with oscillatory rheology 
data (Guyomarc’h et al. 2009; Auty et al. 2005; Auty et al. 1999; Matia-Merino and 
Singh 2007; Ercili-Cura et al. 2014; Olsson et al. 2002) or diffusive wave spec-
troscopy (Nicolas et al. 2003a; Nicolas et al. 2003b) to investigate the onset of gel 
formation, particle–particle interactions and structural changes during gelation in-
herently. Development of tensile stages that can be mounted to CLSM made it pos-
sible to visualise structural changes directly during large deformation of soft matter.

Understanding the structural breakdown under stress is crucial for understanding 
the behaviour of materials during flow and fracture, mouth feel and sensory percep-
tion, water release and mobility, fat and active compound release, etc. The crack prop-
agation in a complex food structure is directly related to the properties of the continu-
ous matrix, structural interfaces, defects and heterogeneity (Hermansson 2008).

The principle of the measurement is based on creation of a small notch on the 
sample which will initiate further deformation at a specific location. The tensile 
stage (Deben MICROTEST, Deben UK Ltd.) consists of an extension/compres-
sion unit comprised of one stationary and one movable stage with sample clamps, 
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Fig. 4.5  Distribution of exopolysaccharide (green) and protein aggregates (red) in milk fermented 
by ropy Lactococcus lactis CHCC3367. a Set-type gel, b Stirred after addition of the lectin solu-
tion. Wheat germ agglutinin was used to stain EPS. Proteins were visualised by the reflectance 
mode of the confocal microscope. Bar = 10 μm. (Reproduced from Hassan et al. 2002)
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motorised gear box unit to facilitate movement, a load cell and a computer control 
unit (Abhyankar et al. 2011). The propagation of the crack during tensile measure-
ment is followed by the confocal microscope focused on the area close to the notch 
tip. This technique has been utilised to visualise structure breakdown in microscopic 
scale in whey protein/gelatin gels (Brink et al. 2007), heat-induced β-lactoglobulin 
gels (Olsson et al. 2002), emulsion filled whey protein gels (Abhyankar et al. 2014; 
Abhyankar et al. 2011) and acid milk gels (Abhyankar et al. 2014). For the acid 
milk gels, instead of a tensile measurement, a compression test was applied using 
a compression stage that is explained in Abhyankar et al. (2014). Deformation dur-
ing compression of both fat-free and emulsion-filled acid milk gels (stirred) were 
observed with CLSM and images at different heights in the sample were recorded 
(Fig. 4.6). The study demonstrates the importance of microstructure on the fracture 
behaviour of gels and particularly the effect of protein aggregates (fine stranded or 
particulate) on fat mobility and release. Simultaneous analysis of microstructure 
and large deformation behaviour of multicomponent model systems (proteins, oil, 
polysaccharides, etc.) and relating those to sensory data will allow the food industry 
to design food products with novel textures and tailored mouthfeel and flavour per-
ception (Abhyankar et al. 2014).

4.3  Electron Microscopy Techniques

4.3.1  Scanning Electron Microscopy

Electron microscopy, especially SEM, has widely been used for imaging the struc-
ture of fermented dairy products. Resolution in the fluorescence microscopy tech-

Fig. 4.6  CLSM images of stirred acid milk gels containing 0 (imagesX1–X5) and 10 % (imag-
esY1–Y5)(w/w), emulsified sunflower oil, acquired at different compression heights (in µm as 
shown on the image), on compressing from 800 to 50 mm at a rate of 5 mm/s. The protein aggre-
gates appear red while the oil phase appears green. The white squares indicate lateral flow in the 
stirred gels; black arrows indicate the large protein aggregates that are trapped between the parallel 
plates of the compression stage. Scale bar 100 µm. (Reprinted from Abhyankar et al. 2014)
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niques is limited by the wavelength of the light. Electron microscopy allows high 
resolution imaging by using electron beams which characteristically have short 
wavelength. By using SEM, main structural components such as individual protein 
aggregates, stabilisers and bacterial cells can be identified, and their morphological 
features and interactions can be visualised with high resolution (see Fig. 4.2).

A disadvantage of conventional SEM in food science is that it operates under 
vacuum which necessitates that the sample is effectively dried during sample prep-
aration. For highly hydrated samples like fermented dairy products, dehydration 
procedures involve fixation of the sample in glutaraldehyde and osmium tetroxide 
solutions followed by dehydration in a series of ethanol or acetone concentrations. 
Those procedures necessitate that the sample is cut into thin slabs, which may not 
be possible for stirred or drinking type of fermented milk products. A common pro-
cedure for imaging biological dispersions with SEM is encapsulating them in small 
agar gel casings (tubes) which allow to treat samples as solid specimens afterwards. 
Kalab and Larocque (1996) used this technique successfully for stirred-type yo-
ghurt. The yoghurt sample was filled into gelled agar tubes with defined dimensions 
and wall thickness. The sample-filled tubes were exposed to above-mentioned fixa-
tion and dehydration steps (Kalab and Larocque 1996). The dehydrated specimen is 
then dried by freeze-drying (van den Berg et al. 2009; Ercili Cura et al. 2010), criti-
cal point drying (Pang et al. 2015a, 2015b; Aichinger et al. 2003; Sandoval-Castilla 
et al. 2004) or even by air drying (Sanchez et al. 2000). Dried samples are cut or 
broken into pieces and mounted onto aluminium or carbon stubs. For conventional 
SEM, the surface of the sample has to be electrically conductive, thus, when bio-
logical samples are to be imaged, an ultrathin coating of an electrically conductive 
material, for example gold or platinum, is sputter coated onto the sample surface. 
For organic samples, the electron beam energy needs to be low enough to avoid 
damaging the specimen.

An alternative sample preparation method used for SEM imaging of acidified 
milk samples was immobilisation of proteins onto solid substrates creating self-
assembled monolayers (SAM; Ayala-Hernandez et al. 2008, 2009). Immobilisation 
is achieved by covalent bonds between a linker molecule on a solid substrate and 
the proteins. Accordingly, SAM is formed by adsorption of 11-mercaptoundeca-
noic acid onto carbon planchets. SAM is then activated by modifying the terminal 
functional group via carbodiimide chemistry. Activated carbon planchets are then 
immersed in the samples and the nonadsorbed molecules are washed away. The 
samples then go through similar fixation and dehydration steps as explained above 
before imaging with SEM (Ayala-Hernandez et al. 2008; Martin et al. 2006). The 
method was developed by Martin et al. (2006) for studying the casein micelle-poly-
saccharide interactions directly in milk and it was then used by Ayala-Hernandez 
et al. (2008, 2009) for imaging protein–EPS interactions in fermented buttermilk or 
milk permeate.

Sample preparation steps are necessary for visualisation of sample morphology 
in biological samples with the least possible structural damage; however, some 
changes in sample structure are unavoidable and artefacts may occur. For example, 
EPS is visualised as thin filaments attached to protein aggregates and bacterial cells 
in conventional SEM images of fermented milk products (Fig. 4.7; Ayala-Hernandez 
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et al. 2008, 2009; Hassan 2008; Hassan et al. 2003a). Those filamentous structures 
were, however, suggested to be an artefact sourced by dehydration steps during 
drying as EPS molecules would occupy much more volume than observed in their 
hydrated state (Hassan 2008; Ayala-Hernandez et al. 2008). Recently, Pang et al. 
(2015) also observed the formation of thin filament-like strands due to gelatin ad-
dition to acidified skim milk gels. In this case, however, CLSM images were com-
plementary to SEM images indicating that thin strands were not necessarily due 
to formation of artefacts during sample preparation for SEM (Pang et al. 2015b). 
Comparison of conventional SEM images with other techniques that do not require 
harsh sample preparation is necessary for better judgement of evaluated structural 
features. Environmental SEM (ESEM) and cryo-SEM may be regarded as more ad-
vantageous techniques compared to conventional SEM as they do not require labo-
rious and harsh sample preparation procedures before imaging of hydrated samples.

ESEM allows samples to be imaged in hydrated state and without the need of 
sputter coating of a metallic surface layer. Unlike the vacuum in conventional SEM, 
the sample chamber in ESEM is operated at low pressure. The most common gas 
used in ESEM is water vapour, which is especially advantageous for controlling the 
thermodynamic stability of the hydrated samples. Moreover, it allows performance 
of dynamic hydration and dehydration experiments. Other gases such as nitrogen 
and nitrous oxide are also used (Stokes 2013). Bromley et al. (2006) studied the 
microstructure of acid- and heat-induced β-lactobulin gels by using ESEM. ESEM 
allowed analysis of submicron sized protein aggregates in the particulate gel struc-
ture accurately, in their hydrated and natural state (Bromley et al. 2006). Similar to 
CLSM, a strain stage can be placed in the specimen chamber of ESEM configura-
tion and the dynamic mechanical properties of the samples can be recorded simul-
taneously with a high-resolution microstructure imaging (Rizzieri et al. 2003; Don-
ald 2003; 2012). The main limitation of ESEM is slightly lowered image quality 
compared to conventional SEM and obstructions caused by the presence of water 
(Ong et al. 2011). The working principle and the key applications of ESEM in food 
science can be followed from a recent compilation by Stokes (2013).

Fig. 4.7  Field emission SEM images of concentrated milk permeate fermented by Lactococ-
cus lactis ssp. cremoris. Panel b (scale bar = 600 nm) is a magnification of panel a (scale bar 
= 1,200 nm). (Reprinted from Ayala-Hernandez et al. 2008)
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Cryo-SEM is another method which eliminates laborious fixation and dehy-
dration steps in conventional SEM allowing visualisation of hydrated biopolymer 
systems in a state closer to their natural state. The specimen is kept frozen by 
a cryo-stage attached to SEM and imaged in similar conditions to conventional 
SEM, under high vacuum and at similar acceleration voltages (Dudkiewicz et al. 
2011; El-Bakry and Sheehan 2014). In a typical experiment, bulk samples are first 
rapidly frozen by immersion into liquid nitrogen slush at around − 210 °C (Ong 
et al. 2011; El-Bakry and Sheehan 2014) or by high-pressure freezing (Mellema 
et al. 2002a). Rate of freezing is a critical parameter in sample preparation for 
cryo-SEM. Rapid freezing lowers the tendency of water to form crystals and limits 
the time for crystal growth. Ice crystal growth causes distortions in the speci-
men microstructure, and thus needs to be eliminated before SEM imaging. Frozen 
specimens are transferred to a cryo-preparation chamber using a vacuum transfer 
device which prevents ice recrystallisation during transfer (Ong et al. 2011; Nguy-
en et al. 2014b). The sample is freeze-fractured and etched in the cryo-preparation 
chamber. Etching process is the removal of ice crystals from the surface of the 
fractured sample by vacuum sublimation and it is a crucial step in sample prepara-
tion for cryo-SEM. Etched sample surface is then sputter coated with a conduc-
tive metal and transferred to the cryo-stage attached to SEM for microscopical 
analysis. In cryo-SEM, samples are better protected from beam damage due to 
the low temperature of the specimen. Cryo-SEM sample preparation steps and the 
microstructure of the specimen at each stage for a milk gel sample are schemati-
cally explained in Ong et al. (2011). In recent years, the cryo-SEM technique has 
widely been used for microstructural characterisation of yoghurt-type fermented 
dairy products (Amatayakul et al. 2006; Hassan et al. 2003a; González-Martı́nez 
et al. 2002; Vargas et al. 2008; Riener et al. 2009; Prasanna et al. 2013; Martín-
Diana et al. 2004; Nguyen et al. 2014b; Morell et al. 2015; Nguyen et al. 2014a; 
Siefarth et al. 2014), rennet-induced milk protein gels and cheese (Ong et al. 2011; 
Mellema et al. 2002a; Soodam et al. 2014; Ong et al. 2013a, b, 2015; El-Bakry 
et al. 2011), or cheese with EPS-forming bacteria (Hassan and Awad 2005; Hassan 
et al. 2004). Nguyen et al. (2015) revealed the microstructural differences in yo-
ghurt gels produced from bovine and buffalo milk by using cryo-SEM and CLSM 
complementarily (Fig. 4.8). CLSM images reveal the protein network (green) and 
the fat droplets (red) distributed among the protein aggregates similarly in both 
buffalo and bovine yoghurt samples. Larger fat droplets are clearly observed in 
the buffalo yoghurt compared to that of bovine milk yoghurt as buffalo milk was 
not homogenised (Nguyen et al. 2014b). Cryo-SEM imaging made it possible to 
observe the morphology of the protein aggregates and the location of the fat glob-
ules inside the protein matrix (Fig. 4.8). The homogenised fat globules in bovine 
milk yoghurt were observed to be attached to the protein network, whereas fat 
globules in buffalo yoghurt were located within the pores, disrupting the protein 
network due to their large size (Nguyen et al. 2014b). High-resolution imaging of 
the mesostructures and their spatial distribution within yoghurt gels by using cryo-
SEM gave insight into the differences between the rheological and water-holding 
properties of the sample yoghurts.
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4.3.2  Transmission Electron Microscopy

TEM, especially cryo-TEM, has been extensively used in structural characterisation 
of casein micelles in milk as it allows imaging of nano-structural features of micelle 
interior as well as the outer surface (McMahon and Oommen 2013; Trejo et al. 
2011; McMahon and Oommen 2008; Karlsson et al. 2007; Knudsen and Skibsted 
2010; Marchin et al. 2007; Yahimi Yazdi et al. 2014). Examples of using TEM for 
imaging the structure of fermented dairy products, however, have been scarce as 
for such products, the 3D spatial organization of the structural components is most 
relevant for gaining understanding in product characteristics. TEM has higher reso-
lution compared to other electron microscopy techniques, thus, it provides highly 
valuable insight into the morphology and interactions of nanostructures in soft 

D. Ercili-Cura

Fig. 4.8  a Microstructure of buffalo and b Bovine milk yoghurts imaged by CLSM (a1, b1) or 
cryo-SEM (a2, b2). In CLSM, fat was stained by Nile red (appears red) and proteins were stained 
by FCF (appears green). Black areas are serum pores in both CLSM and cryo-SEM images. The 
scale bars represent 2 µm and 5 µm in the CLSM and cryo-SEM images, respectively. (Repro-
duced from Nguyen et al. 2014b)
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matter; however, conventional TEM only provides 2D images. The major drawback 
of TEM is the necessity of ultrathin sectioning of the specimen to allow electrons to 
pass through. Resolution strongly depends on the thickness of the specimen and the 
accelerating voltage for the electron beam (Dudkiewicz et al. 2011).

Preparation of fermented milk gel samples for TEM imaging follows similar 
sample preparation steps to SEM imaging initially. Effectively dehydrated samples 
are usually embedded in epoxy raisins and sectioned into ultrathin slices (60–90 nm) 
using ultramicrotomy. Finally, the slices are either imaged as such or stained by us-
ing uranyl acetate and lead citrate before imaging with TEM. Readers are directed 
to view publications by Aichinger et al. (2003), Sanchez et al. (2000), McMahon 
et al. (2009), Trejo et al. (2014) and Auty et al. (2005) for preparation of fermented 
milk gels for TEM imaging.

TEM provides insight into the lateral interactions of the casein micelles forming 
up the gel network. Aichinger et al. (2003) compared the microstructural features 
of fermented milk gels produced in existence or absence of chymosin by using both 
SEM and TEM. TEM images revealed that without chymosin, casein micelles were 
arranged like hard spheres touching each other with distinguished small contact 
area between two aggregated micelles (Fig. 4.9a). When a high concentration of 
chymosin was present during fermentation, extensive fusion of casein micelles into 
each other forming large junction zones was observed (Fig. 4.9b). Existence of 
larger and compact casein clusters, thicker strands, larger pores observed in SEM 
micrographs of the combined acid- and chymosin-induced gel were explained by 
those micellar interactions revealed by using TEM (Aichinger et al. 2003). A higher 
gel strength indicated by high-storage modulus in combined acid- and chymosin-
induced gel compared to acid-induced gel was a consequence of higher number 
of junction zones, thus, higher number of bonds between strand-forming casein 
micelles while increased wheying off was explained by coarser network and larger 
pores as observed by SEM (Aichinger et al. 2003). The study reveals the high im-
portance of understanding micro- and nano-structural organisation in order to elu-
cidate the rheological and water-holding properties in acid milk gels. Sanchez et al. 

Fig. 4.9  TEM micrographs of milk gels fermented with Streptococcus thermophilus at 40 °C a 
without chymosin, and b at a high chymosin concentration. Scale bar represents 0.5 µm. (Repro-
duced from Aichinger et al. 2003)
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(2000) also used SEM and TEM complementarily to study the effects of various hy-
drocolloids on the microstructure of acid-induced milk gels. TEM provided through 
characterisation of the size of the casein aggregates (modified micelles) forming the 
gel network and made it possible to visualise the filamentous structures or nano-
aggregates forming a shell around the micellar aggregates (Sanchez et al. 2000).

The aggregation of proteins in milk during acidification and gradual formation of 
the gel network as the pH decreases has been visualised by CLSM or SEM as men-
tioned earlier. Changes in the supramolecular structure of casein micelles during 
acidification of skim milk at varying acidification temperatures (10–40 °C) have re-
cently been followed by using TEM (McMahon et al. 2009). Based on TEM images, 
McMahon et al. (2009) proposed a three-phase model for formation of acid-induced 
gels from unheated milk. Phase 1 (pH 6.7–5.3) involves temperature-dependent dis-
sociation of proteins from the casein micelles. Dissociated proteins were visualised 
as loosely entangled colloidal aggregates ( 50 nm in diameter; Fig. 4.10). Phase 2 
(pH 5.3–4.9) involves the loosely entangled proteins forming more compact colloi-
dal particles the size of which is affected by the acidification temperature. Phase 3 
(pH 4.9–4.8) involves rapid aggregation of the colloidal casein supramolecules into 

Fig. 4.10  TEM images revealing microstructural changes during acidification of unheated skim 
milk as a function of temperature and pH. Colloidal casein supramolecules depicted in black, 
loosely entangled protein aggregates depicted in grey and background digitally converted to white. 
(Reprinted from McMahon et al. 2009)
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a gel network as the pH decreases. The nature of the gel, that is being coarse or fine 
stranded, is dependent on acidification temperature.

TEM images showing the structural details of more specific fermented dairy 
products such as kefir, viili and skyr can be viewed in Tamime et al. (2007).

4.4  Image Analysis

Image analysis on fermented milk gel micrographs has been performed mainly aim-
ing at quantitation of relative phase area, fractal dimensions, size and shape of the 
protein aggregates, network pores and fat globules, etc. Most typical analysis are 
morphometry of individual particles and grey level granulometry (Ercili-Cura et al. 
2014; Morand et al. 2012a, b; Rovira et al. 2011; Impoco et al. 2012; Silva et al. 
2015). Grey-level granulometry involves image transformations based on a struc-
turing element with a given shape and size. A detailed description of image analysis 
by using this technique can be found in Ercili-Cura et al. (2014) and Devaux et al. 
(2008). Grey-level granulometry was used to measure mean pore size from CLSM 
images of skim milk gels obtained during different stages of acidification (Ercili-
Cura et al. 2014). Skim milk was treated with a protein cross-linking enzyme, 
namely transglutaminase, before acidification and the mean pore size of the gel 
networks of the control and the enzyme-treated gels were analysed during and at the 
end of acidification (Fig. 4.11). Quantitation of the pore size provided insight into 
the gel formation dynamics such as fixation of the network or further coarsening at 
intermediate pH values during the course of acidification (Ercili-Cura et al. 2014).

Thresholding is a crucial step in image analysis of greyscale images. Impor-
tant parameters and optimisation of thresholding technique for analysis of pore 
size in acid-induced milk protein gels is extensively described in Pugnaloni et al. 
(2005). Fractal analysis techniques have been useful in characterising the structural 
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Fig. 4.11  Grey level mean sizes of pores obtained by image analysis on CLSM images of the 
control (solid lines) and the transglutaminase-treated (dashed lines) acid skim milk gels produced 
at a 40 °C, and b 20 °C. Vertical bars represent standard deviation. (Reproduced from Ercili-Cura 
et al. 2014)
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component morphology in food systems with highly irregular structures (Torres 
et al. 2012). Determination of fractal dimensions from CLSM (Torres et al. 2012; 
Pugnaloni et al. 2005) or SEM (Kuhn et al. 2010) micrographs of milk protein gels 
have been used in order to compare microstructural details quantitatively and link 
the microstructural features to the gel mechanical properties. Torres et al. (2012) 
used fractal image analysis in combination with principal components analysis 
(PCA) to quantitate the structural changes in stirred yoghurt with addition of differ-
ent microparticulated whey ingredients. CLSM images were analysed using an im-
age analysis technique that combines an initial 2D-wavelet compression followed 
by fractal analysis and inspection of the fractal curves by PCA. The calculated de-
gree of self-similarity or fractality was used to identify the most potential micropar-
ticulated whey ingredient as a fat replacer in yoghurt gels (Torres et al. 2012).

Silva et al. (2015) recently introduced an automated image analysis procedure to 
characterise the microstructure of various dairy systems. TEM images of two con-
centrated milk protein suspensions and two rennet-induced gels were used for the 
image analysis. Images were first normalised using a blank background image, con-
verted to images based on 256 shades of grey, smoothed to remove the acquisition 
noise, contrasted and segmented using the Otsu automated threshold resulting in a 
binary image (Fig. 4.12). Microstructural parameters investigated involved global 
morphological parameters such as area fraction, porosity and boundary length per 

Fig. 4.12  a Binarised image from TEM micrograph of rennet-induced milk gel produced from 
milk concentrated by ultrafiltration, b Schematic representation of the microstructural parameters 
determined for dairy gels by the image morphological granulometry method, c Tortuosity com-
puted as the ratio of the shortest lengths to borders (dashed line) over the image width (black line) 
in a synthetic binary structure. (Reproduced from Silva et al. 2015)
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unit area; binary image granulometry which measures the typical sizes of particles/
aggregates or of interparticle/aggregate distances; and tortuosity which describes 
the microstructure at a larger scale (Fig. 4.12). The analysis procedure was first 
validated on TEM images of concentrated milk protein suspensions and then ap-
plied to TEM images of rennet-induced gels of the corresponding suspensions. De-
veloped image analysis method was found to be successful in differentiating the 
microstructural features of the studied milk gels. It enabled easy measurement of 
microstructural parameters which may even be used in routine measurements (Silva 
et al. 2015).
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Chapter 5
Kinetics of Bubble Growth in Bread Dough  
and Crust Formation

Filiz Koksel and Martin G. Scanlon

5.1  The Importance of Gas Production and Gas 
Retention in Breadmaking

Bread dough is subject to a set of process operations during breadmaking where 
the rheology of the dough as well as the bubble size distribution are manipulated 
(Campbell et al. 1998). Therefore, the evaluation of the interactions between the 
process operations and bubbles is a key criterion in predicting dough performance. 
Of these process operations in breadmaking, mixing is critical since no new bubbles 
are entrained during later stages of breadmaking (Baker and Mize 1941). Moreover, 
dough aeration during mixing and dough rheology are linked (Chin and Campbell 
2005a) as both the bubble concentration (Bloksma 1981; Chin et al. 2005; Chin 
and Campbell 2005a, b) and the bubble size (van Vliet 1999) affect the dough’s 
rheological properties.

Volumetrically, the bubbles which arise either from air captured in the flour (Shi-
miya and Yano 1988) or from dough aeration during the mixing process (Campbell 
et al. 1991) represent a significant ingredient of dough and may contribute up to 
about 20 % of the total dough volume at the end of mixing (Whitworth and Alava 
1999). In the final baked product, air cells contribute to roughly 70 % of the total 
bread volume. Consequently, dough aeration during mixing and the retention of 
these air bubbles until the dough matrix is set are crucial for the final character of 
the bread (Campbell et al. 1998, 2001; Cauvain et al. 1999).

Fermentation is another key operation in breadmaking, where available sugars 
are metabolized into CO2 and ethanol by yeast (Chevallier et al. 2012). It has been 
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reported that a typical gas production rate for a dough under standard fermenta-
tion conditions at 27 °C (2 % compressed yeast) is 25 µmol/s/l of dough (Bloksma 
1990a), and it increases as yeast level and temperature are increased (Chiotellis and 
Campbell 2003a).

Bloksma (1990b) emphasized the uniqueness of the viscoelastic gluten–starch 
matrix as a cell membrane to stabilize the growing bubbles during fermentation and 
baking. Even though discontinuities in the gluten–starch matrix begin to appear dur-
ing dough proving (as early as 15 min of proving), intact bubbles are still observed 
(Gan et al. 1990). The balance between the extensibility and the strength of the glu-
ten–starch matrix, which depends largely on the gluten proteins, controls the timing 
and the extent of these discontinuities (Gan et al. 1995). It was proposed that grow-
ing bubbles are stabilized against coalescence by a secondary liquid lamella at the 
gas/liquid interface that is replete with surface-active materials (MacRitchie 1976). 
The stability of this liquid lamella depends on its composition (Gan et al. 1995; 
Keller et al. 1997; Mills et al. 2003; Sroan et al. 2009; Sroan and MacRitchie 2009) 
and how quickly the components at the gas/liquid interface move to the thinner sec-
tions of the liquid lamella as bubbles grow (Örnebro et al. 2000; Mills et al. 2003).

Some of the gas produced during fermentation, particularly at the later stages of 
breadmaking, cannot be retained. During the initial stages of breadmaking, gas dif-
fuses to the exterior surface of the dough and is lost to the surrounding atmosphere 
as it evaporates at the dough surface. Both of these processes are relatively slow 
(Gan et al. 1995). Towards the later stages of proving, the rate of gas loss increases 
sharply owing to coalescence of adjacent bubbles. In order to obtain a high-quality 
bread with a light texture and an even bread crumb structure, as much gas as pos-
sible should be retained during proving and the early stages of baking and released 
at the later stages of baking (Mills et al. 2003). An illustration of the nature of the 
interactions of dough aeration and the physical properties of the dough during the 
breadmaking process is presented in Fig. 5.1.

5.2  Bubble Nucleation and Mixing

The sizes of bubbles and how they are distributed within the dough at the end of 
mixing are controlled by the interaction of the aeration processes taking place in the 
mixer (air entrainment, air disentrainment, bubble break-up, and bubble compres-
sion) as well as the physical properties of the dough (Martin et al. 2004; Fig. 5.1). 
Air entrainment and disentrainment mechanisms are relevant when overall gas 
content (gas volume fraction) of the dough is considered, while bubble break-up 
and compression mechanisms are relevant when bubble size distribution (BSD) is 
studied (Campbell and Shah 1999). Physical properties of the dough (e.g., viscosity, 
consistency), as affected by dough formulation and mixing conditions, influence 
both the gas volume fraction (Koksel and Scanlon 2012) and the BSD of the dough 
at the end of mixing (Bellido et al. 2006; Upadhyay et al. 2012; Koksel et al. 2014).

Considering the overall gas content of the dough, Campbell and Shah (1999) 
showed by means of manipulating the mixer headspace pressure that both 
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entrainment and disentrainment occur during mixing. Dough aeration was modeled 
as a mass balance problem, and the overall gas content of the dough was calculated 
from the balance between air entrainment and disentrainment (Campbell and Shah 
1999). Following this model, Chin et al. (2004) studied the effect of direction and 
size of the headspace pressure change on dough aeration and reported that the dis-
entrainment rate was a function of pressure change direction and its size. Campbell 
and Shah’s (1999) model was later modified by Martin et al. (2004) based on the 
probability of a particular bubble being entrained, disentrained, and broken-up. A 
population balance model was found to satisfactorily describe the overall gas vol-
ume fraction of the dough despite the simplifications employed, such as negligible 
bubble break-up and bubble compression (Martin et al. 2004).

The gas volume fraction and/or the BSD of the dough also depend on how mix-
ing conditions interact with the physical properties of the dough (as manipulated by 
altering dough formulation). Therefore, several studies have investigated the effects 
of manipulation of single variables on the nature of dough aeration during mixing, 
such as mixer type (Whitworth and Alava 1999), mixing time (Mehta et al. 2009; 
Koksel and Scanlon 2012), mixing speed (Chin and Campbell 2005a, b), mixing 
headspace pressure (Baker and Mize 1937; Elmehdi et al. 2004; Chin and Campbell 
2005b), and ingredients (Chin and Campbell 2005a; Bellido et al. 2006; Koksel and 
Scanlon 2012). For example, Whitworth and Alava (1999) reported that when the 
same dough formulation is used, the gas volume fraction at the end of mixing var-
ied as much as ~ 30 % with different mixers. When dough formulation was varied, 
changes up to 21 (Chin and Campbell 2005a) and 13 % (Campbell et al. 2001) in 
total gas volume fraction were reported with different flour types.

Fig. 5.1  Interactions of dough aeration and physical properties of dough during the breadmaking 
process. (From Campbell and Martin 2012)
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The impact of dough rheology, as affected by the mixing conditions and dough 
formulation, on dough aeration during mixing, that indirectly affect gas retention 
during the later stages of the breadmaking process, has also been emphasized. For 
example, an increase in the dough gas volume fraction was reported to increase the 
failure strain and failure stress as measured using a dough inflation system (Chin 
et al. 2005), while variation in the gas retention ability of doughs developed with 
different mixers was observed during proving and baking (Peighambardoust et al. 
2010b).

5.3  Kinetics of Bubble Growth in Bread Dough

5.3.1  Overview

In terms of bubble stabilization and gas retention in bread dough, contributions of 
water (MacRitchie 1976), proteins, and carbohydrates (Bloksma 1990b), lipids, and 
other surfactant materials (Gan et al. 1990) are relatively better understood com-
pared to the dynamic physical behavior of bubbles and of the gas phase (Chiotellis 
and Campbell 2003a). For characterization of the dynamic behavior of bread dough, 
determining BSD and air content as well as understanding disproportionation, strain 
hardening, and coalescence mechanisms are fundamental (Campbell and Mougeot 
1999; van Vliet 2008; Sroan et al. 2009).

At the end of dough mixing, disproportionation starts because a wide range of 
bubble sizes are entrained into the dough (Shimiya and Nakamura 1997), and gas 
diffuses from small bubbles to adjacent larger ones due to greater Laplace pressures 
in the smaller bubbles (Shimiya and Yano 1988; Kokelaar et al. 1996; Shimiya 
and Nakamura 1997; Murray and Ettelaie 2004). The wide range of bubble sizes 
in wheat flour doughs has the consequence that smaller bubbles tend to shrink and 
disappear while the larger ones tend to grow.

During dough expansion, the gluten–starch matrix around bubbles is stretched to 
large strains, and it gets thinner due to diffusion of CO2 into the bubbles and by ther-
mal expansion of gases during proving and baking respectively (Mills et al. 2003). 
If a bubble continues to expand further along these thin regions, it may rupture. 
However, if the resistance to expansion in a thin region of the gluten–starch matrix 
is disproportionate to the increase in strain, then the thin region will oppose further 
strain causing the bubble to grow along thicker regions (van Vliet et al. 1992). This 
increase in stress with increasing strain that prevents failure of the bubble walls is 
called strain hardening, and it is vital for obtaining good bread volume (Sroan et al. 
2009).

Towards the end of breadmaking, during the later stages of proving and the early 
stages of baking, coalescence becomes important (Kokelaar et al. 1996). Due to 
interconnection of adjacent cells, coalescence of bubbles results in loss of gas, and 
this translates into a decrease in loaf volume and a broad cell size distribution char-
acterized as a coarse bread crumb (van Vliet et al. 1992).
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Also at later stages of the breadmaking process, simultaneous heat and mass 
transfer impact the conversion of bread dough to bread crumb and crust (Besbes 
et al. 2013). Two significant gradients present at the surface of the loaf are es-
sentially absent in the interior, and these dictate the emergence of a distinct crust 
region: a CO2 gradient engendered by the CO2 sink associated with its 35-Pa partial 
pressure in the atmosphere (Van Dyck et al. 2014) and a moisture gradient associ-
ated with the non-saturated water vapor pressure in the proving cabinet (Vanin et al. 
2009). The former gradient governs lack of bubble growth at the surface, even when 
surrounded by actively fermenting yeast cells, since CO2 will diffuse out into the 
proving chamber rather than doing work to expand the bubbles. The latter gradi-
ent dictates a desiccation of the outer regions of the loaf so that a leathery texture 
develops, with the rate of growth of the crust determined largely by the relative 
humidity of the proving cabinet and air flow velocity. The enhanced viscosity of 
the desiccated layer is a further impediment to expansion of bubbles in this region.

5.3.2  Factors Affecting Changes in the Bubble Size Distribution

Understanding how to link dough aeration during mixing to bread quality requires 
a knowledge of how bubbles in the dough change during proving, since proving is 
the link between the dough leaving the mixer and the final baked loaf (Shah et al. 
1998). The change in bubbles during the later stages of proving and during baking 
is also critically important to the quality of the bread (Zghal et al. 2001; Schirmer 
et al. 2011). Shifts in the distribution of the bubbles with time (Bisperink et al. 1992) 
are controlled by various physical processes, such as disproportionation, bubble 
growth, and coalescence (van Vliet 1999; Mills et al. 2003).

5.3.2.1  Disproportionation

The pressure difference (ΔP) across the surface of a spherical bubble can be defined 
in terms of the Laplace equation

 (5.1)

where γ is the surface tension and R is the radius of the bubble (Stevenson 2010). 
This pressure difference is generated by the surface tension at the bubble surface, 
which acts to contract the bubble surface (Mills et al. 2003). According to Eq. 5.1, 
smaller bubbles have a higher gas pressure due to their smaller radii of curvature 
(Lemlich 1978; Murray et al. 2005). This higher pressure elevates the equilibrium 
gas concentration around the smaller bubbles (arising from Henry’s law), which 
in turn causes diffusive transport of gas through the aqueous phase of dough from 
smaller to larger bubbles (van Vliet 1999). In Fig. 5.2, the disappearance of smaller 

∆P
R

=
2γ
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bubbles at the expense of larger ones as a result of disproportionation is presented 
for a well-aerated whole-egg foam over the course of 3240s. The mechanism driv-
ing bubble growth also occurs in unyeasted doughs but at a much slower rate due to 
the greater separation between bubbles.

According to some researchers (Gan et al. 1995; Shah et al. 1999), dispropor-
tionation is unlikely to occur in yeasted doughs, not only because the CO2 concen-
tration in the liquid phase of the dough is higher than or equal to that in the bubbles 
at all times during dough proving, but also because the solubility of N2 is very low 
and it is the only available gas at the early stages of proving. On the other hand, 
several researchers accept that disproportionation occurs in bread doughs (Shimiya 
and Yano 1988; Kokelaar and Prins 1995; Shimiya and Nakamura 1997; van Vliet 
1999). Experimental evidence from Shimiya and Nakamura (1997) for both yeasted 
and unyeasted doughs showed that disproportionation was a major factor affecting 
the stability of bubbles and hence their size distributions. In Fig. 5.3, measurements 
of shrinkage and growth of bubbles in an unyeasted wheat flour dough sample at 
constant temperature (19 °C) is presented (Shimiya and Yano 1988).

For dough systems, the diameter of the bubbles visible by light microscopy at 
the onset of fermentation is between 10 and 100 μm, and the surface tension of 
approximately 40 mN/m is lower than that of pure water (~ 73 mN/m at 20 °C) be-
cause of adsorbed materials at the gas/liquid interface (Walstra 1989). As a result, 
the Laplace pressure difference in the bubbles within dough resides between 1600 
and 16,000 Pa (van Vliet et al. 1992). The difference in gas pressures between small 

Fig. 5.2  Time evolution of bubbles in a well-mixed whole-egg foam with a gas volume fraction 
of 68 %. Images (0.7 × 0.52 mm) are obtained using a transmission light microscope. (Reproduced 
from Spencer et al. 2008)
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and large bubbles forces gas to diffuse initially into and through the aqueous phase 
of the dough and then into the larger bubbles, changing the BSD and even changing 
the number of bubbles if the smaller bubbles shrink to extinction (Lemlich 1978).

In a shrinking bubble, as the gas diffuses out of the bubble, the radius is reduced 
and the internal pressure increases (Campbell and Mougeot 1999). Thus, shrinkage 
is self-accelerating if the surface tension is constant, and the film surrounding the 
bubble has no significant surface viscoelasticity (Murray et al. 2005). However, 
for dough systems, where a number of surface-active materials compete at the gas/
liquid interface, surface tension is not constant with respect to a change in bubble 
radius (Kokelaar and Prins 1995). As a result, disproportionation in bread doughs 
is not just an issue of simple gas diffusion between bubbles, since bubbles resist 
mechanical contraction/growth (Stevenson 2010). The gas diffusion rate and thus 
the rate of disproportionation depends on many factors, such as the range of bubble 
sizes, the degree of saturation of the aqueous phase of dough (Mills et al. 2003), and 
the adsorption and desorption speeds of surface-active materials at the gas/liquid 
interface during increases and decreases of the surface area, respectively (van Vliet 
et al. 1992).

According to van Vliet et al. (1992), disproportionation in dough slows down 
when its driving force reduces considerably, which happens once the small bubbles 
disappear or stabilize. Murray et al. (2005) investigated disproportionation kinet-
ics of isolated air bubbles in food protein solutions so as to shed light on the key 
question of whether or not various food proteins adsorbed at the gas/liquid interface 
significantly reduce the rate of disproportionation or indeed prevent it. They con-
cluded that air bubbles in their system shrank sufficiently slowly that the protein 

Fig. 5.3  Shrinkage and 
growth of bubbles in an 
unyeasted wheat flour dough 
sample (150–200 μm thick) at 
constant temperature (19 °C) 
measured with a microscope. 
Different symbols represent 
bubbles of different initial 
sizes. (Adapted from Shimiya 
and Yano 1988)
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films at the gas/liquid interface were able to rearrange themselves as the bubble 
surface area decreased. In doing so, protein films maintained a constant concen-
tration on the surface as the protein desorbed into the bulk of the solution. With 
time, in a shrinking bubble they observed that all the protein at the interface gradu-
ally dissolved into the bulk solution, but the rates of desorption and dissolution 
depended on protein type. Mun and McClements (2006) confirmed for oil-in-water 
emulsions that disproportionation can be altered: Creating thicker and more elastic 
membranes provided mechanical resistance to shrinkage or growth and so slowed 
disproportionation. These studies showed that disproportionation can be retarded by 
manipulating the components or properties of the gas/liquid interface, although in 
none of these studies was disproportionation prevented completely.

As stated by van Vliet et al. (1992), the response of the surface tension during 
shrinkage can be expressed by the surface dilational modulus Es:

 (5.2)

where A is the surface area of the bubble. If Es is greater than zero, shrinkage of the 
bubble is slowed down, and if Es ≥ γ / ,2  disproportionation stops (Walstra 1989). 
After considerable shrinkage, the remaining surface-active materials do not desorb 
from the surface, and Es becomes greater than or equal to γ /2 for very small bub-
bles (van Vliet et al. 1992). However, except for the smallest bubbles, Es < γ / ,2  
and consequently this mechanism would not stop disproportionation in dough com-
pletely (van Vliet 1999).

5.3.2.2  Bubble Growth

When bubble growth during dough proving is described, the rate of CO2 production 
by yeast, the degree of CO2 retention within the dough piece, the rate of CO2 diffu-
sion from the liquid phase of the dough into the bubble nuclei, and the rate of bubble 
coalescence need to be considered (Shah et al. 1998). Two different approaches 
for investigating bubble growth can be seen in the literature. In one of these ap-
proaches, the rheological properties of the medium that surrounds the bubble are 
deemed important since the forces exerted by the expanding bubbles deform the 
dough matrix during fermentation. Hence, a better understanding of the extensional 
properties of the dough matrix would permit better control of dough fermentation 
and thus better-quality baked products (Lee et al. 2004). In this approach, the driv-
ing force for bubble growth is the pressure difference between the bubble and the 
surrounding medium (Huang and Kokini 1999). The second approach focuses on 
diffusion-controlled bubble growth where the rheological properties of the medium 
are neglected, and the rate of bubble growth is governed by the transfer of gas spe-
cies across the bubble interface (Shah et al. 1998, 1999; Chiotellis and Campbell 
2003a, b). In the middle of these two approaches, diffusion-induced bubble growth 
models, which are challenging to apply to real dough systems, take the viscoelastic 

E
d
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γ
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properties of the medium that surrounds the bubbles, bubble interactions, and the 
mass transfer across the bubble interface into account (Venerus et al. 1998; Chiotel-
lis and Campbell 2003b).

 Fermentation and CO2 Transport in Fermenting Dough

According to Huang and Kokini (1999), bubble expansion in wheat flour dough can 
be modeled by considering biaxial extensional flow of dough around a bubble. By 
developing a bubble growth model to predict dough expansion, the biaxial exten-
sional rheological properties of dough can be linked to the overall dough proving 
process. With this bubble growth model, Huang and Kokini (1999) used a circum-
ferential stress equation where the viscous resistance of the dough was the only 
factor balancing the pressure increase in the bubble. The model predicted dough 
volume expansion reasonably well at early times of proving. However, as the prov-
ing time increased, the predictions of dough volume were larger than what was 
observed from dough height measurements. Huang and Kokini (1999) pointed out 
that strain hardening of the dough, which was not considered in their model, could 
be an important factor affecting bubble growth.

Grenier et al. (2010) investigated the contributions of surface tension and dough 
viscosity to gas pressure in bubbles and emphasized the importance of surface ten-
sion in determining bubble sizes when bubble expansion is slow, as in during dough 
proving. They studied two different water content conditions and showed that sur-
face tension was critically important in modeling dough expansion at earlier stages 
of proving especially when the water content of the doughs was relatively high 
(0.45 kg kg−1). When the water content was lower (≤ 0.42 kg kg−1), dough viscosity 
had a greater impact on the rate of dough expansion during proving compared to 
that of surface tension.

Shah et al. (1998) viewed the rate of CO2 diffusion from the dough liquid phase 
into the bubble nuclei entrained into the dough during mixing as a classical mass 
transfer problem. They applied diffusion theory to predict the slow growth of a bub-
ble at early stages of proving. Initially the CO2 concentration in the bubble nuclei 
was taken to be zero so that a concentration gradient exists to act as driving force 
for CO2 diffusion into the bubbles, resulting in bubble expansion. In this model, 
surface tension played a role in bubble expansion whereas dough rheology was not 
thought to influence bubble expansion significantly, in contrast to Huang and Koki-
ni’s (1999) model. According to Shah et al. (1998), when the dough is subsaturated, 
which according to them is the more realistic case for real dough systems at least for 
the first half of proving, all bubbles grow and eventually reach an upper limit where 
the final bubble size is approximately proportional to its initial size.

Shah et al. (1999), who studied the bubble growth throughout a dough piece that 
was allowed to expand only in one direction, improved Shah et al.’s (1998) model 
by extending the model to bring in the rates of CO2 production and diffusion. They 
modeled the dough piece as a series of slices and solved a mass balance equation 
for CO2 in the aqueous phase in a slice of dough. According to their model, the 
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mass of CO2 accumulating in the aqueous dough phase is a total of the mass enter-
ing the slice by diffusion plus the mass generated by yeast minus the mass leaving 
the slice by diffusion minus the mass coming out of solution into the bubbles. The 
overall diffusion gradient is the reduction in CO2 concentration in the top slice due 
to its exposure to the atmosphere. Shah et al. (1999) also reported that bubble sizes 
will keep increasing indefinitely during proving when the dough aqueous phase is 
saturated with CO2, but pointed out that such a model overestimates bubble sizes 
compared to what is observed experimentally.

Chiotellis and Campbell (2003b) incorporated the initial BSD as well as proving 
temperature and yeast concentration into Shah et al.’s (1999) model and addressed 
several of the shortcomings of the previous models. According to their model, the 
mean bubble diameter increased during proving, and the bubbles grew at approxi-
mately similar rates. Chiotellis and Campbell (2003b) concluded that further im-
provements, including incorporation of dough rheology and bubble coalescence as 
well as evaluations of model predictions against experimental results, were needed 
for better predictions of bubble growth.

Chiotellis and Campbell (2003a) investigated the various factors affecting gas 
production and retention during proving and compared their results to the model 
developed by Chiotellis and Campbell (2003b). Decreasing the headspace pressure 
during mixing resulted in a small initial mass transfer rate due to a fewer number of 
bubbles entrained into the dough and thus a smaller interfacial area for mass transfer 
(Chiotellis and Campbell 2003a). The initial small mass transfer rate was followed 
by an increased mass transfer rate at later stages of proving due to a rapid increase 
in CO2 in the aqueous phase of the dough, creating a large concentration gradient 
for mass transfer. Both of these observations were in agreement with the predictions 
of the model of Chiotellis and Campbell (2003b).

 Strain Hardening and Gas Cell Expansion Rates

During proving, as the bubbles expand, the resistance to further deformation of the 
gluten–starch matrix at thinner regions increases due to strain hardening (Sroan 
et al. 2009; Campbell and Martin 2012). For a dough film, strain hardening occurs 
when the relative increase in stress ( ln )d σ  is at least twice as large as the increase 
in the biaxial strain ( )dεB  (van Vliet et al. 1992; Kokelaar et al. 1996).

The stability of the dough film during gas expansion can be explained by the 
balance between resistance to extension and strength of the gluten proteins (Singh 
and MacRitchie 2001). Gluten’s branched and entangled structure is expected to 
significantly contribute to bubble stability and resistance to extension during bread-
making (Dobraszczyk 2004). To ensure that bubbles do not undergo coalescence 
and lose gas too early in the breadmaking process, the dough needs to be suffi-
ciently strong to resist rupture as well as extensible enough to stretch as a result 
of gas pressure increase (Sroan et al. 2009). For high molecular weight branched 
polymers, such as gluten, the strain hardening is believed to depend on the balance 
between  entanglement of gluten branches with surrounding branches and stretching 
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of the flexible high molecular weight backbone between the entanglements. The 
expanding dough film resists rupture by increasing resistance to extension locally at 
the thinner regions, with the thinner regions stabilized against unstable necking and 
premature failure during large extensions (Dobraszczyk 2004).

5.3.2.3  Coalescence

During the later stages of proving and the early stages of baking, bubbles expand 
at a relatively faster rate as a result of both increased CO2 by the yeast and re-
lease of water vapor from the matrix due to high temperature (Mills et al. 2003). 
At these stages, the dough is converted into a foam with polyhedral bubbles where 
flat films develop between bubbles and coalescence becomes important (Kokelaar 
et al. 1996). These flat films separating two bubbles are stabilized by repulsive forc-
es (due to steric and electrostatic forces) counteracted by attractive van der Waals 
forces between them (Walstra 1989; Örnebro et al. 2000). As the liquid films get 
thinner and thinner with bubble growth, a critical distance is eventually reached 
when any small perturbation, such as a draught or a thermal disturbance, can cause 
the film to rupture because the balance between the attractive and repulsive forces 
is lost (Örnebro et al. 2000).

Babin et al. (2006) studied bubble growth during dough fermentation and bak-
ing processes using X-ray microtomography where bubble growth was visualized 
at various times during proving and baking. They reported that a few minutes after 
kneading, the dough has many small bubbles, and the bubbles grow freely leading 
to a smooth increase in the bubble size. Their 2D cross-sectional images obtained 
using synchrotron radiation demonstrating the evolution of the bubbles in bread 
dough during proving is presented in Fig. 5.4.

Fig. 5.4  Evolution of bubbles in bread dough during fermentation investigated by synchrotron-
generated X-ray radiation; t0 is a few minutes after kneading. (Adapted from Babin et al. 2006)
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The free growth of bubbles at early stages of fermentation was also confirmed 
by Romano et al. (2013). In the second stage of fermentation, the dough structure 
becomes heterogeneous with many large bubbles due to bubble growth and co-
alescence (Babin et al. 2006). In the third stage, coalescence prevails over bubble 
growth, and the dough structure becomes more heterogeneous with large, nons-
pherical-shaped gas holes (second row of Fig. 5.4). Coalescence is affected by the 
properties of the adsorbed materials on the surface of the bubbles as well as the 
properties of the bulk liquid (Örnebro et al. 2000). It has been shown that the extent 
of coalescence can be lowered by using surface-active materials which aid in bubble 
stabilization during expansion (Kokelaar and Prins 1995).

5.3.2.4  Densification at the Crust

In the conclusion to their review on crust formation, Vanin et al. (2009) posed the 
question “can a definition of the crust region be proposed?” An equally relevant 
question is, when does the crust start forming? The review of Vanin et al. (2009) 
focused exclusively on baking, thereby neglecting the development of the crust that 
occurs prior to baking. This is likely an oversight, given the mechanisms at play 
(Sect. 5.3.1) and the research conducted to date. However, morphological investi-
gations of the emergence of the distinct crust region during proving are few (see 
Sect. 5.6.4).

The primary focus for imaging evaluations of crust setting and its differentiation 
from the crumb region of the loaf has been those taking place during the baking 
process itself. Substantial changes in the mechanical properties and the color of the 
crust arise when the loaf is placed in the oven (Altamirano-Fortoul et al. 2012), and 
the difference in bubble structure between crust and crumb that is initiated during 
proving becomes even more pronounced (Tromp et al. 2008; Altamirano-Fortoul 
et al. 2012). In their review of crust formation, Vanin et al. (2009) covered the 
various processes that contributed to the formation of crust structure and how crust 
setting influenced structure formation in the crumb (and thus an effect on the overall 
quality of the loaf).

The rigidification of the crust that arises from the change in its mechanical prop-
erties during baking affects crumb structure because of the constraints that it im-
poses on additional bubble expansion in the dough that forms the crumb. Using an 
electrical resistance oven (where crust formation does not occur, but crumb setting 
does), Hayman et al. (1998a) showed that poor breadmaking flours were able to 
produce good crumb structure, which they were unable to do by conventional bak-
ing. From this study, the authors concluded that the crust contributed to an increased 
pressure within the gas bubbles so that bubble coalescence was enhanced in dough 
made from poor-quality flour. Such uniform pressure increases were not evident 
when Wagner et al. (2008) conducted detailed magnetic resonance imaging (MRI) 
investigations of the dough to crumb transition. Instead, they saw that after the crust 
had set, crust constraint caused local regions of crumb collapse as other regions of 
the dough continued to expand. Commending the insights gained from such stud-
ies, Vanin et al. (2009) advocated the use of quantitative nondestructive imaging 
techniques for studying structural changes in both crumb and crust.
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5.4  Modeling Formation of Cellular Structure

Modeling breadmaking and quantification of the cellular structure of bread are chal-
lenging due to the complexity of the heat and mass transfer operations that take 
place during baking of this soft solid as well as the changes in the medium (i.e., tem-
perature, moisture, and time dependence) in which these operations are taking place 
(Hussein and Becker 2010). The benefit of accurate quantification of structure using 
nondestructive techniques, such as MRI and X-ray tomography, and even destruc-
tive analyses of the finished product using image analysis, is that the structural data 
can be used to build high-quality structure-properties models (Falcone et al. 2005; 
Wang et al. 2013). Two approaches are primarily undertaken: analytical and nu-
merical. The first approach is where one or more structural parameters are defined, 
for example, average crumb cell size, and these are used with material properties 
and an appropriate model to predict overall mechanical properties of the product 
(Zghal et al. 2002). The second approach is where more sophisticated numerical 
models, capable of exploiting the large amount of structural data put out by these 
techniques, more precisely predict the particular physical property of the bread of 
interest. For example, the properties of interest should be derived from larger strains 
if texture assessments are to be applicable to real mastication processes (Guessasma 
et al. 2011), while crumb permeability predictions (Chaunier et al. 2008) are impor-
tant for gaining insights on the foam to sponge transition that occurs during baking.

5.4.1  Analytical Models

Early work relating image analysis quantification of crumb structure to density and 
mechanical properties was carried out by Zghal et al. (1999) and Scanlon and Zghal 
(2001), respectively. This work followed on from earlier studies on brittle cellular 
solids relating parameters such as elastic modulus and fracture strength (Hutchinson 
et al. 1987; Warburton et al. 1990) to structure using the relative density scaling 
arguments of Gibson and Ashby (1988). In these models, a mechanical parameter, 
M * (that is related to one or more important quality parameters), scales according 
to the crumb’s relative density ( / )*ρ ρs :

 (5.3)

where p is the scaling parameter, and ρs  and M s are the density and the mechani-
cal parameter of the material constituting the crumb cell walls, respectively. Using 
X-ray tomography from a synchrotron radiation source, but conducted dynamically 
during loaf proving, Babin et al. (2005) were able to calculate crumb density and 
show how bread crumb properties scaled according to Gibson and Ashby theory. 
Based on the scaling exponent from their structure-properties theoretical model, 
bread crumb would be characterized as an open cell foam. They were also able to 
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use data on dough structure during proving to predict relative density, thereby giv-
ing predictive capacity to texture evaluation based on structure quantification, and 
how it would be affected by changes in formulation.

Zghal et al. (2002) showed how expected changes in crumb morphology brought 
about by strain hardening during processing altered the density scaling relationship 
and that parameters derived from the model compared reasonably well with those 
obtained from biaxial extension measurements on dough. In this work, and that 
of others examining the suitability of these analytical models, the structure was 
defined by an average cell size or with the additional structural parameter, average 
cell wall thickness. Babin et al. (2005) tackled the more realistic situation for bread-
making where homogeneous average values do not exist and instead a distribution 
of bubble sizes is evident. The group later analyzed how structural heterogeneity 
would affect predictions of the mechanical properties in brittle extrudates (Babin 
et al. 2007), a result of direct relevance to consumer appreciation of bread crust’s 
sensory crispness (Van Vliet and Primo-Martín 2011).

As with other studies conducted by the French National Institute for Agricultural 
Research (INRA) group at Nantes (Babin et al. 2005, 2006; Turbin-Orger et al. 
2012) and Falcone’s group at Trieste (Falcone et al. 2004, 2005), synchrotron X-ray 
radiation was used to quantify cell distributions in three dimensions. Both sets of 
researchers showed that structural heterogeneity should not be neglected in predic-
tions of crumb properties since it influenced mechanical properties at an equivalent 
relative density.

A different analytical model was used by Meinders and van Vliet (2008) to 
evaluate how sound intensity in bread rolls scaled with work to fracture using a 
model for earthquake crackling events. The model’s applicability to brittle crusts 
was deemed appropriate for both applications, with the authors’ interest being its 
utility for understanding crispness perception in the rolls. Their modeling showed 
that even though relative density was controlled, the crust’s structural heterogeneity 
as well as its humidity were confounding effects in the model’s capacity to predict 
how crispness depended on the work to fracture.

5.4.2  Numerical Models

The capacity to generate large amounts of structural data puts pressure on modelers 
to utilize more sophisticated models for better prediction of the physical properties 
of crust and crumb (Guessasma et al. 2008), particularly when the heterogeneity of 
the crust and crumb is a significant determinant of properties (Falcone et al. 2005; 
Babin et al. 2005). Finite element models are especially suited for potentially map-
ping an element of the crumb or crust cell wall to each voxel defined by techniques 
such as X-ray tomography and MRI (should processing power permit!).

An early application of finite element modeling (Liu and Scanlon 2003) was to 
understand how measurements from the American Association of Cereal Chemists 
(AACC) standard bread texture test (AACC International 1983), which are conducted 
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Fig. 5.5  Finite element predictions of principal stress contours for a cylindrical indenter indenting 
10 mm into a bread crumb sample (diameter = 70 mm) whose Poisson’s ratio was defined as 0.21. 
(Derived from Liu and Scanlon 2003)

 

at large strain, relate to standard assessments of crumb’s mechanical properties under 
compression. In Fig. 5.5, finite element predictions of the principal stress contours for 
a 36-mm-diameter cylindrical indenter indenting 10 mm into a model bread crumb 
sample (diameter = 70 mm) is presented. Because indenter and sample sizes were 
large compared to crumb cell size, detailed structural information was not part of the 
modeling process of Liu and Scanlon (2003), and a standard mechanical model ap-
plicable at large strains was used to characterize the properties of the bread crumb as 
a whole. Despite the lack of specific microstructural information, load-displacement 
curves for the AACC test were well predicted from parameters derived from uniaxial 
compression tests used to calibrate the mechanical model.

In a fairly recent overview of the subject, Guessasma et al. (2011) justified the 
benefits of mechanical modeling of solid cereal products such as bread. Much em-
phasis was placed on how structural quantification provided the bedrock for good 
mechanical modeling of the crumb, a point endorsed by Wang et al. (2013) in their 
digital representation of bread crumb. With the proliferation of friendlier user in-
terfaces and faster computational speeds (Gonzalez-Gutierrez and Scanlon 2012), 
finite element models will prove their worth for complementing microstructural 
information generated by a range of nondestructive structural characterization tools. 
Expected outcomes are that macroscopic mechanical relations can be predicted 
(Babin et al. 2005), that we can better understand how quality is affected by events 
during processing (Purlis 2012; Mack et al. 2013), and particularly so that we can 
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better understand the nucleation, growth, and transformation of bubbles (Babin 
et al. 2006; Wang et al. 2013) that are the basis for much of the quality of bread 
(Scanlon and Zghal 2001).

5.5  Methods Used to Investigate the Evolution of Cellular 
Structure of Crumb and Crust

In order to provide a reliable connection between the various process operations 
and final product characteristics, high-quality, and preferentially 3D, data need to be 
acquired (Clarke and Eberhardt 2002). High-quality data can be obtained by prob-
ing materials with waves (electromagnetic or mechanical), where the features of the 
material are determined by changes in the properties of the waves as a result of their 
transmission through or reflection from the material (Clarke and Eberhardt 2002).

5.5.1  Microscopy

Microscopy techniques make use of three fundamental components: an illumina-
tion source (beam of visible light in light microscopy, beam of electrons in electron 
microscopy, a laser beam for confocal laser scanning microscopy; CLSM), a system 
for focusing this source onto the sample being tested, and a means of generating 
images so that the information can be stored (Falcone et al. 2006). The images that 
the information is stored in are then used for extracting the spatial representations 
of the features of interest within the images (Gunasekaran 1996).

The resolution of a digital image can be expressed in terms of the number of indi-
vidual picture elements (pixels) that are used to represent a unit area. Each pixel of a 
digital image has an intensity value that stores the number of brightness steps used 
in the image. This is termed as the color depth and is quoted in bits, for example, 
each pixel in a 4-bit image has 24 (= 16) possible different brightness steps (gray 
levels), and the range of possible values are termed as the dynamic range of the im-
age. The dynamic range of an image may be altered once the image is processed, for 
example, by histogram manipulation or filtering with the aim of decreasing image 
noise or increasing the prominence of a particular characteristic of interest (Clarke 
and Eberhardt 2002). Characteristics of interest can then be identified and their 
boundaries recognized. With binary images, this identification is performed through 
application of a threshold value and assigning values of either 1 or 0 to regions of 
interest and those not of interest to the user, respectively, for example, dough matrix 
and bubbles. The next step is characterization and classification of the features of 
interest (Clarke and Eberhardt 2002), for example, size, circularity, orientation, etc. 
Finally, a means of extracting statistically unbiased conclusions from the data is ac-
complished by techniques such as stereology (Bisperink et al. 1992; Sahagian and 
Proussevitch 1998).
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Despite the usefulness of the stereological reconstruction techniques for charac-
terizing BSDs in dough, the validity of the results obtained from these bubble data is 
still questionable since steps such as dough freezing, serial sectioning, or squashing 
are used during dough preparation. For example, Elmehdi et al. (2003a) reported 
an 8 % volume reduction of their bread crumb samples due to freeze drying. There-
fore, in order to unambiguously evaluate the BSDs in the dough, techniques that 
require no additional treatment steps and are capable of nondestructively probing 
the bubble sizes in situ are desirable.

The earliest study where the bubbly structure of bread dough was reported uti-
lized a transmission light microscope (Carlson and Bohlin 1978). In transmission 
light microscopy, the light from the illumination source is transmitted through the 
material being tested, and the part of the light that is not absorbed or scattered by 
the material is sent into the lens (Clarke and Eberhardt 2002). Carlson and Bohlin 
(1978) measured the cross-sections of bubbles in photographs of 30-μm slices of 
dough obtained by microtomy, converted these cross sections into bubble diameters, 
and fitted a one-parameter analytical function with only a scale parameter (mean 
bubble diameter) to describe the bubble distribution. Due to resolution limitations 
in the technique they used, measurement of bubble cross-sections corresponding 
to a diameter of less than 90 μm was not possible, and the mean bubble diameter 
reported was 112 μm.

A method with better resolution and accuracy for measurement of bubble diam-
eter in doughs was developed by Campbell et al. (1991). They also used a trans-
mission light microscope to examine circles on slices of frozen dough and utilized 
a stereological technique to reconstruct the BSDs that nucleated in two types of 
mixers. In their technique, the slice thickness and the maximum resolution were 30 
and 39 μm, respectively. They analyzed at least 20 slices with 80 × magnification, 
measured cross-sections of diameter between 25 and 500 μm, and characterized 
the BSD by two empirical parameters: the arithmetic mean bubble size and the 
standard deviation. For doughs mixed in a food processor and a Tweedy 10 mixer, 
they reported mean bubble diameters of 71 and 89 μm, respectively and standard 
deviations, which they defined as the spread of bubble sizes within the distribution, 
of 24 and 47 μm, respectively.

Shimiya and Nakamura (1997) utilized reflection light microscopy (an optical 
microscope of 100 × magnification and a stereomicroscope of 50 × and 4 × mag-
nifications), with a better resolution (3 μm) compared to previous studies, in order 
to measure the changes in BSD in unyeasted doughs. In optical reflection micros-
copy, the reflection coefficients (and hence refractive indices) of the components 
of the sample are critically important since the greater the difference between the 
reflection coefficients, the greater the image contrast (Clarke and Eberhardt 2002). 
Therefore, sample surface preparation, thus sectioning and surface polishing, sig-
nificantly impact the resulting image quality (Clarke and Eberhardt 2002). In their 
technique, Shimiya and Nakamura (1997) excised a dough subsample immediately 
after mixing and squashed it between two pieces of glass and then observed it under 
a microscope. The soft nature of unfrozen dough therefore did not permit image 
enhancement by surface preparation. A median bubble diameter of 15 μm at the 
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end of mixing grew up to 35 μm as a result of disproportionation during 100 min of 
resting of the dough (Shimiya and Nakamura 1997). Their BSD was characterized 
as lognormal, and the width of 0.18 only changed slightly during resting. However, 
in their technique, the thickness of the dough subsample under the microscope was 
at least 150 μm, which resulted in a smaller number of bubbles being analyzed. 
For yeasted doughs, the total cross-sectional circle areas (m2/m2) on microphoto-
graphs were approximately three times larger than those of unyeasted doughs. They 
reported that the number and cross-sectional area of bubbles smaller than 50 μm 
decreased, and the number and cross-sectional area of bubbles larger than 100 μm 
increased. As fermentation progressed, a small number of bubbles that constituted 
the larger sized bubbles of the BSD grew substantially, while the median bubble di-
ameter of 15 μm at the end of mixing did not change very much (grew up to 16 μm) 
following 100 min of fermentation. After baking, the air cell diameters were in the 
range of 0.1–5 mm. According to the authors, this range of bubble sizes indicated 
that bubble sizes smaller than a critical size did not grow, that is, smaller bubbles 
dissolved in the liquid phase of the dough, and the dissolved gas was preferentially 
delivered to the larger bubbles.

Another technique that has been used for investigation of dough and bread 
structure is scanning electron microscopy (SEM; Junge et al. 1981; Hayman et al. 
1998b; Whitworth and Alava 1999; Esselink et al. 2003; Hirte et al. 2012a). SEM 
is a microscopy technique that requires lengthy sample preparation so that samples 
conduct electrons and the analysis can be carried out under vacuum (Esselink et al. 
2003; Peighambardoust et al. 2010a). Just as light is focused in an optical micro-
scope by an optical lens, an electron beam is focused in an electron microscope by 
appropriate use of electric and magnetic fields.

Hayman et al. (1998b), who studied bread crumb development throughout the 
breadmaking process by SEM, reported that no difference in dough microstructure 
was observed during mixing, punching, panning, or proving for doughs made from 
two different flours. Their images, representative of dough microstructure follow-
ing mixing, are presented in Fig. 5.6a and b. Hayman et al. (1998b) concluded 
that changes in microstructures of doughs made from these two flours were only 
observed during the early stages of baking. In contrast, Létang et al. (1999), who 
used an environmental SEM (an SEM technique where desiccation of the sample 
is not necessary; Falcone et al. 2006), reported that the microscopic structure of the 
dough is affected by differences in ingredient concentrations as early as the mixing 
process. They manipulated the water content of doughs but mixed for the same time 
and concluded that dough morphology at the end of mixing differed depending on 
dough water content. SEM images of dough of low- and high water content (50 % 
and 56 % water on a flour weight basis) from their study are presented in Fig. 5.6c 
and d, respectively.

Whitworth and Alava (1999) measured bubble sizes using different imaging 
techniques: optical microscopy (for measuring bubble sizes in the range of 20–
1500 μm), SEM (for bubble sizes in the range of 50–3500 μm), and X-ray tomog-
raphy (for bubble sizes larger than 1 mm). With these different imaging techniques, 
Whitworth and Alava (1999) observed a wide range of bubble sizes during  different 
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Fig. 5.6  a, b Dough microstructures of two different types of flour that produce “bread of similar 
loaf volume but different crumb grain when baked,” from Hayman et al. (1998b), bar = 200 mm. 
Microstructure of doughs of c low water content, bar = 50 μm, and d high water content, 
bar = 20 μm, from Létang et al. (1999)

 

stages of the breadmaking process. In their technique, doughs were frozen and cut 
into thin sections before they were mounted on the appropriate imaging equipment. 
The image analysis and reconstruction of bubble sizes from circles on slices were 
performed based on the method of Campbell et al. (1991). They found that their me-
chanically developed doughs typically contained bubbles with a maximum diam-
eter of 0.8–2.5 mm at the end of mixing, and the total gas volume fraction was about 
5–8 %. After first molding, they reported an increase in the number of bubbles, 
while during intermediate proof they reported doubling of the maximum bubble 
diameter and total gas volume fraction.

Another technique that has been used for investigation of dough and bread struc-
ture is CLSM. The light source in CSLM is a highly narrow, coherent beam of elec-
tromagnetic radiation. CLSM’s working principle is that the laser beam is focused 
on the sample resulting in illumination of one spot at a time, as  opposed to uniform 
illumination in light microscopy techniques (Falcone et al. 2006). The laser beam 
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excites fluorescent dyes that selectively bind to different components of the sample 
(Hermansson et al. 2000). These components are detected using dyes with specific 
fluorescence wavelengths and by manipulating the wavelength of the incident laser 
(Upadhyay et al. 2012). The light reflected from the spot in focus passes through 
a pinhole to be detected by a light detector. Passing through the pinhole, light out-
side of the focal plane is eliminated, and background noise is reduced (Bosch et al. 
2012). The sample is scanned spot by spot on one focal plane, and a 2D image is 
generated. By choosing different focal planes, information about different depths 
can be obtained, and 3D images, where the image resolution is a function of the 
pinhole gap, can be reconstructed (Ferrando and Spiess 2000).

CLSM has been successfully utilized in studies of the changes in dough micro-
structure during mixing (Peighambardoust et al. 2010a) and mechanical treatment 
(Boitte et al. 2013). It has also been used to study the effects of changes in sodium 
chloride concentration (Lynch et al. 2009), water and yeast concentration (Upad-
hyay et al. 2012) on dough microstructure, as well as the changes in the cellular 
structure of bread crumb (Deshlahra et al. 2009). Typical CLSM images of dough 
with different amounts of yeast (2 and 10 %) at a fixed water content from the study 
of Upadhyay et al. (2012) are presented in Fig. 5.7a and b. From these 2D CLSM 
images, Upadhyay et al. (2012) extracted the distributions of bubble diameters 
(Fig. 5.7c and d). However, a disadvantage of CLSM is that sample preparation, 
that is, stretching of the sample, or moisture loss during diffusion of the labeling dye 
may induce artifacts that distort image information parameters (Yusoff and Murray 
2011; Boitte et al. 2013).

5.5.2  Magnetic Resonance Imaging

MRI is an imaging technique that is suitable for coping with soft fragile materi-
als nondestructively (Takano et al. 2002; Esselink et al. 2003; Grenier et al. 2003; 
Rouille et al. 2005). Magnetic resonance images can be generated by using broad-
band radio frequency pulses that excite the nuclear spins of hydrogen nuclei when 
exposed to a strong magnetic field and then detecting the emitted radio frequency 
photons (Clarke and Eberhardt 2002; Falcone et al. 2006). MRI is widely used for 
medical diagnosis and makes use of differences in mobility of protons in the com-
ponents that constitute a material in order to depict the internal structure of a mate-
rial (Takano et al. 2002; Rouille et al. 2005).

Using MRI, Takano et al. (2002) followed the bubble growth, gluten develop-
ment, and crumb grain network formation during the fermentation of bread dough 
as affected by freezing and thawing operations. They found that MRI was able to 
differentiate between the bread made from fresh and frozen dough, but they did 
not communicate BSDs for either the dough or for the bread. Rouille et al. (2005) 
studied bubble growth in bread dough during proving by MRI; however, their spa-
tial resolution was not high enough to estimate the sizes of bubble nuclei even at 
25 min after the end of mixing. To obviate bubble resolution limitations of their 
MRI techniques, Wagner et al. (2008) used layers of 0.5-mm-sized microcapsules in 
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Fig. 5.7  Confocal laser scanning microscopy (CLSM) images of a dough sample containing a 2 
and b 10 % (on a flour weight basis) yeast at a constant water content (60 %) and their respective 
bubble cross-section distributions (c and d). (Adapted from Upadhyay et al. 2012)

 

their analysis of bubble structure changes during baking. This permitted the authors 
to evaluate how crumb structure was affected by crust setting.

One of the first attempts to utilize quantitative MRI combined with image analy-
sis was by van Duynhoven et al. (2003) who studied bubble development in bread 
dough during proving. In their 2D MRI technique, they reported circle distributions 
from dough cross-sections (real 3D bubble distributions were not reconstructed in 
this study). The authors evaluated bubble size changes with proving time as affected 
by kneading temperature and the magnitude of mechanical damage during molding. 
They reported that changes in both the kneading temperature and the magnitude of 
the deformation during molding affected the BSD, and these effects were detected 
by MRI.

De Guio et al. (2009) studied the bubble sizes in unyeasted and yeasted bread 
doughs during proving using MRI and reported that the estimated bubble sizes in 
unyeasted bread dough were represented by a normal distribution function. After 
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20 min of dough proving for yeasted doughs, BSDs were still described by normal 
distribution functions but with larger mean diameters as time progressed, consistent 
with the growth of bubbles due to the activity of yeast during fermentation. They con-
cluded that their method overestimated the bubble sizes since small bubbles could not 
be discriminated. Bajd and Serša (2011) continuously monitored dough fermentation 
and bread baking by MRI and used image analysis to show that the increase in both 
the number of bubbles and the dough volume was slow at the beginning of fermenta-
tion, gradually increased but slowed down again at later stages of fermentation. No 
information on the BSD at the end of mixing was communicated in their study.

MRI has proven to be a powerful technique for studying bread dough and moni-
toring bubble expansion during proving; however, one of the disadvantages of MRI 
is its trade-off between spatial resolution (image quality) and temporal resolution, 
that is, it takes a long time to generate a high-quality image since data collection 
times are quite long (Clarke and Eberhardt 2002; Rouille et al. 2005). Moreover, 
magnetic susceptibility effects, such as distortions in images induced by magnetic 
field inhomogeneities, are undesirable and need to be corrected during post-pro-
cessing of the data (De Guio et al. 2009).

5.5.3  X-Ray Microtomography and Synchrotron Radiation 
Studies

The key elements of an X-ray tomography measurement system are an X-ray source 
(which may vary widely from massive particle accelerators to small portable bench-
top sources; Clarke and Eberhardt 2002), a rotation stage, and a detector (Fig. 5.8a). 
A complete X-ray microtomography analysis starts with acquiring a number of 
projections of the sample under gradually increasing viewing angles (Fig. 5.8b) 
and continues with a reconstruction step (Fig. 5.8c), where these projections are 
converted to a 3D representation of how the X-rays in the material are affected by 
structural features such as bubbles (Fig. 5.8d and e; Falcone et al. 2006).

X-ray attenuation depends on the local mass density in the sample (Proussevitch 
et al. 2007), allowing the 3D map of the attenuation in the material to be segmented 
so that components of a sample with high and low density can be differentiated. 
Attenuation of X-rays, due to absorption or scattering, can be expressed by Beer’s 
law (Falcone et al. 2006):

 (5.4)

where I and I0 are the intensities of the transmitted and incident X-rays, respectively, 
α is the attenuation coefficient, and l is the path of the radiation in the sample. As the 
X-rays travel through the sample being tested, they pass along many different paths 
as the sample or the X-ray source is rotated (Lim and Barigou 2004). Therefore, the 
attenuation of X-rays is different at each rotation since the low-density components 
do not attenuate X-rays as much as the high-density components (Fig. 5.8b). As the 
number of projections increase, projections are superposed, and the reconstructed 

I I l= −0 exp( ),α
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Fig. 5.8  a Key elements of an X-ray tomography measurement system, b X-ray projections of 
the sample under gradually increasing viewing angles, c a reconstructed 2D cross-sectional X-ray 
image of a dough piece ( black: gas, dark gray: container walls, light gray: dough matrix), d the 
3D representation of the volume of interest obtained using 2D images such as the one in c, and e 
an enlarged view of the 3D representation in d

 

cross-sectional image’s quality increases (Clarke and Eberhardt 2002). In order to 
obtain higher quality images, contrast agents with higher atomic numbers can be 
employed (Clarke and Eberhardt 2002; Jakhmola et al. 2014). An alternative way of 
obtaining higher quality images compared to the ones obtained by benchtop X-ray 
tomography is using synchrotron radiation sources that can deliver several orders of 
magnitude greater photon flux (Falcone et al. 2006; Babin et al. 2006, 2008). With 
the greater photon flux, and thus greater X-ray intensity, higher quality images can 
be generated in shorter time scales.

Conventional benchtop X-ray tomography has proven to be very well suited for 
scrutinizing the 3D structure of cellular baked goods both qualitatively (Demirkesen 
et al. 2014) and quantitatively (Besbes et al. 2013; Van Dyck et al. 2014). However, 
the rapid dynamics of bubble populations in both unyeasted and yeasted doughs 
presents severe challenges to quantitative evaluation of structure in dough by bench-
top X-ray microtomography. Bellido et al. (2006) studied the BSD in bread doughs 
made from strong breadmaking flour by benchtop X-ray microtomography and re-
ported lognormal BSDs that had median diameters of 100 and 109 µm and geo-
metric standard deviations of 1.79 and 1.62 µm, for two different unyeasted dough 
formulations tested 90 min after the end of mixing. Their resolution was 10 µm. 
Whitworth (2008) studied the structural changes in bread dough during proving and 
baking using benchtop X-ray tomography with a resolution of 0.7 mm but did not 
communicate a BSD. Trinh et al. (2013) studied the BSDs during a pressure-step 
dough mixing process using benchtop X-ray microtomography with a resolution of 
approximately 11 µm. However, they did not recognize any bubbles smaller than 
43 µm, which meant that they excluded a part of their BSD (Trinh et al. 2013).
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Synchrotron radiation interrogation of the evolution of the 3D microstructure of 
bread dough during fermentation has also been reported (Babin et al. 2006, 2008; 
Turbin-Orger et al. 2012), pointing to the ability of the more powerful X-rays of 
a synchrotron source to accurately capture the complexity of the morphology of 
bread dough three-dimensionally, and rapidly, in order that the changes taking place 
during fermentation can be followed. Babin et al. (2006) reported that bubbles in 
fermenting dough grow exponentially and freely until a critical time after which 
coalescence dominates and the dough structure becomes irregular (Fig. 5.4). Babin 
et al. (2008), who monitored fermenting bread doughs with a resolution of 15 μm, 
reported that the critical time for free bubble growth was affected by dough compo-
sition: The critical time increased either when yeast concentration was reduced or 
when water concentration decreased and oil concentration increased. In this study 
it was also stated that the cellular structure is entirely set at a temperature close to 
75 °C. Turbin-Orger et al. (2012), who studied the bubbles in bread doughs dur-
ing the later stages of proving (40–180 min), reported that both mean bubble size 
(410–675 μm on average) and mean cell wall thickness (200–230 μm on average) 
increased during proving for all dough compositions tested and that the size of the 
changes in the mean size and the mean cell wall thickness differed as dough com-
position varied.

In third generation X-ray sources (e.g., synchrotrons), in addition to greater pho-
ton flux, another important characteristic has been developed: The X-ray beam has 
small divergence. When the small divergence beams are combined with increased 
distance between the source and the sample, a new opportunity in the field of X-
ray imaging emerges: phase contrast imaging. This imaging technique differs from 
conventional absorption X-ray tomography in the sense that it does not rely on the 
decrease in the X-ray beam’s intensity (attenuation) but relies on the X-ray beam’s 
phase. As X-rays travel through a material, their phase is altered due to regional 
variations in the refractive index of the material; these variations occur at borders 
or interfaces between the continuous phase of the material and the inclusions in it 
(Falcone et al. 2004). Therefore, even if a sample has poor intrinsic contrast due to 
low atomic number, high contrast may be generated by the interference of the X-ray 
wave front with components of the sample with different refractive indexes (Fal-
cone et al. 2006). Phase of the X-rays has been shown to be sensitive to very small 
density variations (on the order of 10−9 g/cm3) so that phase shifts of the X-rays can 
produce significantly greater contrast images (up to 1000 times) as compared to the 
ones achieved in X-ray absorption tomography (Falcone et al. 2004, 2005). How-
ever, extracting the variations in the phase of X-rays from the distorted wave front 
is challenging (Fitzgerald 2000).

5.5.4  Ultrasound

Sound waves which have a frequency above the upper limit audible to humans 
(> 16 kHz) are described as ultrasound waves (McClements and Gunasekaran, 
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Fig. 5.9  a The ultrasonic signal velocity as a function of fermentation time measured using dough 
sample sizes of 2, 4, and 7 g, b the density of fermenting doughs as a function of fermentation time 
for the samples in (a). (Adapted from Elmehdi et al. 2003b)

 

1997). Due to its nondestructive nature, low-intensity ultrasound (< 100 mW/cm2) 
provides information about the physical properties of the material through which it 
propagates without altering its structure or physical properties (McClements 1991). 
Ultrasonic testing of materials requires three components: a signal generator that 
produces electrical pulses, a transducer that converts electrical pulses to mechanical 
vibrations, and a display system to detect and record the received signal (Falcone 
et al. 2006).

Investigation of BSD in bread doughs with ultrasound is a relatively recent phe-
nomenon. It has been shown that the ultrasonic parameters measured in a material 
are affected by changes in matrix properties as well as the size and concentration 
of bubbles (Létang et al. 2001; Leroy et al. 2008). Ultrasonic velocity is defined as 
the distance an ultrasonic wave propagates per unit time (McClements and Gunas-
ekaran 1997). As an ultrasonic wave travels through a medium, the amplitude of the 
ultrasonic wave decreases with the distance travelled, that is, it is attenuated (Cobus 
et al. 2007). The change in the amplitude of the ultrasonic wave, that is, how rapidly 
the ultrasonic energy is dissipated, is measured with the ultrasonic attenuation coef-
ficient, α (Povey 1997; Coupland 2004). Ultrasonic parameters are measured as a 
function of frequency, and these can be linked to the BSD in the bubbly medium 
through models that describe wave propagation in bubbly media (Leroy et al. 2008).

Elmehdi et al. (2003b) studied dough fermentation by using an ultrasonic trans-
mission technique and showed that the changes in the gas volume fraction as well 
as changes in the structure of the dough during fermentation could be monitored by 
low-frequency (50 kHz) ultrasound. They reported a substantial decrease in signal 
velocity (Fig. 5.9a) without a significant change in dough density (Fig. 5.9b) at 
early times of fermentation that was attributed to the modification of dough matrix 
elasticity by yeast activity. The modification of the dough matrix occurred as the 
CO2 produced by the yeast diffused through the dough matrix, causing a reduction 
in the pH and thus weakening of gluten. Another study where the changes in the 
mechanical properties of doughs during fermentation were investigated using an 
ultrasonic transmission technique (2–10 MHz) is that of Lee et al. (2004). They de-
termined the signal velocity and attenuation coefficient from which they calculated 
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the longitudinal moduli of the dough. They concluded that the longitudinal moduli 
of the dough were significantly affected by fermentation time resulting in a loss 
in elasticity of the dough, confirming the results they obtained from conventional 
extensional rheology.

Scanlon et al. (2011) studied the bubble evolution in unyeasted doughs at fre-
quencies close to bubble resonance using an ultrasonic transmission technique. They 
showed that ultrasonic parameters were very sensitive to the changes in the BSD 
brought about by disproportionation. Strybulevych et al. (2012) used ultrasound 
to examine the evolution of bubble sizes in both unyeasted and yeasted doughs. 
For unyeasted doughs, they reported an increase in the normalized median diam-
eter and the width of the lognormal BSD with time and attributed these changes to 
bubble disproportionation. For yeasted doughs, a decrease in normalized bubble 
size was observed at the beginning of the fermentation process due to consumption 
of oxygen by yeast. At later stages of fermentation, an increase in the normalized 
bubble size was observed which was attributed to the inflation of bubbles with 
CO2 generated by yeast activity. Koksel et al. (2014) showed using an ultrasonic 
transmission technique that aeration processes of unyeasted dough during mixing 
are influenced by reducing sodium chloride content. They reported that the bubble 
diameter increased (40–50 %) for all sodium chloride contents over the course of 
150 min for unyeasted doughs, consistent with changes in the BSD arising from 
disproportionation.

The only study that appears to report true BSDs in bread doughs measured by 
ultrasonic techniques is by Leroy et al. (2008). For unyeasted doughs tested 53 min 
after mixing, they reported a median bubble diameter of 28 µm with a width of 
0.46 for a lognormal BSD. Approximately 45 min later, the median diameter had 
increased to 36 µm, and the width had decreased to 0.44.

One of the limitations of ultrasonic investigation of BSDs is that highly attenu-
ating media are barriers to successful ultrasonic sizing (Povey 1997). When the 
sample under investigation is highly attenuating, reflection measurements, where 
the ultrasonic wave is reflected from the surface of the material, are useful (Kul-
myrzaev et al. 2000). However, the drawback of the reflection technique is that only 
the boundary layer properties, rather than properties of the bulk of the material, are 
measured (Povey and McClements 1988).

5.6  Factors Affecting the Evolution of Cellular Structure 
of Crust and Crumb

Control and manipulation of dough properties are essential for high-quality and 
consistent baked products (Campbell and Martin 2012). Therefore, the effect of 
dough ingredients or dough processing conditions on the resulting loaf quality has 
been the subject of many studies. The evolution of the cellular structure of bread 
dough plays important roles in dough rheology (Carlson and Bohlin 1978; Bellido 
et al. 2006) as well as in the appearance, structure, texture, and thus the quality of 
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the final product (Zghal et al. 1999; Scanlon and Zghal 2001). Consequently, the oc-
clusion of air as bubbles during mixing (Baker and Mize 1941), the subdivision of 
these air bubbles during later stages of breadmaking (Campbell and Martin 2012), 
their growth during fermentation, proof, and baking (Chiotellis and Campbell 
2003b), and their retention until the final structure of bread is set (Gan et al. 1995) 
are all vital for the production of high-quality baked goods. Better knowledge of 
the factors affecting the evolution of cellular structure of crumb and crust requires 
a deeper appreciation of the phenomena governing changes in the aerated structure 
of this opaque medium (Shehzad et al. 2010).

5.6.1  The Role of Mixing Conditions

It has been shown that the gas volume fraction entrained during mixing may range 
as much as from 4 to over 20 % (Cauvain et al. 1999). Since rates of physical pro-
cesses such as disproportionation, bubble growth, and coalescence occurring during 
breadmaking depend on total gas volume fraction and the initial BSD, all of the fac-
tors that affect the BSD at the end of mixing (e.g., see Sect. 5.2) are likely to affect 
the evolution of the bubbles during later stages of breadmaking.

Shehzad et al. (2010) used different mixing conditions to prepare doughs with 
different rheological properties and investigated the stability of bubbles in dough 
during proving. Their results indicated that higher specific energy input during mix-
ing promoted a stronger gluten network, which may cause better strain harden-
ing properties and increase dough stability during proving. These results were later 
confirmed by Kansou et al. (2012) who studied the proving behavior of a wheat 
flour dough affected by mixing conditions such as mixing time and specific power 
input. Greater power input in a shorter time during mixing promoted gluten network 
formation and thus increased gas retention and dough stability during proving. An 
increase in dough stability would in turn prevent premature gas loss and collapse 
during proving and baking and therefore affect the final crumb texture and gas cell 
size distribution (Kansou et al. 2012).

5.6.2  The Role of Dough Rheology and Composition

Changes in flour components are very important since these changes affect the 
dough’s rheological properties and so alter its mixing performance (Eliasson and 
Larsson 1993). When dough is mechanically stressed, it responds viscoelastically, 
and the viscoelastic behavior of dough under stress is affected by flour components 
such as proteins or dough ingredients such as salts and agents that affect disulfide 
bonding (Belton 2002). Among flour components, proteins undergo considerable 
changes from their structure in the flour particle to that at the end of the mixing pro-
cess (Shewry et al. 2001). The changes in proteins during the dough mixing process 
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have been studied extensively, including techniques such as SEM (Bache and Don-
ald 1998; Létang et al. 1999; Esselink et al. 2003) and CLSM (Peighambardoust 
et al. 2010a; Boitte et al. 2013).

When the effect of certain surfactants on crumb grain was investigated, it was 
found that surfactants did not change the amount of air incorporated into the dough 
during the mixing process (Junge et al. 1981; Mehta et al. 2009), but they improved 
bread crumb structure by allowing more and smaller bubbles to form during mixing, 
followed by more subdivision of these bubbles during punching (Junge et al. 1981).

When the influence of additives and mixing time on bread crumb properties was 
studied, inclusion of fat or emulsifiers and an increase in mixing time was found 
to significantly affect the total bubble area and number of bubbles per unit area in 
bread (Crowley et al. 2000). In another study where again effects of baking ingredi-
ents (surfactants and flour type) on dough aeration during mixing and gas retention 
during proving were studied, it was found that stronger flours occluded less air 
during mixing compared to weaker flours and that surfactants greatly improved the 
resulting baked loaf (Campbell et al. 2001).

Brooker (1996) studied the function of fat in bubble stabilization in bread dough 
by electron microscopy and CLSM and reported that fat crystals from shortening 
adsorb to the bubble gas/liquid interface during mixing and proving. These fat crys-
tals melt during baking causing a transfer of interfacial material from the crys-
tals to the bubble surfaces to maintain bubble expansion for longer without rupture 
(Brooker 1996).

Dough rheology literature usually disregards the contributions of the gas phase 
to the properties of dough and considers bubbles to be an independent variable. 
Although the fraction of gas in dough is significant (Whitworth and Alava 1999; 
Campbell and Martin 2012), one of the first studies to propose that the elastic char-
acter of the dough was affected by the surface tension at the gas/liquid interface was 
Carlson and Bohlin (1978). They accordingly linked dough rheology to dough gas 
content. However, an alternative model proposed by Bloksma (1981) predicted that 
the extent to which surface tension at the gas/liquid interface contributes to dough 
rheology was insignificant, except for doughs at a later stage of fermentation.

The relationship between dough rheology and dough gas content was later in-
vestigated by varying baking ingredients and processing factors (Chin et al. 2005; 
Chin and Campbell 2005a, b). Dough development and dough aeration, which are 
affected by mixing speed and mixing headspace pressure, influenced dough rhe-
ology assessed by mixing peak torque and work input during mixing (Chin and 
Campbell 2005b). Under large biaxial extensional deformation, the same research-
ers reported that both dough aeration and rheology were affected by flour type, total 
work input during mixing, and the rate at which this work input was delivered (Chin 
and Campbell 2005a). Using the same type of deformation, they stated that dough 
aeration affects dough rheology not only due to the contribution of air to oxidation 
and development of dough during mixing, but also due to the physical presence 
of bubbles in dough which promotes disruption of the integrity of dough structure 
through decreasing the strain hardening behavior of the dough and the resistance of 
the dough to failure (Chin et al. 2005).

Sahi (1994) investigated the effect of water on dough aeration and stated that a 
low level of water may limit the bubble nuclei that could be incorporated into the 
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dough during mixing and also limit the expansion of bubble nuclei during dough 
proving and baking. In contrast, a high level of water may destabilize bubbles and 
lead to loss of gas from the dough (Sahi 1994). For systems other than wheat flour 
doughs, Hanselmann and Windhab (1999) stated that rheological properties influ-
ence the shear field experienced by the bubbles during mixing, with higher viscosity 
systems being more likely to generate smaller bubbles for a given mixing speed 
in whey protein isolate–guar gum foams. The bidirectional relationship of dough 
rheology and aeration was further confirmed by investigation of dough rheological 
properties by ultrasound (Elmehdi et al. 2004; Scanlon et al. 2008). Rheological 
properties of doughs measured by changes in the longitudinal modulus (derived 
from ultrasonic pulse measurements) were significantly affected by concentration 
of bubbles in the dough (Elmehdi et al. 2004).

5.6.3  Dough Aeration and Mixing

Understanding dough aeration can enlighten the mechanisms by which the final loaf 
texture is affected by the BSD and how the aerated structure of the final loaf can 
be improved as early as right after the mixing stage. However, due to the paucity 
of tools for studying the fragile and rapidly changing bubbles in dough, resolving 
these questions for doughs tested right after mixing has been stymied so far. To our 
knowledge, determination of the BSD in dough shortly after mixing and its time 
evolution have not been reported unless a freezing step was involved. In Table 5.1, 
literature reports of bubble size analysis in dough are presented.

The wide variety of the results reported in Table 5.1 is likely due to the differ-
ence between the times that the dough samples were tested. For example, while a 
relatively longer time evolution was investigated in Leroy et al. (2008), Shimiya 
and Nakamura (1997) studied doughs right after mixing (3 min after the end of mix-
ing). In spite of the pronounced influence of post-mixing time on bubble properties, 
literature usually disregards reporting the time at which the tests were performed.

It also needs to be pointed out that approximately half of the studies in Table 5.1 
rely on the assumption that the BSD in bread dough at the end of mixing is lognor-
mal, deemed appropriate because of the repetitive action of bubble subdivision dur-
ing mixing. Among these studies, Shimiya and Nakamura (1997) and Bellido et al. 
(2006), who employed morphometric methods to investigate BSD, did not report 
the goodness of lognormal fits to their experimental BSDs, and Leroy et al. (2008), 
who used an ultrasonic transmission technique, did not confirm the lognormality of 
the BSD.

5.6.4  The Role of Proving and Baking Conditions

Altering the conditions operating during processing can have substantial effects 
on cellular structure, with temperature being a factor, either in yeast or chemi-
cal leavened bread systems. The impacts of proving time on crumb morphology 
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(Zghal et al. 2001; Primo-Martín et al. 2010) and oven air temperature and relative 
humidity on bread crust during baking (Vanin et al. 2009) have previously been 
reported. Whitworth (2008) showed from benchtop X-ray tomography imaging 
of whole loaves how structure developed differently in unlidded and lidded pans. 
High-resolution X-ray microtomography analyses by Turbin-Orger et al. (2012) 
confirmed the clear evolution in cellular structure with proving time. They con-
cluded that the porosity varied from 0.3 to 0.4 (at 40 min of proving) to 0.6–0.74 
(towards the end of proving, 160–180 min) with the range affected by different 
dough formulations.

Once placed in the oven, the massive temperature gradient rapidly sets the crust 
(Mack et al. 2013), but crust properties and structure are affected by the conditions 
employed during proving and baking. X-ray tomography was used by Primo-Martín 
et al. (2010) to show that longer proving times permitted more desiccation, thicken-
ing the “top solid layer” of the crust region that formed in the baked product. Our 
emphasis on the distinction within the crust region is important since their definition 
of crust was on the “basis of color difference,” and their finding was that crust thick-
ness decreased as proving time increased. This discrepancy in conclusion, based on 
how the crust is defined, is further exacerbated with the research results from auto-
correlation measurements of image intensity as one moves inwards from the exterior 

Table 5.1  Literature values reported for analyses of gas bubbles in dough
Reference Method Time after 

mixing
Resolution 
(μm)

φ  (%) Median 
(μm)

Width 
of the 
distribution

Carlson and Bohlin 
(1978)a

TLM NC 90 10 56 23.8

Bloksma (1990b) NC NC NC 10 17.5 NC
Campbell et al. (1991)a TLM NC 39 2.90 35.5 12.1
Campbell et al. (1991)a TLM NC 39 2.80 44.2 23.5
Shimiya and Nakamura 
(1997)b

RLM 3 min 10 3.5 7.5 0.18

Whitworth and Alava 
(1999)

B-XMT NC (during 
proving)

20 5–8 1250c NC

Bellido et al. (2006)b B-XMT 90 min 10 7.6 50 0.58
Bellido et al. (2006)b B-XMT 90 min 10 9.5 54.7 0.48
Babin et al. (2006; 2008) S-XMT NC (after 

kneading)
15 10 90a NC

Leroy et al. (2008)b T-US 53 min – 12 14 0.46
Leroy et al. (2008)b T-US 96 min – 12 18 0.44
Trinh et al. (2013) B-XMT NC 10.8 NC 10–15e NC

TLM transmission light microscopy, NC not communicated, RLM reflection light microscopy, 
B-XMT benchtop X-ray microtomography, S-XMT X-rays from a synchrotron source, T-US trans-
mission ultrasound
a Arithmetic mean and standard deviation of the BSD
b Median and width of the lognormal BSD
c Maximum bubble radius
d Median and width derived from lognormal BSD function
e Minimum bubble radius
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of a loaf. In a study by Tromp et al. (2008), these measurements provided evidence 
that morphological differences associated with a crust region extended well beyond a 
color definition of the crust. Discrepancies were also evident between imaging defi-
nitions of crust thickness and those defined from a moisture content change criterion 
as a function of baking time when loaves were baked for increasing lengths of time 
in an oven with a vault temperature of 250 °C (Della Valle et al. 2012).

The importance of crust development to end product quality was shown in a 
definitive experiment on the relationship between moisture migration and the loss 
of crust crispness. Hirte et al. (2010) reported that crispness retention was enhanced 
in rolls where the parbaked roll was subject to an array of punctures applied to the 
partially developed crust. The punctures in the crust allowed a preferential mois-
ture vapor migration route so that the crust retained a different moisture content 
to the crumb, and this translated into an eightfold increase in sensory crispness in 
the crust-punctured rolls (Hirte et al. 2010). Their images of a control roll with no 
punctures and a punctured roll are presented in Fig. 5.10a and b, respectively. The 
same group (Hirte et al. 2012a) used imaging techniques and SEM to show that the 
surface structure was not altered by the puncturing process and that with an increase 
in the surface area of the punctures, water vapor permeability, and thus crispness, 
increased. Their measurements for water vapor permeability of crust versus water 
content for crusts punctured differently are presented in Fig. 5.10c. The importance 
of the crust for control of moisture migration from the crumb was further empha-
sized by Hirte et al. (2012b) in a morphological analysis of the bread crumb made 
from doughs of different formulation using X-ray tomography and image analysis. 
Besbes et al. (2013) commented that quantification of the morphology of the crust 
by tortuosity parameters acquired by X-ray tomography techniques would be highly 
beneficial for investigations of the mechanisms of water migration during the shelf 
life of bread, since image analyses showed that tortuosity did change at the transi-
tion region between crumb and crust (Hussein and Becker 2010).

Crust formation can be enhanced by administering steam in the early stages of 
the oven (Schirmer et al. 2011) or by altering oven temperature and heating rate 

Fig. 5.10  Full roll and a detail of the crust for control roll (a) and punctured roll (b) after baking 
(adapted from Hirte et al. 2010), c relationship between the water content and the water vapor 
permeability of crust for different puncturing settings of the rolls; letters B, I, J, and E represent 
puncture diameters of 0.5, 0.8, 1.4, and 1.8 mm, respectively after baking. (Adapted from Hirte 
et al. 2012a)
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(Besbes et al. 2013). A more significant factor, compared to temperature, which af-
fects crust formation is the rate of moisture removal (dependent on air velocity and 
moisture vapor pressure deficit), a phenomenon predicted on the basis of modeling 
studies (Jefferson et al. 2006). Since the comment of Vanin et al. in their review of 
2009, lamenting the lack of quantitative structural characterizations of crust, there 
have been a number of such assessments of crust formation. Besbes et al. (2013) 
examined how crust from different regions of the loaf was affected by processing 
regime and compared porosity values determined from X-ray tomography with he-
lium pycnometry assessments. X-ray tomography was also used by van Dyck et al. 
(2014) to quantify crust’s lower porosity (compared to the crumb) using a large 
number of bread samples. Altamirano-Fortoul et al. (2012) used both SEM and X-
ray microtomography to demonstrate differences in porosity with crust depth and 
how this was affected by the quantity of steam injected during baking.

Using image analysis of loaf cross-sections, Tromp et al. (2008) defined autocor-
relation functions of the change in pixel intensity with distance from the crust edge. 
From the longer range of correlations in the top crust compared to the sides and 
the bottom crusts, they deduced that the top crust was coarser. The technique was 
also used to show the dependence of structure changes in the crust when different 
bakery improvers were used. A color criterion of crust from color image analysis 
was used by Schirmer et al. (2011) to define crust thickness. From such analyses, 
crust thickness was observed to change with manipulation of process conditions 
during baking.

Addition of reagents to enhance the crust during proving affects both the poros-
ity of the crumb (Jahromi et al. 2011) and the mechanical properties of the finished 
product. For example, we have found that glazing the crust during proving increased 
the fracture stress of the excised crusts (Scanlon unpublished data). Even though 
identical baking conditions were employed, crust fracture stresses at 129 kN/m2 
were substantially greater than those of unglazed loaves (55 kN/m2).

5.7  Conclusions

Bread owes its appeal largely to the quality of its aerated structure that contributes 
to its acceptable appearance, delicate, spongy texture, and perceived freshness. All 
these attributes depend on the manipulation and control of bubbles, starting from 
mixing to the end of baking. Control of bubble structure is hampered somewhat by 
the experimental challenges of nondestructive monitoring of bubbles during their 
transformations in bread dough and during crust formation. Nevertheless, micros-
copy, MRI, X-ray microtomography, and ultrasound have all been utilized for the 
interrogation of the morphology of bread dough, crumb, and crust in order to ob-
tain detailed information at different length scales and during various stages of the 
breadmaking process. Such information is providing new insights into the funda-
mentals of the aerated structure of dough and bread. This in turn can be translated 
into better quality assurance, insights into ingredient functionality, process opera-
tion optimization, and product improvement.
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6.1  Introduction

Food structure is an important quality-related parameter which has a direct impact 
on perceived texture; influenced by ingredients, their interaction, processing and 
storage history. Recent innovations in food imaging technologies or novel labelling 
strategies opens up new opportunities in the field of food technology to under-
stand the food processing–structure–property–sensory relationship. To determine 
the food microstructure, several methods are used in food sector such as ultrasound, 
magnetic resonance imaging (MRI), stereomicroscopy, computer vision technique, 
digital imaging using charge coupled device (CCD) sensor, thermal imaging, flat-
bed scanning, radiography and most recently XMT. Most of the microscopy tech-
niques is destructive and require sample preparation or treatments which would 
ultimately cause structural changes. Destructive imaging methods are usually time 
consuming and require costly instrumentation which runs with sophisticated soft-
ware, therefore, not suitable to be used for “on-line” quality control tool. These 
techniques cannot provide accurate information on cell distribution, average cell 
wall thickness and interconnection between cells which are the most important 
microstructural features of open and solid cereal foams (Trater et al. 2005). It is 
also difficult to obtain adequate contrast between void and solid phase by scanning 
electron microscopy (SEM) and with optical imaging due to improper lightening 
and angle of illumination. Moreover, in these methods, algorithms such as Fourier 
transformation used for segmentation (combination of image subtraction and edge 
detection to distinguish void and solid phase), which require large computational 
time and also might give computational error and thus lead to inaccurate results 
(Trater et al. 2005).
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Fig. 6.1  a Scanning electron micrograph (SEM) image of extrudates of 5 % whey protein isolate 
(WPC) processed at 26 % feed moisture. b Development of cells 2, 3, 4, 5 and 19 over slices 1–9. c 
The appearance of cross section of the cells 2, 3 and 19 in the slices 3, 5 and 7 is shown in 2D XMT 
images of extrudate processed with same recipe and process condition. (Adapted with permission 
from Trater et al. (2005))

 

Cross-sectional area of air cells changes in a cellular solid matrix when depth of 
slice within the volume of interest (VOI) increases (6.1). The cells can be catego-
rized into three groups: complete, partial or fractional cells according to their grad-
ual development. Depth of slice had a significant effect on the cell area distribution 
pattern which was clearly shown in the XMT image where typical 2D imaging such 
as SEM is unable to characterize the distribution of actual 3D cell size distribution.

Due to the depth focus and high contrast between void and solid phase, XMT 
images were much better than SEM images. In SEM, sample preparation needs 
physical cutting which might cause partial damage and initiate crack through the 
pores. Multiple 2D images of the cross section facilitate imaging tremendously with 
incremental depth. Figure 6.1 demonstrates how cross-sectional area of air cells 
changes within the VOI of different consecutive slices in the form of complete, 
partial or fractional cells. It is clear that there is significant change in the cell-area 
distribution within the depth of cells. Traditional imaging tools such as SEM and 
light microscopy are unable to characterize accurate 3D cell area distribution of the 
extruded foams. However, the presence of partial and fractional cells within the 
VOI gives inaccurate results thus corrections are needed. After correction, although 
the trends are similar, estimates of cell size (average cell diameter and weighted 
average cell diameter) were 12 % larger. Similar trends observed for all parameters 
except open wall area ratio and weighted open wall area ratio, when processing cor-
rections are made (Trater et al. 2005).

X-ray imaging or radiography should not be confused with XMT as radiography 
mostly used for determination of internal quality (i.e. internal damage or, volume 
of different internal features) of agricultural products such as nuts, fruits and grains 
(Kotwaliwale et al. 2010). In this method, high-energy X-ray beam penetrates into 
the test product. Depending on the food composition, properties and internal struc-
ture, photons of X-ray beam distributed in different ways: (1) transmitted, (2) scat-
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tered and (3) absorbed. The transmitted X-ray beams later create visual contrast in 
the images showing the differences of test objects (Kotwaliwale et al. 2010).

XMT is one of the nondestructive techniques that would enable to visualize and 
characterize the internal structural architecture, porosity, cell wall thickness and cell 
diameter of processed cellular solid foods such as bread, extruded snacks, biscuits 
and cakes (Kotwaliwale et al. 2010). XMT enables to develop three-dimensional 
(3D) images of various food structures by combining 2D images with the help of 
dedicated software and programmes which would facilitate visualization and quan-
titative measurement without chemical fixation or tedious and time-consuming 
sample preparation protocols (Kiani and Sun 2011). MRI is another useful imaging 
technique which is capable to produce images through the proton mobility in foods 
using static magnetic fields and radio frequencies. The intensity of MRI signals 
originates from the water, fat or even from sugars present within the food matrix 
and allows accurate prediction of these components on structure at various time–
temperature conditions. MRI has potential to determine several quality attributes 
such as presence of voids or foreign objects, internal damage caused by insects and 
larvae, dry/wet regions within test food, state of maturity and bruises, for example, 
in fruits and vegetables (Kotwaliwale et al. 2010). MRI requires complex and ex-
pensive system as it has certain material restrictions with high investment and op-
erating costs (Kiani and Sun 2011). Special sample preparation is needed for both 
negative and positive imaging with MRI. A major advantage of XMT over MRI is 
the good spatial resolution which could be reached without using extensive sample 
preparation with statistically similar results (Horvat et al. 2014).

However, both MRI and XMT imaging methods are unable to represent optical 
properties; therefore, a correlation needs to be set between different features such 
as greyness and pixel bunches (2D) or voxels (3D). Although 2D image analysis is 
fast and relatively easy technique compared to 3D image analysis, image analysis 
of cereal solid foams need third orthogonal dimension to produce high-quality im-
ages representing proper structure of air cells and thus able to represent original size 
and shape of the cellular structure including cell size distribution, average cell wall 
thickness, average cell diameter and connectivity of cells through the quantitative 
analysis of projection data (Sozer et al. 2011b).

The interconnected pores can be segmented by watershed algorithm in order to 
accurately evaluate the pore sizes and shapes (Plews et al. 2009). The technique 
can be used to analyse samples with inhomogeneous porosity where pore size was 
based on volume fraction and aperture size was based on area fraction. The algo-
rithm itself is an efficient tool for closing open cells to obtain pore size distributions 
as well as interconnecting pore aperture distributions (Plews et al. 2009). Aver-
age cell wall thickness and apparent pore size distribution can be obtained from 
2D image analysis, although it is challenging to get accurate information about 
pore connectivity. Combined 2D and 3D analyses gives a thorough characterization 
of the porous food structure provided that they have sufficient density difference 
throughout the matrix.

Cell volume and cell connectedness of white bread and extrudates have been 
analysed by gas pycnometry (Bhatnagar and Hanna 1996; Hicsasmaz and Clayton 
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1992; Jones et al. 2000). The technique is an indirect method which utilizes the 
ideal gas law to determine the true volume of a solid. The method is weak as some 
closed adjoining cells could be considered as interconnected cells though they are 
not actually connected. Small cracks within the cell wall may allow gas to penetrate 
through the solid matrices surrounding the air cells but also applied pressure during 
the measurements can further cause cracks depending on sample type (Trater et al. 
2005).

The cellular structure of solid cereal foams such as bread, cake, extruded snacks 
and biscuits has an effect on textural properties such as hardness, chewiness or 
crispiness based on product category. Sensory quality of baked and extruded cereal 
foods are strongly dependent on the structural architectures such as air cell size, 
shape and their distribution within the food matrix; therefore, it is important to 
evaluate these structural parameters to aid product design and optimize processing 
conditions (Sozer et al. 2011b).

6.2  X-Ray Microtomography for Foods

Basic principles of imaging by XMT rely on material density, atomic number and 
on X-ray absorption capacity (Babin et al. 2007). X-ray microtomography (XMT) 
is becoming an important tool for food microstructure analysis due to the high pen-
etrating power, probing efficiency and noninvasive characteristics. However, as in 
the case of most imaging technologies benchtop XMT equipment might produce 
image artefacts which require special data handling procedures. When a polychro-
matic beam used in X-ray equipment a strong artefact appear known as “cupping 
effect” caused by beam hardening (Vidal et al. 2005). The fact is that when het-
erogeneous (combination of low- and high-energy photon) beam pass through an 
object the lower energy photon absorbed more readily and results in attenuated 
beam with higher average energy. Therefore, the longer the exposure time of the 
object to the X-ray radiation, the harder the X-ray become. The centre of the test 
sample usually exposed to the radiation longer period of time compared to the edges 
thus may appear less absorbent during reconstruction. However, pre-hardening of 
the X-ray beam by placing a filter between the X-ray source and test sample could 
help to reduce the cupping effect (Barigou et al. 2013). The “hot points” artefact 
usually appears after image reconstruction stage if the photons hit the CCD camera 
after passing through the scintillator. The hot points will be recognized by streaks 
or thin line throughout the sample volume (Barigou et al. 2013). On the other hand, 
dead pixels in the CCD camera may also cause a common artefact named “ring ar-
tefacts”, which appear when the detector response and the light intensity are not lin-
early proportional. This artefact is generally tackled by the XMT software. Besides 
the aforementioned artefacts, varying output of X-ray sources, sensitivity of the 
detector, nonuniform voltage supply, incomplete viewing and scattering of photons 
are reported to cause also artefacts (Vidal et al. 2005).

In desktop-based XMT, X-rays are generated by accelerating the electrons in 
a strong electric field through the collision of electrons from a cathode (source of 
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electron) to anode (metallic target such as tungsten block on a copper support). 
After collision, some electrons achieve higher energy than others and consequently 
knock out the electrons of lower energy from the inner shells of the target atoms. 
The higher energy electron fills up the vacant place and produce X-rays (Betz et al. 
2007). Although desktop-based XMT can produce good-quality image from micron 
to submicron level, synchrotron-based XMT may perform well below 5 µm spatial 
resolution. Higher resolution and lower acquisition time makes synchrotron supe-
rior over desktop-based XMT. Samples can be imaged within a short period of time 
due to the wide energy range (4–200 keV) of synchrotron facility. Higher photon 
flux allows imaging with very narrow range (∆E/E→10−2–10−4) and advantageous 
for both quantitative absorption and phase contrast (Betz et al. 2007).

Detailed comparison between synchrotron and commonly used desktop-based 
XMT is summarized in Table 6.1 and their assembly and working principles are 
shown in Fig. 6.2.

6.3  Image Processing and Data Handling

The device for XMT imaging system consists of an X-ray source (mono or poly-
chromatic), stage (fixed or rotational) containing sample holder and an X-ray detec-
tor. The X-ray detector transforms X-rays into visible light and transferred through 
optical lenses to CCD camera (Chaunier et al. 2007).

The energy decrease during exposure of a test sample to X-ray beam is called 
as attenuation. Attenuation coefficient is the term which describes how easily an 
X-ray beam will penetrate through a test sample, when exposed. The sample which 
is transparent to the X-ray beam showed small attenuation coefficient, on the other 
hand, large coefficient is the indicator of dense material. Equation 6.1 shows that 
the intensity of colliding photons exponentially reduces and directly related to the 
energy of the X-ray beam (Curry et al. 1990).

 (6.1)

where I = intensity of photons through the matter, µm = mass attenuation coefficient, 
(in mm2 g−1 (M−1 L2)), Z the thickness of the matter (in mm (L)) and ρ is the material 
density (in g mm−3 (M L−3)).

The absorption of X-rays is different for different material depending on the 
material density, which is expressed as X-ray computed tomography (CT) number. 
In XMT analysis, the test material is exposed by X-rays from a specific direction 
emitted from X-ray source. The intensities of attenuated X-rays passing through a 
test object are first measured by detectors and used in the reconstrcution of digital 
image of the scanned object using CT numbers. The CT number depends on the 
linear attenuation coefficient which is further expressed by the brightness data of 
the obtained image. The CT number is defined as follows (Eq. 6.2):

m
0

−= ZI I e m r
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 (6.2)

where

µ linear X-ray attenuation coefficient of object (m−1)
µw linear X-ray attenuation coefficient of water (m−1)
k  constant (1000)

X-rays does not fully attenuate when passing through an object thus photons of 
X-rays transmitted through different layers of the object. X-ray converter called 
phosphor screen stops X-rays to reach to the imaging medium and finally produce 
visible output which is proportional to incident X-ray photons. The intensity of the 
transmitted photon creates different contrast in radiographs while casing protects 

w

w

,
−

= ×CT number k
m m

m

Table 6.1  Comparison of synchrotron-based XMT and desktop XMT. (Betz et al. (2007); Mam-
louk and Guessasma (2013); Kotwaliwale et al. (2014))
Synchrotron-based XMT Desktop-based XMT
Monochromatic X-rays in a parallel beam 
geometry

Polychromatic X-rays operate with cone-
geometry using raw spectrum from X-ray 
source

Higher resolution and lower acquisition time Comparatively low resolution and high acqui-
sition time

10–100 times faster Comparatively lower
Lower construction error to build 3D image 
due to the use of filter-back projection algo-
rithm for volume construction

Cone-beam construction method used which 
give high construction error, errors increase 
with distance from the central slice

Samples can be analysed at submicron level. 
Samples below 5 µm spatial resolution usually 
analysed using synchrotron

Not suitable for below 5 µm spatial resolution, 
gives blurry 3D images

Better resolution due to homogeneous signal Lower resolution due to heterogeneous signal
Use of monochromatic source allows the 
selection of specific X-ray energy suitable for 
analysis

Selection of X-ray energy is not possible due 
to the use of polychromatic source

Smaller beam size restricts to use for small 
sample, if the dimension of the sample being 
equivalent to the beam size, this method is not 
suitable

Large beam size facilitate the use for large 
sample

Improved qualitative and quantitative analysis Still good enough and comparable with the 
quality of synchrotron

High-resolution images with higher pixels but 
requires large storage capacity

Comparatively low-resolution images with 
low pixel density thus suitable for small stor-
age capacity

Use of filter-back projection algorithms for 3D 
features offers low construction error

Cone beam construction method used to make, 
which usually give construction errors depend-
ing on the distance from the central slice

Fewer artefacts. Use of high energy and paral-
lel beam geometry ensures final images free of 
geometrical and beam hardening artefacts

More artefacts: bright and dark streaks

Costly and needing large space Comparatively cheap and requires small space



1756 Nondestructive Imaging of Cellular Solid Foods

the imaging medium from other visible radiation. Hence, the obtained image pro-
duced with X-ray imaging is a transmitted image rather than reflected image which 
is found in conventional visible light imaging method. The quality of the X-ray 
image depends on the consisting element mentioned above. However, recent de-
velopments in X-ray imaging elements such as X-ray source with small focal spot, 
high-resolution CCD device and image intensifier make this imaging system more 
convenient and induces better quality.

In X-ray imaging system, X-rays come either from radio-active substance 
(monochromatic X-ray source) or from commonly used X-ray tube (polychromatic 
X-ray beam) in which X-rays is produced by interaction between energetic electron 
and target atom in a vacuum place. During scanning, radiographs are produced by 
scanning of sample by rotating the sample over 180 or 360° with a small angular 
increment in an axis perpendicular to the X-ray beam. Different radiographs ob-
tained for different angular rotation differ from each other as they have different 
attenuation value depending on the interior structure and density. The typical X-ray 
parameters such as source voltage (kV or keV or kVp) and source current (µA or 
mA) have strong influence on the emitted X-ray photon. The lower energy photons 
are attenuated more readily than the higher energy photons thus CT value increases 

Fig. 6.2  Schematic drawing showing assembly and principle of a synchrotron and b desktop XMT 
c overview of image processing
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with decreasing the source voltage. By controlling the max voltage, current and 
exposure time with manually adjustable hardware, XMT can produce images with 
varying intensity depending on the object properties. After X-ray exposure into the 
object, attenuated X-rays transmitted to the sensing film and form object image. 
Like conventional photography, high-resolution X-ray image is obtained after de-
veloping the film. The series of 2D radiographs are later combined using an ap-
propriate mathematical algorithm (cone beam and back-projection software) and 
reconstruct a 3D data set consisting of a stack of 2D cross-sectional images. A series 
of 2D slices are obtained maintaining a constant distance in between two slices with 
a thickness of 1 voxel (Babin et al. 2007). Special software could be utilized for 
reconstruction of cross sections up to 1 µm resolution for a desired orientation of the 
plane of cut (Trater et al. 2005). The principle of data acquisition and reconstruc-
tion is shown in Fig. 6.3. Series of multiple 2D images obtained by XMT provides 
more structural information than the single 2D image obtained by SEM or optical 
microscopy (Trater et al. 2005).

6.4  Imaging of Cellular Solid Foods by XMT

For successful structural characterization and quality imaging, selection of right 
imaging parameters and accurate data processing is important. Thus, we have se-
lected and summarized X-ray measurement parameters used to characterize the 
microstructure of various cellular solid foods such as cookies, crispy bread/roll 
(Table 6.2), extrudate snacks, breakfast cereals (Table 6.3) and some other ce-
real-based foods (Table 6.4). For cookies, X-rays generated mostly at 40–80 kV 
voltage and 100–180 µm, while for extrudates preferred voltage and current was 
20–60 kV/100–250 µm so that maximum possible features of the sample could be 

Fig. 6.3  Illustration of data acquisition and reconstruction of 3D image from 2D slices. (Adapted 
with permission from Betz et al. (2007))
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captured. Generally, higher voltage and/or higher current result in saturated im-
age (i.e., photons of X-ray are not fully attenuated to show the optimum contrast 
between void and solid). On the other hand, use of lower voltage and current than 
the required limits could result in a darker image and loss of contrast which would 
disable accurate image analysis (Kotwaliwale et al. 2014).

6.4.1  Biscuits, Cookies and Crackers

Biscuits, cookies and crackers are low-moisture baked products where they contain 
high levels of fat, sugar and/or salt. In biscuits and cookies, gas cells of varying 
size and shape exist within the starch, fat and sugar matrix (Baltsavias et al. 1999). 
Structure, texture and sensory properties of cookies and biscuits mainly depend on 
the sugar content as it incorporates air into the fat and reduce the dough viscosity 
(Pareyt et al. 2009). Addition of fat in cookie and biscuit recipe affects volume due 
to air encapsulating capacity of fat but also provides tenderness and improve flavour 
intensity (Maache-Rezzoug et al. 1998; Rodríguez-García et al. 2013). The effect of 
fat and sugar on cookie structure with XMT was first studied by Pareyt et al. (2009). 
Microstructural analysis of cookies of 45.5 mm inner diameter was done with Phil-
ips HOMX 161 (Philips, Eindhoven, Netherlands) X-ray imaging system with a 
voltage of 68 kV and a current of 0.51 mA. The samples were scanned with an 
angular rotation of 180° and a 0.5° angular increment. Total image acquisition time 
was 15 min and the resolution of resulted images was 91 µm. Image reconstruction 
was done with NRecon reconstruction software (Skyscan NV, Kontich, Belgium). 
Feldkamp algorithm was utilized in reconstruction software. ImageJ software was 
used to analyse the 3D digital images and the quantitative data were obtained. Otsu 
thresholding was used for segmentation (greyscale images converted to black and 
white) for each voxel of the image by determining the void space or solid material. 
To eliminate any edge effects, artefacts and cutting damage, a rectangular region of 
each cookie sample was extracted from the middle part of the scanned region. 3D 
granulometric analysis was performed using CTAn analysis software (Skyscan NV) 
where volumetric mean cell size, mean cell wall thickness and their distributions 
were obtained. The degree of anisotropy of cells and cell walls was calculated based 
on mean intercept length and Eigen analysis and finally, the percentages of closed 
porosity were determined.

Increasing the amount of fat from 8.7 to 15.8 % in the dough of sugar snap cook-
ies increased porosity from 8.7 to 14.5 %. However, no effect was seen on closed 
structure which clearly showed that cookies, in general, had an open structure. In-
creasing the fat content, increased the swelling of air cells during baking which 
further led to an increase in mean air cell size (643 → 719 µm). Number of air cells 
and average cell wall anisotropy were inversely related to the fat level. Cookies 
with reduced fat level had less spread and small diameter. Increasing the fat content 
did not influence the cell wall thickness but caused a reduction in the cookie break 
strength. On the other hand, increased sugar levels (17.6 → 31.2 % in the dough) 
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increased porosity (37.3 → 46.4 %), mean cell size (399 → 719 µm) and cell wall 
thickness (419 → 535 µm) and reduced cookie height (10.6 → 7.1 mm) but no influ-
ence was observed on density and hardness (Pareyt et al. 2009). The mean cell size 
and cell wall thickness, and their distributions, were influenced by sugar level due 
to the influence of sugar on dough viscosity. Higher sugar levels in the recipe re-
sulted in more and longer oven rise. A strong correlation between breaking strength 
and cell wall thickness observed particularly for sugar content varying between 18 
and 26 %.

Soft wheat flour is generally preferred for cookie and biscuit making as it spreads 
faster and gives larger cookies compared to cookies from hard wheat flour possi-
bly due to lower protein content and damaged starch levels (Pauly et al. 2013a). 
High levels of protein and damaged starch in the flour increased the water absorp-
tion level and thus increased dough viscosity (Gaines and Finney 1989). Wheat 
puroindolines (PINs) are proteins responsible for differences in wheat endosperm 
texture (Pauly et al. 2013b). When PINs are in their wild form, wheat kernel has a 
soft texture and when PINs are absent or mutated, wheat kernel has a hard texture 
(Pauly et al. 2013a). Semisweet biscuits were prepared from model flour consisting 
of starch and gluten fractions with varying PIN levels. PINs are located more at 
air–water interfaces (Biswas et al. 2001) and exhibit excellent foam-forming prop-
erties (Dubreil et al. 1997). Porosity and microstructure of biscuits were analysed 
by XMT (Bruker microCT, Kontich, Belgium) at 70 kV and 500 µA. The biscuits 
were scanned over an interval of 0–180° with 0.5 angular increments with a spatial 
resolution of 100 µm. The images were reconstructed by NRecon software (Bruker 
microCT, Kontich, Belgium) by using modified Feldkamp algorithm and converted 
into binary images by using Otsu thresholding to determine pore or solid material 
for each voxel in the image by utilizing ImageJ freeware. The biscuits made of 
higher level of PIN gave higher porosity, where porosity and matrix thickness were 
negatively correlated. Yang et al. (2012) studied on the impact of flavour solvent 
on biscuit structure, flavour stability and formation of 5-hydroxymethyl-furfural 
(HMF). Propylene glycol (PG) and triacetin (TA) are commonly used flavour sol-
vents in food industry. Both PG and TA may also have an effect on the physical 
properties. For example, PG can act as a plasticizer and provide stickiness for hard 
candies (De Roos 2007) whereas TA gives a softer structure to chewing gum (Yang 
et al. 2012). The microstructure of biscuits made with TA and PG was analysed by 
Pheonix Nanotom NF180 X-ray CT System (GE Sensing & Inspection Technolo-
gies GmbH, Wunstorf, Germany) where 1440 projection images collected with a 
360° rotation using electron acceleration energy of 80 kV, current of 180 μA and 
resolution of 22.5 μm. The obtained images were analysed by “Image J” process-
ing software v1.44. The average pore diameter of PG biscuits was smaller than TA 
biscuits (0.105 vs. 0.11 mm) whereas average porosity of PG biscuits was greater 
(49.5 vs. 45.4 %). Both flavour compound and HMF was greater in TA biscuits due 
to restricted diffusivity associated with lower porosity.

Multicomponent cellular solid food products with a dry shell and wet filling 
inside are challenging due to water migration from wet filling towards the dry shell. 
A good understanding of relation between the microstructure and water mobility 
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will guide to develop moisture barrier systems which will prevent the undesirable 
water migration between the two different phases (Van Dalen et al. 2007a). Crack-
ers are rather dry, thin and crisp which can be produced either leavened or unleav-
ened. For leavened crackers the structure is mainly influenced from dough proofing 
time besides baking conditions and ingredients. Crackers with different porosity 
were made by changing the proofing time (10–130 min; Van Dalen et al. 2007b). 
Quantitative information related to inner structure of cracker cellular matrices was 
determined by 3D image analysis obtained from Skyscan 1072 XMT (Skyscan, Bel-
gium) with a power setting of 50 kV and 100 µA. Image contrast was adjusted based 
on absorption of X-rays by fat, carbohydrate and air within the cracker matrices. 
Images were acquired with a rotation of 180° and 0.45° step size for 40 min. Im-
age processing and analysis was done by MATLAB and 3D visualization was done 
by isosurface rendering (Amira 4.1 from Mercury Computer Systems). Moisture 
transport in crackers was modelled from the actual imaged samples. Air cells were 
segmented from the solid matrix with a manual thresholding by using a watershed 
transform of the Euclidean distance map of the solid material. During this process 
isolated air cells smaller than 40 voxels were removed. Watershed transform of the 
image-created boundaries which were further used to mark each air cell and the 
solid matrix surrounding it. The marked pore images enabled to evaluate volume, 
surface area and location of air cells. The relations between adjacent air cells were 
described by pore-to-pore properties. The network model was used to calculate the 
resistance between air cells. A simple model (Eq. 6.3) was developed to evaluate 
the point-to-point resistance in each cereal matrix. The conduction between two air 
cells (pores i and j) were defined by

 (6.3)

where Ad is the area between direct connected pores, Ai is the area of indirect con-
nected pores and ( SA_pore) is the pore surface. The point-to-point resistance was 
calculated by using eigenvalues and eigenfunctions of the Laplacian matrix associ-
ated with the network (Wu 2004).

Increasing the cracker proofing time increased porosity and average air cell di-
ameter which varied between 0.4–0.6 mm for proofing times 10–60 min and 1.2–
1.3 mm for proofing times 115–130 min. Air cells which are more far away from 
each other had larger resistance than the two adjacent ones. The average pore-to-
pore resistance of samples with large air cells was lower than the samples containing 
small air cells. The authors concluded that the obtained quantitative microstructural 
information by XMT could be utilized as an input to predict moisture diffusion.

Structural features of cellular solid matrices have an impact on liquid migra-
tion. Advanced noninvasive image analysis techniques can be utilized to develop 
predictive models to link structure and material properties to have better control 
over liquid migration. Esveld et al. (2012) developed an effective diffusivity model 
by utilizing cellular decomposition-based network model to study the dynamics of 
moisture sorption in crackers produced with different structures by varying proof-
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ing time (10–115 min). Images were obtained with a Skyscan 1072 desktop XMT 
system (Skyscan, Belgium) by using power setting of 50 kV and 100 μA under dif-
ferent rotations over 180° with a step size of 0.45° and a resolution of 7.8 μm. The 
water vapour transport between air cells and open pores and the sorption kinetics 
in the lamellae were simulated using 3D network model and then compared with 
experimental sorption results of cracker with distinct structures (fine vs. coarse) 
yet identical recipe. Predictive models had good correlation with experimental re-
sults. This study revealed that differences in relative vapour conductivity for dis-
tinct structures such as fine vs. coarse crackers (33 vs. 64 %) depends on the open 
surface fraction of the cell and porosity (18 vs. 22 and 66 vs. 78 %, fine vs. coarse, 
respectively). Therefore, shelf life of the cracker products could be increased based 
on liquid migration by decreasing the open surface fraction between the cells as it 
would decrease the water transport rate between the cells.

6.4.2  Extruded Products

Extrusion processing is a high temperature short-time method for producing cel-
lular solid cereal foams which involves consecutive steps of mixing, shearing and 
formation. Operational parameters (e.g., screw speed, temperature, and feed rate) 
and ingredient properties have an impact on degree of expansion, micro-/macro-
structure and texture. During extrusion processing irreversible physicochemical 
changes occur at the polymer level such as denaturation of proteins and formation 
of starch–lipid, protein–lipid and protein–protein complexes (Sozer and Poutanen 
2013). Extruded solid foams consist of a continuous starch matrix and a discontinu-
ous protein phase. Nevertheless, there is an increasing demand to produce appealing 
extruded cereal foams with high dietary fibre content yet good structural and tex-
tural properties. This is a challenging engineering task as more than 10 % addition 
of insoluble fibre such as bran interferes with the expansion creating dense struc-
tures with hard, non-crispy textures. In this part of the chapter, we will first provide 
examples from the literature related to starch-based extruded foam structures and 
then we will present how insoluble fibre addition affects structure. The link between 
structure and textural properties will be demonstrated based on noninvasive XMT 
imaging techniques and data interpretation.

6.4.2.1  Microstructure of Starch-Based Extruded Solid Foams

Agbisit et al. (2007) determined the relation between mechanical properties (e.g., 
compression modulus, crushing force and stress and crispness work) and micro-
structure (e.g., average cell diameter, cell wall thickness and cell number density) 
of cellular corn starch extrudates by SkyScan 1072 (Aartselaar, Belgium) desktop 
XMT (20–100 kV/0–250 μA; Agbisit et al. 2007). A moderate to high correlation 
( r = 0.48–0.81) was found between microstructural and mechanical properties. Gib-
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son–Ashby model was used to understand foam mechanics and to associate micro-
structural properties to sensory properties. Gibson–Ashby model was simplified as:

 (6.4)

where l is edge length, twall is wall thickness and ρ/ρs refers to relative density. Rela-
tive density value is less than 0.3 for true solid foams and more than 0.3 for iso-
lated pores. Agbisit et al. (2007) suggested using a correction factor called drainage 
factor (Ø) due to drainage of solids from the walls to the edges which reflects the 
volume fraction of the solid material present in the cell edges (Eq. 6.4).

In general, extrudates have closed air cells varying in structural architecture 
based on operational parameters such as the amount of water feed and screw speed. 
Increasing screw speed gave increased cell diameter, decreased cell number den-
sity but had no effect on cell wall thickness. Increased cell diameter and decreased 
cell number density gives expanded extrudates as reported by Trater et al. (2005). 
Mechanical properties such as crushing force and crispiness work was negatively 
correlated with cell diameter by r = − 0.79 and r = − 0.81, respectively. Mechanical 
properties of starch-based extrudates were dependent on the combined effect of cell 
wall thickness and diameter. Extrudates with higher ratio of cell wall thickness/
diameter ( twall/D = thicker cell walls and smaller cell diameters) had higher com-
pression modulus and crushing stress compared to the extrudates of lower twall/D 
(thinner walls and larger cell diameters; Agbisit et al. 2007). Babin et al. (2007) 
used synchrotron (European Synchrotron Radiation Facility, F-38, Grenoble) radia-
tion to characterize the microstructure of starchy extrudates made of amylopectin 
(99 %) and amylose (70 %) rich corn starch and blend of corn starch containing 47 
and 24 % amylose in the mixture. Extrudate samples were scanned to produce 900 
(for each scan) 2D representative images with a scanning time of 10 min. ImageJ 
(http://rsb.info.nih.gov/ij/) and Aphelion (ADCIS-SA, 14-France) softwares were 
used to analyse 3D images. To eliminate the edge effect, artefacts and cutting dam-
age, VOI was selected at the centre of the sample (Fig. 6.4). Due to good contrast 
between void and solid phase (two distinct peaks in the picture), determination of 
the threshold value for segmentation was easier.

Average cell size, cell wall thickness distributions and their average volumic 
values were determined using 3D granulometry analysis of highly contrasted 3D 
image. Average cell size and average cell wall thickness of extrudates made from 
various maize starches (high amylose and waxy) varied between 0.2–5  and 0.08–
63 mm, respectively. Despite the same relative density the extrudates exhibited dif-
ferent microstructures determined by XMT and further data analysis. Coarse (larger 
cells) structures had high average cell size (inhomogeneous distribution) along with 
thicker cell walls which yielded less mechanical resistance.

Pore size distribution of starch-based corn flour extrudates was determined and 
compared by MRI and XMT imaging (Horvat et al. 2014). Extrudates with different 
pore sizes were produced by varying mechanical energy input (163-170-247 Wh/
kg; Fig. 6.5). Commercial cabinet cone-beam XMT (µCT 50, Scanco Medical AG, 
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Brüttisellen, Switzerland) was used, where cone beam X-ray generated from a 4 µm 
focal-spot X-ray tube. Reconstructed projected images (1233 slices) of 1536 × 1536 
matrix were obtained with a 15.05 mm field of view. A sample holder of inner di-
ameter of 14 mm was used to place the sample inside the XMT. A cylindrical region 
of Ø×(14 × 12) mm was scanned at 9.8 µm resolution (= voxel size). Scanning time 
(4.5 s) was same for all samples at 55 kVp (6 W). This study showed that starch-
based extrudates could have different pore size distribution even with similar ex-
pansion indices. Mechanical properties of extruded products are influenced by both 

Fig. 6.5  Reconstructed XMT images showing different pore structures at SME of a 247 Wh/kg, b 
170 Wh/kg and c 163 Wh/kg. (Adapted with permission from Horvat et al. (2014))

 

Fig. 6.4  2D. a Illustration of thresholding of XMT image obtained with synchrotron facility at 
ESRF; b determination of representative volume element (RVE) for different ( pink and dark blue) 
sample. (Adapted with permission from Babin et al. (2007))
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expansion and porosity which can be used to predict sensory responses. Even with 
different spatial resolution and acquisition technique both MRI and XMT techniques 
showed same trends. Volume distribution ranges varies between 0.5–100 mm3 and 
0.5–200 mm3 for MRI and XMT, respectively. In both techniques, largest pores and 
thicker cell walls were obtained with a specific mechanical energy (SME) input of 
163 Wh/kg. Due to better spatial resolution and limit in data processing step XMT 
could detect more small pores than MRI (e.g.,  0.01 mm3 in XMT vs.  0.1 mm3 in 
MRI). In general, the cell wall thicknesses distributed between 0.01and 0.1 mm, 
a cell wall thickness of 0.025 mm was mainly observed. The sample extruded at 
163 Wh/kg SME had thicker cell walls with a maximum at 0.04 mm.

6.4.2.2  Microstructure of Dietary Fibre Added Extruded Solid Foams

Robin et al. (2010; 2011a, b, c; 2012a, b) made an extensive study on structural and 
textural effects of wheat bran supplemented extruded solid foams. The authors used 
1172 desktop µCT for scanning and CTAn software for data processing (Skyscan, 
Kontich, Belgium). Grey level images were segmented at 40 and shrink-wrap func-
tion was used to adjust to the surface of the extruded pellets through which VOI 
was selected. The ratio of the volume of pores to the extrudate volume was termed 
as porosity. Radial expansion anisotropy was found in structures with large and 
fewer number of cells. Expanded structures with minimal number of cells showed 
less stress during rupture being less hard in texture. Stress in rupture and density 
was highly positively correlated. Increased amount of insoluble fibre content in the 
starchy matrices formed compact structure with higher number of small cells and 
high surface porosity due to the early burst of air cells at the die exit (Fig. 6.6) which 
further reduces overall expansion. Wheat flour extrudates with different added bran 
can have identical porosity but may differ in hardness based on bran addition level, 
the dimension and orientation of bran within the cell wall (Robin et al. 2012a, b).

Fig. 6.6  3D XMT image of refined wheat flour-based extrudates with different levels of added 
wheat bran (0, 25 and 50 %) processed at same extrusion condition (screw speed of 400 rpm, 
18 % feed moisture and 120 °C). (Adapted with permission from Robin et al. (2011b); Robin et al. 
(2012b))
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The effect of fibre addition on structural and mechanical properties of extruded 
solid foams strongly depends on the type of fibre sources. For instance, addition 
of 15 % wheat bran into corn flour can significantly decrease the sectional expan-
sion which is associated with increased bulk density (Robin et al. 2012b). On the 
other hand, addition of same level of soluble fibre such as inulin or guar gum under 
similar processing conditions does not alter sectional expansion but increase bulk 
density which is associated with reduced porosity (Robin et al. 2012b). However, 
Chanvrier et al. (2013; 2014) showed that porosity and average cell size of the ex-
trudates decreased with increased amount of total dietary fibre content regardless 
of the fibre sources, while opposite trends were reported for hardness. Addition of 
fibre had less impact on cell wall thickness (Chanvrier et al. 2014). In these studies, 
two types of base recipes were produced from whole wheat flour and corn flour by 
adding up to 32 % of wheat bran (insoluble dietary fibre) and oat bran (soluble di-
etary fibre) with extrusion conditions of; feed rate:15 kg/h, temperature profile (90-
135-150-160 and 135 °C) and screw speed: 400 rpm. XMT imaging was done with 
1172 MCT system (Brüker MicroCT, Kontich, Belgium). Image processing was 
done using same approaches of Robin et al. (2010). A linear increase of porosity 
vs. average cell size was reported for both whole wheat- and corn-based extrudates 
(Chanvrier et al. 2014). In general, crispiness increased with increasing number of 
pores in the matrix. Corn-based extrudates had lower porosity (59− 90 %) compared 
to wheat recipe (82− 92 %). The average cell sizes varied between 150–600 and 
600–1200 µm for corn- and whole wheat-based extrudates, respectively. At wide 
range of porosity, the number of acoustic events and total energy had a strong link 
with microstructural attributes (Fig. 6.7). However, when the range became narrow, 

Fig. 6.7  Principal component analysis ( PCA) of texture, acoustic and structure data of extrudates 
made of corn and wheat with varying porosity between 55 and 90 %. XMT images of wheat- and 
corn-based recipe ( OB = oat bran; WB = whole grain wheat flour). (Adapted with permission from 
Chanvrier et al. (2014))
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the acoustic properties were only linked to number of peaks obtained by mechani-
cal fracture. Therefore, crisp sound produced during the acoustic measurements 
depended on the organization of cell wall and their ability to break.

The effect of soluble dietary fibre; guar gum (0–10 %) addition on physical 
(texture, expansion, density and pasting), microstructural and starch digestibility 
of various flour types (potato, corn, rice and wheat) was investigated by Parada 
et al. (2011). Microstructural analysis was done with SkyScan1072 XMT (Sky-
Scan, Aartselaar, Belgium) with 40 kV/100 setting for better contrast. Extrudates 
(diameter: 10–18 mm) were rotated 180° with a step size of 0.9° per image. Im-
age reconstruction was done with volumetric reconstruction software Version 2.1, 
Skyscan). Filtered back-projection algorithm using a cone-beam (Feldkamp) recon-
struction was utilized in reconstruction software with a reconstruction time of 4.7 s/
cross section. After reconstruction entire cylindrical sample was captured by a set 
of 2D slices. VOI consisted of 30 consecutive slices from the central portion of each 
sample. The height of each VOI ranged between 1.6 and 7.2 mm. Several slices of 
each VOI maintained a constant distance. Threshold value of 35 set to differentiate 
between void and solid matter in each 2D image. Depending on the image qual-
ity, a median rank filter was applied in a 3 × 3 pixel area followed by a smoothing 
operation. Microstructural parameters were influenced both by flour type and fibre 
percentage. Trabecular separation (mm) and trabecular thickness (mm) were af-
fected by fibre percentage. Decreasing effect for degree of anisotropy was reported 
with increasing percentage of fibre in potato-, rice- and wheat-based extrudates but 
remained unchanged in corn-based extrudates. Increasing the fibre addition level 
increased the number of air cells, trabecular number (mm−1), percent matrix volume 
(%) and matrix surface density (mm−1). Addition of guar gum increased contact area 
per unit volume of the extrudates and produced weaker, less hard structures. In this 
study, microstructure of extrudates was related to starch digestibility. The greater 
the contact area the greater was the accessibility of the matrix for digestive enzyme 
and the extrudates became more rapidly digestible.

Effect of particle size reduction on the microstructural properties of high fibre 
extrudates was studied by Alam et al. (2014). Extrudates were made from rye bran 
varying in particle size (coarse: 440; medium: 143 and fine: 28 μm) with a twin 
screw extruder. Rye bran has 39− 48 % total dietary fibre, 13− 28 % starch and 
14− 18 % protein which enables its extrusion without adding further starch. The in-
terrelation between microstructural (porosity, cell wall thickness/cell diameter ratio 
and fragmentation index), mechanical (e.g., hardness and crispiness), macro-struc-
tural (expansion, specific length and piece density) properties was studied. Decreas-
ing the particle size (440 to 28 μm) significantly improved crispiness by increasing 
expansion, air cell size and porosity. Microstructural analyses were performed by 
Skyscan 1172 XMT device (Aartselaar, Belgium) operated at a voltage and current 
of 40 kV/250 μA to obtain optimum contrast between void and solid matrix. Sam-
ples (triplicate of 10 mm radial cut) were rotated over 180° with angular increment 
0.7° during the scanning with a pixel size of 11.65 μm to obtain optimum resolution. 
Total scanning time was 18 min. NRecon reconstruction software (v. 1.6.6) was 
used to convert 2D cross-section images into 3D image. Beam hardening correction 
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was set to 40 % to minimize artefacts. CTAn software (v. 1.12, Skyscan, Belgium) 
was used to calculate the microstructural parameters.

It is clear from the representative images (Fig. 6.8) that particle reduction in-
creased the average cell diameter (ranged between 0.49 and 1.17 mm; highest for 
fine bran) and expansion rate. Reducing particle size from 440 to 28 μm increased 
the porosity from 64.4 to 83.9 %. Early rupture of the precursor air cells caused more 
small air cells in coarse- and medium-particle-sized rye bran extrudates (≈ 2800–
4000) as compared to fine extrudates (≈ 1000). The effect of particle size was more 
profound on cell diameter than on cell wall thickness. Microstructural parameters 
of coarse and medium-sized bran extrudates were not affected by hydration regi-

Fig. 6.8  2D XMT images of rye bran (particle sizes of coarse: 440 μm, medium: 143 μm and fine: 
28 μm) extrudates processed with 17 % feed moisture in two different hydration regimens ( IB = In 
barrel–water feed and PC = Preconditioning) at a screw speed of 500 rpm at 130 °C. (Adapted with 
permission from Alam et al. (2014))
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men but preconditioning resulted increased porosity by 6 % and cell wall thickness/
cell diameter ratio by 50 %. Higher connectivity of the pores was confirmed by low 
fragmentation index values (−0.8 and − 4.5 L mm).

Sibakov et al. (2014) studied the effect of differently treated oat bran concentrate 
(OBC) into 90 % defatted oat endosperm flour (EF) extrudates made by twin screw 
extruder. XMT analyses were performed using similar protocol as of Alam et al. 
(2014). Representative XMT images are shown in Fig. 6.9a. They reported that 
extrudates made of untreated OBC (213 µm) had lower porosity (65 % vs. 69 and 
71 %) compared to the extrudates made of fine (32 µm) and enzyme-hydrolysed 
OBC (111 µm). Addition of 10 % OBC increased (0.34–0.42 vs. 0.32 mm) the cell 
wall thickness compared to 100 % EF. The 10 % addition of water insoluble OBC 

1. WF 100% 2. EF 100% 3. EF + OBC 10% 4. EF + UF-OBC 10%

5. EF + EH-OBC 10% 6. EF + WIS-OBC 10% 7. EF + WS-OBC 10% 8. EF + WS-OBC 20%

a

b

Fig. 6.9  a 2D XMT cross-section images of extrudates made of different oat ingredients: WF who-
legrain oat flour, EF endosperm oat flour, OBC oat bran concentrate, UF ultra-fine, EH enzyme 
hydrolysed, WIS water insoluble, WS water soluble. b Pore size and cell wall thickness distribu-
tions of the oat extrudates. Data of samples 4 (EF + UF-OBC 10 %) and 5 (EF + EH-OBC 10 %) 
exhibited similar results to that of sample 3 (EF + OBC 10 %) thus not shown in the plot. (Adapted 
with permission from Sibakov et al. (2014))
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(70 µm) into EF reduced the porosity from 75 to 59 %, while the addition of 10 % 
water soluble OBC (37 µm) did not affect the porosity. However, further increase 
in water-soluble OBC increased the porosity and for 20 % addition level porosity 
reported to be 81 %. Moreover, a decreasing trend was observed for average cell 
wall thickness when increasing the content of water-soluble OBC. The number of 
small pores was higher in case of water-insoluble OBC added extrudates than that 
of water-soluble OBC extrudates (10  20 %). Thick cell walls with small pore sizes 
were reported for all treated OBC extrudates except 20 % water-soluble OBC added 
extrudates. Hundred percent whole grain oat flour extrudates had narrowest pore 
size distribution with small porosity together with large cell wall distribution in-
cluding mostly thick cell walls. However, extrudates with 20 % water-soluble OBC 
had wider pore size distribution with larger pores and thinner cell walls (Fig. 6.9b). 
Hence, the microstructural properties of oat bran added endosperm oat flour extru-
dates depend mainly on the solubility of DF.

6.4.2.3  Microstructure of Protein-Enriched Extruded Solid Foams

Microstructural properties of corn starch extrudates enriched with whey protein iso-
late (WPI; 0, 6, 12 and 18 %) processed at two different water feed (23 and 27 %) 
levels were determined with XMT (Cheng et al. 2007). Increasing the level of WPI 
increased the foaming effect thus increased the cell density. In general, incorpora-
tion of protein gave greater number of smaller cells with thinner cell wall, regard-
less of water addition level. The effect of water feed on microstructural properties 
such as average cell diameter, average cell wall thickness and cell number density 
was not consistent throughout the experiments except cell wall thickness. Cell wall 
thickness increased from (0.04–0.07) to (0.09–0.27 mm) by increasing amount of 
water feed from 23 to 27 % which further increased hardness (Cheng et al. 2007). 
Cho and Rizvi (2009) used supercritical fluid extrusion (SCFX) technology for pre-
gelatinized corn-starch-based extrudates supplemented with WPI (0, 3, 6, 12, and 
18 %). A desktop XMT (Model 1072, 20–100 kV/0–250 µA, SkyScan, Belgium) 
used to analyse microstructure by setting the voltage 40 kV and resolution 100 µA. 
Skyscan software was used to produce a set of 2D images to capture whole sample. 
Later the set of 2D images was partitioned to get the VOI, which consisted of 15 
consecutive 2D slices with a constant distance between the slices. Image analysis 
was performed using one fourth of the cross-sectional area of each 2D slices. Cell 
perimeter, solid and void areas were calculated using a threshold value of 35, from 
each slices. Scion Image for Windows (Scion Corporation, MD) was used for the 
calculation. The analysed microstructural parameters were: average cell diameter, 
cell wall thickness, void fraction, polydispersity index, cell density per unit total 
extrudate volume, and cell number density per unit solid volume.

Increasing the level of WPI in SCFX extrudates resulted in lower cell density 
and reduced volumetric expansion as denaturation of WPI reduced melt viscosity. 
At highest level of WPI (18 wt%) and SC-CO2 level (0.75 wt%), the average cell 
size reduced (600 µm → 310 µm) exceptionally due to heterogeneous nucleation 
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depending on the blowing agent and on the feed formulation. The cell number den-
sity per unit total extrudate volume and cell number density per unit solid volume 
both decreased with the increasing amount of WPI except 18 % WPI at 0.75 wt% 
SC-CO2. On the other hand, the cell number density increased with the increasing 
amount of SC-CO2 for each WPI level due to the increased number of gas nucle-
ation.

6.5  Summary and Conclusions

The successful use of XMT in other fields of science (e.g., medical, agricultural, 
biological and material science) has led its further application in food structure 
characterization. Cellular solid structures have great impact on sensory properties 
and associated with also textural-mechanical properties. XMT is able to present 
rigorous quantitative information related to cellular architecture of solid foods such 
as cell size and distribution, cell wall thickness, cell connectedness and porosity 
both in 2D and 3D. The accurate microstructural characterization of cellular solid 
foods would also help food engineers and scientists to understand and develop links 
between structure–mechanical–sensory properties. Based on these and the use of 
numerical simulation technologies together with modelling approaches can be used 
to design novel food structures and textures. Furthermore, the noninvasive XMT 
technology does not require tedious sample preparation methods compared to other 
microscopy technologies such as light microscopy or confocal scanning light mi-
croscopy. The continuous development in data processing and equipment manufac-
turing technologies will enable the use of XMT technology for in-line or on-line 
food structure analysis during processing.
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Chapter 7
Microstructure of Gluten-Free Baked Products

Ilkem Demirkesen Mert, Gulum Sumnu and Serpil Sahin

7.1  Introduction

Celiac disease, which is a chronic inflammatory intestinal disorder, occurs in sus-
ceptible people due to the inappropriate immune response to certain grain proteins 
in wheat, barley, rye, and possibly oat. This immunologic reaction causes damage to 
the villi, tiny, hairlike projections in the small intestine that absorbs nutrients includ-
ing iron, folic acid, calcium, and fat-soluble vitamins. Therefore, people with ce-
liac disease should eliminate gluten protein from their diet completely (Demirkesen 
et al. 2010a). However, gluten is an essential protein to form viscoelastic network in 
dough. Therefore, eliminating gluten from the products causes some quality prob-
lems such as insufficient rise in volume, relatively firmer texture, poor flavor, and 
rapid staling. In this respect, gluten replacement is still one of the most challenging 
tasks for many scientists and manufacturers. They seek alternative flour types to 
wheat flour such as rice, corn, chestnut, chickpea, soybean and sorghum flour, and 
pseudocereals such as buckwheat and amaranth.

In order to overcome the problems associated with the lack of viscoelasticity, 
some additives such as starches (Moore et al. 2004; Sanchez et al. 2002), hydrocol-
loids (Demirkesen et al. 2010a; Ribotta et al. 2004; Schober et al. 2008; Sciarini 
et al. 2010), emulsifiers (Demirkesen et al. 2014a, b, c; Nunes et al. 2009a; Tura-
bi et al. 2008), enzymes (Moore et al. 2006; Renzetti et al. 2008, 2010; Renzetti 
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and Arendt 2009a, b), proteins (Ahlborn et al. 2005; Gallagher et al. 2003; Marco 
and Rosell 2008; Moore et al. 2004; Nunes et al. 2009b; Schober et al. 2004; Van 
Riemsdijk et al. 2011), and/or fiber sources (Mariotti et al. 2009; Sabanis et al. 
2011) are required to be used. Recently, sourdough breadmaking technique (Moore 
et al. 2007; Moroni et al. 2011; Schober et al. 2007; Zannini et al. 2012a), infrared–
microwave combination baking (Demirkesen et al. 2011, 2013, 2014a, c), and high 
hydrostatic pressure (HHP) treatment (Hüttner et al. 2009; Stolt et al. 2001; Vallons 
et al. 2010, 2011; Vallons and Arendt 2009) have been used as potential methods 
in gluten-free technology. The type of components present, the interactions among 
them, and the structural organization define the physicochemical (rheology, optics, 
stability), sensory, nutritional, and transport properties of foods (Aguilera and Ger-
main 2007). These properties are largely affected by the structure of foods varying 
from the molecular to macroscopic levels.

In line with the general trend in food industry, the quality of gluten-free products 
is also evaluated manually by trained inspectors, which is tedious, costly, and lacks 
objectivity, consistency, and efficiency (Du and Sun 2004). There is a great need 
for more reliable tests and new methods of monitoring product quality (Rafiq et al. 
2013). Computer-based image-processing techniques, however, offer the advantage 
of qualification and quantification of structural features that provide understanding 
of basic mechanisms of physicochemical changes. These techniques also offer flex-
ibility, accuracy, consistency, and repeatability at relatively low cost in application 
while eliminating the subjectivity of manual inspections (Du and Sun 2004).

Examination of the macrostructure of gluten-free products gives information 
about the external attributes such as size, shape, color, and surface texture. Image 
analysis methods based on a large variety of macroscopic techniques such as charge-
coupled device (CCD) and scanning have widely been applied for the quantitative 
description of macrostructure. The inventions made on food-structure imaging pro-
vide deeper information about quality attributes of gluten-free products. Foods are 
complex multicomponent systems. The majority of structural elements are below 
the 100-μm range, and therefore it is problematic to detect them in their natural or 
transformed states (Aguilera 2005; Aguilera and Germain 2007). However, applica-
tion of special image acquisition techniques such as light microscopy (LM), scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), confo-
cal laser-scanning microscopy (CLSM), atomic force microscopy (AFM), magnetic 
resonance imaging (MRI), ultrasonic imaging and X-ray microtomography (X-ray 
μCT) present potential solutions to the problems for observations of microstructural 
features of food products. A number of studies have been conducted to evaluate 
the quality of gluten-free products (Demirkesen et al. 2010a; Nunes et al. 2009a; 
Turabi et al. 2008). Digital images that were captured using digital scanners have 
been widely analyzed to characterize the macrostructure of gluten-free products 
such as bread, cake, biscuit, and pasta (Demirkesen et al. 2013; Mariotti et al. 2011; 
Turabi et al. 2010). In order to understand the influence of different functional in-
gredients, microscopic techniques such as LM (Hüttner et al. 2009), SEM (Ahlborn 
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et al. 2005; Alvarez-Jubete et al. 2010; Hager et al. 2012; Hüttner et al. 2009; Marco 
and Rosell 2008; Sabanis and Tzia 2011; Schober et al. 2008; Vallons et al. 2010; 
Vallons et al. 2011), and CLSM (Alvarez-Jubete et al. 2010; Moore et al. 2004, 
2006; Renzetti et al. 2008, 2010; Vallons et al. 2010; Vallons and Arendt 2009) have 
also been used for the observation of the quality attributes of gluten-free dough/
batters and baked products. In recent studies, SEM images have been assessed to 
obtain not only qualitative but also quantitative information on crumb characteris-
tics of gluten-free breads and cakes (Demirkesen et al. 2013; Turabi et al. 2010). 
In a recent study, X-ray μCT has also been used for quantitative characterization of 
bread crumbs by creating 3D representation of the inside structure of bread from 
2D image slices (Demirkesen et al. 2014b). In this study, the microscopic changes 
of gluten-free breads by using X-ray μCT were pointed out, and the crumb micro-
structure of breads was related to their textural properties.

The aim of the present chapter is to illustrate important imaging techniques and 
their applications for gluten-free baked products and to summarize the advantag-
es and disadvantages of these techniques. Macro- and microstructural changes of 
gluten-free baked products by using various imaging techniques and the influence 
of different functional ingredients and prospective methods on microstructure of 
gluten-free dough/batters and/or products were also reviewed.

7.2  Structural Analysis of Bakery Products

The quality of a baked product, which depends on appearance, texture, volume, and 
sensory properties, is significantly affected by its structure from molecular to mac-
roscopic levels (Zghal et al. 1999). Thus, understanding of macro- and microstruc-
ture by image analysis techniques is critical. The obtained information from image 
analysis provides the conversion of the food system complexity to numerical data 
that will be analyzed to improve the understanding of structure–function relation-
ships of materials (Chanona-Perez et al. 2008).

Application of special image acquisition techniques such as several microscopy, 
scanning, and spectrometric techniques that allow visualization of changes in struc-
ture at both macroscopic and microscopic levels without intrusion have been ap-
plied as convenient tools for image acquisition (Demirkesen et al. 2013; Falcone 
et al. 2006). In recent years, image analysis based on various macroscopic and/or 
microscopic techniques (e.g., flatbed scanning, SEM, X-ray μCT) has been used 
as a quantitative tool for description of baked product structure (Datta et al. 2007; 
Farrera-Rebollo et al. 2012; Kelkar et al. 2011; Ozkoc et al. 2009; Ronda et al. 
2009; Rouillé et al. 2005; Sanchez-Pardo et al. 2008; Sapirstein et al. 1994; Zayas 
1993; Zghal et al. 2002), which further on was adapted for the characterization of 
gluten-free products (Demirkesen et al. 2013, 2014b; Mariotti et al. 2011; Schober 
et al. 2008; Sozer 2009; Turabi et al. 2010).
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7.2.1  Macrostructure of Gluten-Free Bakery Products

Macrostructural analysis provides information about the external attributes of food 
materials such as size, shape, color, and surface texture. Image analysis methods 
based on a large variety of macroscopic techniques such as CCD and scanning have 
widely been applied for quantitative evaluation of the macro- and microstructure of 
food products. Quantitative examination of crumb of baked products, such as mea-
suring gas cell sizes and their distribution, can be done by image analysis to provide 
structural information.

CCD camera, which converts light into electrical charges, is a cost-effective way 
for image acquisition. It is commonly included in digital still and video cameras 
(Du and Sun 2004). It has the ability to produce high-quality and low-noise im-
ages with lots of pixels and excellent light sensitivity. It has widely been applied 
to examine physical characteristics and quality of food. The multiple uses of CCD 
cameras can be applied when it is difficult to evaluate food quality in ordinary spec-
tral region. CCD cameras can be connected to microscopes and flatbed scanners in 
order to obtain images in digital form (Du and Sun 2004).

The most widely applied imaging technique in macrostructural food research is 
flatbed scanning. The use of a flatbed scanner for image acquisition and the assess-
ment of appearance and/or color offer all the advantages of previously investigated 
camera-based systems. In addition, the acquisition of 2D images by flatbed scan-
ning offers some advantages over camera-based systems such as being fast, easy to 
use, economical, robust, independent of the external light conditions, and providing 
good accuracy. However, one of the disadvantages of this technique is the lack of a 
standardized technique for food evaluation. The differences in methodologies such 
as scanning resolution and the range of air cells also result in different data for simi-
lar products (Farrera-Rebollo et al. 2012). Hence, comparing information among 
published reports is challenging. The most common use of flatbed scanners in the 
area of cereal research is for characterization of bread crumb structure (Demirkesen 
et al. 2014b). Pore size, pore distribution, wall thickness, and number of pores were 
measured for quantitative characterization of gluten-free bread crumb (Demirkesen 
et al. 2013, 2014b; Schober et al. 2008; Van Riemsdijk 2011; Zayas 1993). In ad-
dition, scanners were used for image acquisition of other types of baked products 
such as cake and biscuit (Ronda et al. 2009; Turabi et al. 2010). The sample images 
of scanned gluten-free cake and bread are shown in Figs. 7.2 and 7.4.

7.2.2  Image Analysis Process

Image analysis process includes the following five steps: image acquisition, prepro-
cessing, segmentation, object measurement, and classification (Du and Sun 2004).
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7.2.2.1  Image Acquisition

Images, which are the spatial representations of objects, stored as matrixes of col-
umns (x) by rows (y) containing thousands of cells known as pixels. Each pixel 
consists of a numerical value that is called digital number (Falcone et al. 2006). Im-
age acquisition, which is the first stage of the image analysis process, is the capture 
of an image in digital form. In order to obtain high quality from a captured image, 
lighting conditions are an important prerequisite of image acquisition and have a 
critical role on the improvement of the accuracy and the success of image analysis 
(Du and Sun 2004). The use of several different image acquisition techniques al-
lows the observation of the structure of food from macroscopic to microscopic level 
and the translation of images into digital form. CCD camera, flatbed scanners, X-
ray μCT, ultrasonic imaging and MRI are widely used image acquisition techniques.

7.2.2.2  Preprocessing

Preprocessing of the raw images is used to enhance the quality of the original im-
ages and hence to obtain correct information for image processing. For this purpose, 
the correction of geometric distortions, removal of distortions and noise, gray-level 
correction, correction of blurring, etc., are applied analysis steps in preprocessing. 
Based on the size of the pixel neighborhood, which is used for the calculation of a 
new pixel, there are two different types of image preprocessing approaches used in 
food quality evaluation: pixel preprocessing and local preprocessing.

Pixel preprocessing, which is a simple but important image-processing tech-
nique, converts an input image into an output image, where each output pixel is 
fitted directly to the input pixel having the same coordinates, but the values are 
changed according to the specified transformation function (Aguilera and Germain 
2007; Du and Sun 2004). The most applied pixel preprocessing method in food 
quality evaluation is color space transformation. Although most of the color images 
are commonly obtained as 24-bit RGB (24 bits: 8 red, 8 green, 8 blue) images, most 
programs are capable of operating on gray scale (8 bit, monochrome; Falcone et al. 
2006), in which images use only 1 byte of 8-bit data per pixel instead of 3 bytes. 
In addition, the byte still consists of values of 0 (black) to 255 (white), to represent 
256 shades of gray. Therefore, the transformation of the RGB digital color image 
either in a gray-scale image or in three monochrome images (monochrome red, 
monochrome green, and monochrome blue) is the first stage after image acquisi-
tion. However, RGB cannot present all the colors that people can see, and people do 
not perceive color as a combination of red, green, and blue. Therefore, it is not the 
most adequate space for color representation, and it is preferable to transform the 
RGB color space into one of the more representative color spaces for the analysis of 
foods such as the Commission Internationale de l’Eclairage (CIE) Lab color space 
(Aguilera and Germain 2007). CIE contains a larger scale than the RGB space. It 
is device independent and presents a more consistent color measurement regardless 
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of the device used to acquire the image. The CIE chromaticity diagram is a 2D plot 
and utilizes three coordinates to locate a color in a color space, which are CIE XYZ, 
CIE L*a*b*, and CIE L*C*h*. For color analysis, the RGB image is transformed 
into XYZ tristimulus values, which are assigned to the red, green, and blue curves, 
respectively. The CIE XYZ data are then converted to the CIE L*a*b* coordinates, 
where L* reflects the luminance or lightness component, a* indicates the content of 
red or green, and b* defines the content of yellow and blue (Aguilera and Germain 
2007). Hue, saturation, intensity (HSI) color space has also been used for the dis-
crimination of different parts of food material. Intensity is indicated by brightness 
and moves from 0 to 1 as colors become brighter. Like HIS, hue, saturation, light-
ness (HSL) and hue, saturation, value (HSV) color spaces are known as human-
oriented color spaces. They are two similar sets of coordinates that distinct the gray-
scale brightness (L for luminance or V for value) from the hue which moves from 0 
to 1, representing color variation from red, yellow, green, cyan, blue, magenta and 
back to red, and the saturation which moves from 0 to 1 with the increasing amount 
of black in the color.

Local preprocessing uses a small neighborhood of a pixel in an input image to 
eliminate nonuniform illumination and obtain a new brightness value in the output 
image. It can be also regarded as a filtering step, and different types of filters are 
used as a function of the noise magnitude (Falcone et al. 2006). Edge enhancement 
and noise reduction in the input images are needed before binarization since they 
may cause errors in the processing of images. Binarization is the transformation 
of the color or gray-level image into a black-and-white image. Binarization allows 
relating a value of black or white to each pixel. After binarization, the image will be 
ready for the extraction of artifacts and noise and to apply other functions. Then, the 
binary image can be used for quantitative analysis (Falcone et al. 2006).

7.2.2.3  Image Segmentation

Image segmentation is the process of partitioning the digital image into objects and 
background. Since the subsequent measurements depend on the accuracy of this 
operation, it is usually considered the most important step in the image analysis pro-
cess (Aguilera and Germain 2007). It may be done either manually or automatically 
(Falcone et al. 2006). Based on different approaches, the techniques used in image 
segmentation can be classified into three categories: thresholding-based, region-
based, and edge-based segmentation. Among these methods, the thresholding-based 
and region-based are the most widely applied methods (Du and Sun 2004).

Thresholding-Based Segmentation
Thresholding-based segmentation is the simplest way to perform segmentation, and 
it is the most commonly employed segmentation technique in image-processing 
applications. This method is based on a threshold value to turn a gray-scale image 
into a binary image, in which all the pixels that form part of the objects present 
(foreground) are set to black, while the background pixels are set to white (Aguilera 
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and Germain 2007). In this way, the object can be distinguished from the remaining 
part of an image. Thresholding works efficiently when different regions in an im-
age have a different frequency distribution, and the objects of interest have uniform 
interior gray level. If the image consists of several objects with different surface 
characteristics, multiple thresholding can be applied for segmentation (Aguilera and 
Germain 2007).

Region-Based Segmentation
Region-based segmentation is a method used to determine the region directly, and 
thus algorithms are used to group the neighboring pixels within one region having 
similar values. It can be categorized as region growing-and-merging and region 
splitting-and-merging. In region growing-and-merging method, pixels or sub-re-
gions are grouped into larger regions based on a set of homogeneity criteria, while 
in region splitting-and-merging, the image is successively divided into smaller and 
smaller regions until certain criteria are satisfied (Du and Sun 2004). Although it is 
computationally more expensive, it has the capability to use several image proper-
ties directly and simultaneously to determine the final boundary location that makes 
it a powerful approach in the segmentation of food products.

Edge-Based Segmentation
In edge-based segmentation, an edge filter is applied to the image to determine 
whether the pixels are on edge or not, depending on the filter output. A numerical 
test for image gradient or curvature, or other properties to classify pixels, is used in 
this technique (Aguilera and Germain 2007).

7.2.2.4  Object Measurement

Object measurement is the stage used for quantifying the individual features of each 
object. These features can be classified into four classes such as size (area, perim-
eter, length, and width), shape (roundness, elongation, compactness, etc.), color, 
and texture (smoothness, coarseness, graininess, etc.; Du and Sun 2004).

7.2.2.5  Classification

The aim of this step is the discrimination of multiple objects from each other within 
an image. It comprises a broad range of decision-theoretic approaches to the iden-
tification of objects by classifying them into one of the individual categories, com-
paring the measured features of the new object with those of a known object or 
other known criteria. A wide variety of approaches, such as the statistical, fuzzy, and 
neural network methods, are used to classify image objects (Du and Sun 2004). In 
statistical classification, probability models are used to classify objects. The fuzzy 
classification method categorizes objects into classes without defined boundaries, 
and thus the degree of similarity of the considered object with respect to the oth-
ers can provide more information about the confidence of the class assignment. 
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Artificial neural network methods use statistical methods with the machine-learning 
objective of emulating human intelligence (Du and Sun 2004).

7.2.3  Microstructure of Bakery Products

Physical properties of bakery products are strongly related to structural organiza-
tion of foods at molecular, microscopic, and macroscopic levels. In particular, mi-
crostructure and interactions of food components critically contribute to the trans-
port, physical, and sensory properties of foods and hence determine their texture 
(Falcone et al. 2006). Image analysis techniques (e.g., electron microscopy (EM), 
CLSM, MRI, AFM, X-ray), which are a convenient and useful key to qualify and 
quantify the characteristics of crumb structure, can be used to observe the micro-
structure of gluten-free baked products (Demirkesen et al. 2013). The selection of 
the most suitable image acquisition technique is influenced by several factors such 
as the physical properties of the sample, magnification and resolution level require-
ment, and equipment availability (Aguilera and Germain 2007). One of the main 
limitations of these microscopic techniques is optical illusion (Du and Sun 2004). 
Furthermore, sample preparation artifacts are another challenge for the application 
of microscopic techniques. However, the application of a variety of different image 
analysis techniques to the same sample and comparing results that were obtained by 
applying these techniques may be a solution for this problem (Falcone et al. 2006).

LM provides specific staining of different chemical components of a food (pro-
teins, fat droplets, etc.), which makes it a suitable imaging technique for investigat-
ing multicomponent or multiphase foods, such as cereal-based foods. LM has low 
magnifications and resolutions as compared to EM. Thus, the internal structures of 
micro-components cannot be observed by LM. In order to enhance the contrast of 
specific structures on samples, bright-field illumination, phase contrast, differential 
interference contrast, and polarizing light are commonly used methods (Aguilera 
and Germain 2007). In this method, image acquisition is created by connecting a 
CCD camera to the microscope objective lens. In the study of Hüttner et al. (2009), 
both SEM and LM imaging techniques were used to determine the impact of HHP 
on the microstructure of oat batters and to explain the changes in the major flour 
components, starch and protein. SEM micrograph revealed that the starch granules 
of batters treated at 500 MPa were swollen and slightly disintegrated. Treatment 
at increasing pressures also affected oat batter proteins, as revealed by bright-field 
microscopy (Fig. 7.1).

EM gives information about tomography, morphology, and composition. EM 
uses a beam of electrons as the illumination source instead of light. Thus, the im-
ages are obtained by projecting the electrons through a thin specimen. The differ-
ences in the affinity of heavy metals such as ruthenium, lead, uranium, and osmium 
allow the differentiation of structure components. Colorful micrographs cannot be 
obtained, but the colors can be added to the micrographs (Falcone et al. 2006). 
Since it works under vacuum conditions, sample preparation procedures such as 
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dehydration, freezing, or freeze-drying are required, and they may cause artifacts. 
EM is categorized into TEM and SEM. Compared with LM, SEM and TEM allow 
a higher resolution. TEM increase magnifications up to over 10,000 allowing the 
observation of smaller structures. However, it has many drawbacks. For the applica-
tion of TEM, samples have to be cut extremely thin for observation (50–100 nm), 
and that may cause artifacts. Moreover, samples have to be extremely dry and 
strong enough to resist damage from the electron beam that requires high vacuum 
conditions during observation. The maximum magnification levels of an LM are 
about 1000 ×, while TEM can reach magnifications levels of up to over 10,000 ×. 
The magnification levels of SEM, on the other hand, are between that of LM and 
TEM, and it can magnify from 20 to 10,000 × (Aguilera and Germain 2007). SEM is 
one of the most important image analysis techniques since it provides the combina-
tion of high magnification, large depth of focus, great resolution, and fast and easy 
sample observation (Demirkesen et al. 2013). SEM also offers the detailed observa-
tion of either whole samples or surface/internal structure of samples. Images can be 
recorded at various magnifications with one objective lens. However, the cost of 
this method is relatively higher. Furthermore, the sample’s surface should be coated 
in order to avoid charging, and that requires a special training. Different character-
istics of particulate structures can be determined by the combination of different 

Fig. 7.1  SEM (left) and bright-field microscopy (right; proteins are stained in green and starch in 
brown) analysis of untreated oat batters (first row) and oat batters treated at 500 MPa (second row). 
(For the interpretation of colors in the figure legend, the reader is referred to the web version of the 
chapter. Reprinted from Hüttner et al. 2009, copyright 2009, with permission Elsevier)
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imaging techniques such as LM, TEM, SEM, and CLSM (Falcone et al. 2006). In 
the study of Langton et al. (1996), LM was used to observe pores, and TEM was 
used to evaluate particle size, while SEM revealed how the particles were linked to-
gether. Up to date, some SEM studies have been assessed to determine the changes 
that occur during baking qualitatively (Ozkoc et al. 2009; Polaki et al. 2010; Rosell 
and Santos 2010; Sanchez-Pardo et al. 2008). In recent studies by Demirkesen et al. 
(2013) and Turabi et al. (2010), SEM has been used to obtain quantitative informa-
tion on macro- and microstructure of gluten-free breads and cakes. These will be 
discussed further in Sects. 7.4.1, 7.4.2, and 7.6.2.

Concerning sample preparation, CLSM represents a suitable alternative imag-
ing technique since it requires a minimum sample preparation compared to EM. 
One of the other advantages of this method is providing the optical slicing of the 
sample. Thus, as opposed to LM, TEM, and SEM, it is a noninvasive technique. 
The topographic information can be obtained from a set of confocal images taken 
over a range of focal planes. A 3D topographical map of the object is obtained 
from a series of optical slices of the images at different focus positions. It provides 
volumetric data, which can be very easily quantified. It works best when it is used 
to provide extraordinary thin, in-focus, high-resolution optical sections through a 
thick specimen (Aguilera and Stanley 1999). It also provides specific staining of 
food components. However, CLSM has a high cost. Up to date, CLSM has been 
used to evaluate the 3D structure and protein network of gluten-free doughs and 
breads (Moore et al. 2004, 2007; Renzetti et al. 2008; Schober et al. 2007).

MRI, which is also known as nuclear magnetic resonance (NMR) imaging 
(NMRI), or magnetic resonance tomography (MRT), has found widespread ap-
plications in food quality evaluation as a nondestructive and noninvasive imaging 
technique. The working principle of MRI is based on the absorption and emission 
of energy in the radio frequency range of the electromagnetic spectrum, and thus it 
provides image contrast on the basis of the molecular ability (Falcone et al. 2006). 
Images are acquired based on the absorption or emission of energy by the atomic 
nuclei in an external magnetic field, and they are created from the Fourier transform 
of the signal. It also uses physicochemical properties of water to obtain images 
(Kelkar et al. 2011). MRI allows the collection of images of the system undergoing 
changes as a function of time from a unique specimen (Prior-Cabanillas et al. 2007). 
The signal of each voxel varies based on the physical properties of the sample such 
as proton density, relaxation times, temperature, diffusion, flow, and local differ-
ences in magnetic susceptibility (Mariette et al. 2012). MRI can be used to acquire 
2D and even 3D images of food material without any preliminary sample prepara-
tion. It gives information about the 3D distribution of water, fat, and salt content of 
food material. It is usually applied in water-containing materials in order to moni-
tor the variation of water content with time (Oztop 2010). It can also be applied 
to study the transport of solvents into solid systems in real time. Heat and mass 
transfer within food materials can be studied by MRI (Mariette et al. 2012). Another 
application of MRI is to understand and follow up the physicochemical changes 
during food processing. In addition, NMR parameters such as relaxation time and 
diffusion coefficient can be used for the definition of the interactions among water 
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and other molecules, which provides information about the physical and chemical 
properties of food material (Clarke and Eberhardt 2002). However, the main disad-
vantage of this expensive technique is that it can be used only for such food materi-
als which have sufficient water content (13 % ≤). There are limited studies on MRI 
of gluten-free baked products (Lodi and Vodovotz 2008). In the study of Lodi and 
Vodovotz (2008), water and other components of the gluten-free bread matrix were 
characterized in fresh and stored soy and soy-almond bread samples using a variety 
of thermal and magnetic-resonance-based techniques. In this study, it has been sug-
gested that changes in water and lipid mobility reflected the microscopic basis of 
the different loaf quality attributes of soy and soy-almond breads.

AFM is a powerful and revolutionary method that enables information in na-
noscale. AFM produces an image by scanning with a sharp stylus, which is attached 
to a flexible cantilever, across the sample surface. The tip is brought into contact 
with or close to the sample, and the surface is scanned beneath the tip. When the 
sample is raster scanned (zigzag movements), the change in surface topography or 
in probe-sample forces causes the cantilever to deflect (Leite and Herrmann 2005; 
Yang et al. 2007). The deflection of the cantilever is determined by using laser light 
reflected off the back surface of the cantilever onto a position-sensitive photodiode 
detector. Due to that deflection, a line-by-line image of the sample is produced 
(Leite and Herrmann 2005). Thus, images are created as a result of the measure-
ment of the magnitude of a multitude of forces interacting between the probe and 
surface of the sample (Yang et al. 2007). AFM can be operated with or without 
feedback control modes. In feedback control mode, positioning piezo responds to 
any changes in force and changes the tip-sample separation to restore the force to a 
predetermined value. As a result of this topographical or height mode, an image can 
be created. The operation of AFM is done in constant-height or deflection mode in 
without-feedback mode. Contact, noncontact, and tapping modes are the three basic 
operation modes in AFM. In contact mode, the tip is attached to the end of the can-
tilever, and it maintains contact with the sample surface at all times. In noncontact 
mode, an alternating current (AC) signal is obtained from the cantilever as a result 
of the cantilever oscillation at a frequency that is slightly above the cantilever’s 
resonance frequency. In tapping-mode AFM, the tip attached to the end of the oscil-
lating cantilever intermittently contacts the surface of the sample at the lowest point 
of the oscillation (Yang et al. 2007). High resolution, ease of use, and simple sample 
preparation are the advantages of AFM. In addition, the specimen can be imaged 
in air or liquid. Furthermore, AFM imaging method provides information about the 
individual molecules of a material, and it can be used for imaging biological non-
conducting materials (Falcone et al. 2006).

Ultrasound is a sound wave having a frequency higher than the hearing limit 
of the human ear (~ 20 kHz; Awad et al. 2012). Ultrasound can be used to inspect 
internal features. The images are created as a result of high-frequency sound waves 
that are translated into information. The ultrasonic velocity, attenuation coefficient 
and the acoustic impedance are essential physical factors that depend on the com-
position and microstructure of a material. The relationship between measured ultra-
sonic parameters and microstructural properties of a material can be created by a 
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calibration curve or, theoretically, by using equations that relate the propagation of 
ultrasound through the material (Falcone et al. 2006). Therefore, 2D images and 3D 
images are generated. As opposed to light-scattering studies, which require the dilu-
tion of food material, ultrasound can measure concentrated food properties, and this 
allows the analysis of nonhomogeneous foods such as solidifying fats, dynamically 
changing dairy food systems, dough, and emulsions (Falcone et al. 2006). Ultra-
sound technology is nondestructive, rapid, and easily modified for on-line measure-
ment. On the other hand, one of the disadvantages of ultrasound technology is that 
it can be used for imaging concentrated and optically opaque materials. In addition, 
the presence of small gas bubbles in a sample can weaken the ultrasound, and the 
signal from the bubbles may interfere with the signals obtained from other com-
ponents. Moreover, it has limited use for complex biochemical and physiological 
events. Furthermore, design and development of efficient power ultrasonic systems, 
which support large-scale operations, are needed (Awad et al. 2012). Based on fre-
quency range, the applications of ultrasound in food industry can be categorized 
as low- and high-energy ultrasound. Low-energy ultrasound is also known as low-
power, low-intensity ultrasound, and it has frequencies higher than 100 kHz at in-
tensities below 1 W/ cm2. High-energy ultrasound, on the other hand, has intensities 
higher than 1 W / cm2 at frequencies between 20 and 500 kHz. In bakery industry, 
it has been applied for online dough quality control (Ross et al. 2004), character-
ization of the fermentation phase during breadmaking (Elmehdi et al. 2003; Skaf 
et al. 2009), defining the changes in wheat flour dough consistency induced by 
proteins and gelatinization of the starch (García-Álvarez et al. 2011), for estimation 
of the textural characteristics of bakery products such as bread, cakes, crackers, and 
wafers (Petrauskas 2007; Povey and Harden 1981), and for evaluating rheological 
characteristics of dough (Fox et al. 2004; Gómez et al. 2008; Salazar et al. 2004). 
Although there is no literature focusing on the use of ultrasound imaging for gluten-
free baked products, we believe that this imaging technology could be applied also 
for this type of products.

X-ray μCT, which is usually used in medical applications, uses ionizing radia-
tion in the form of X-rays. The major advantage of this nondestructive and power-
ful imaging technique is the ability to generate cross-sections of the 3D image of 
an object from a large series of 2D images taken around a single axis of rotation 
(Kelkar et al. 2011). Another advantage of this technique is its ability to produce 
the contrast-enhanced imaging without any sample preparation that helps to over-
come typical artifacts in the visualization of structure. In addition, the final image 
results can be recorded by 3D rendering, by 2D slices, or projections following 
arbitrary directions, and these images can be stored digitally (Besbes et al. 2012; 
Falcone et al. 2004, 2005; Primo-Martín et al. 2010; Wang et al. 2011). This method 
also provides greater spatial resolution of X-ray microscopy over other types of 
microscopes. X-rays have the ability to penetrate through food materials and, in 
most cases, to capture 3D details of the inner microstructure. However, most other 
existing microscopes have the ability to focus only at the object surface or a trans-
mission image through a thin section; thus, the internal 3D structure can only be 
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obtained invasively (Lim and Barigou 2004). X-ray μCT imaging technique re-
quires an X-ray source, a rotation stage, and a radioscopic detector, and analysis is 
made by scanning the sample under different viewing angles. This imaging method 
has been used for quantitative characterization of bakery products such as bread, 
cake, cookie, and muffin (Besbes et al. 2012; Falcone et al. 2004, 2005; Lape et al. 
2008; Lim and Barigou 2004; Pareyt et al. 2009; Primo-Martín et al. 2010; Wang 
et al. 2011), to study the bubble structure of aerated food products, and to obtain 
quantitative information on the number and size of bubbles present (Babin et al. 
2006; Bellido et al. 2006). Demirkesen et al. (2014b) used X-ray μCT to study the 
effects of different gums and gum blends additions on the crumb structure of gluten-
free breads. In this study, microscopic changes of gluten-free breads were related to 
textural properties of breads.

7.3  Celiac Disease and the Role of Gluten in Baked 
Products

Celiac disease (gluten-sensitive entropathy), is a multi-symptom, autoimmune dis-
order, which is triggered by the response of the body’s immune system to prola-
mins found in wheat (gliadin), rye (secalin), barley (hordein), and their crossbreeds 
(Bower 2006). When people with celiac disease consume gluten, their immune sys-
tem generates antibodies against this protein causing damage to the tiny hairlike 
projections in the small intestine; in severe cases, the lesion extends to the ileum 
colon (Demirkesen et al. 2014a). Hence, a permanent withdrawal of gluten from the 
diet of celiac patients is required throughout their life span. Recent studies showed 
that celiac disease is more common than previously reported, and the incidence 
is 1:100 − 30:100 in the general population of Europe and the USA (Catassi et al. 
2002).

Bread is one of the most important basic items of the human diet. Wheat, which 
is the major cereal in breadmaking, consists of starch (70–75 %), water (14 %), 
proteins (10–12 %), and non-starch polysaccharides (2–3 %), particularly arabinox-
ylans and lipids (2 %; Goesaert et al. 2005). Wheat flour consists of two groups of 
proteins: non-gluten proteins, which have either no or just a minor role in bread-
making, and the gluten proteins, which have a major role. Non-gluten proteins, 
which represent 15–20 % of the total protein content of wheat, are mainly present 
in the outer layers of the wheat kernel. These proteins are mostly structural proteins 
and genetically related to the major storage proteins in legumes and in the cereals 
of oats and rice. Gluten is the major storage of protein in wheat and contributes 
80–85 % of the total wheat protein. They are found in the endosperm cells of the 
mature wheat grain, where they form a continuous matrix around the starch gran-
ules (Van Der Borght et al. 2005). It is essential to form a strong protein network for 
the desired viscoelasticity to obtain high-quality breads. Therefore, the quality and 
quantity of gluten have critical role in the quality of breads. Glutenin and prolamin 
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are the major fractions of gluten. Glutenin molecule is linked by intermolecular di-
sulfide bonds, giving a network structure. In contrast, monomeric gliadin molecule 
is linked by intramolecular disulfide bonds, creating a globular confirmation for 
the the proteins (Tronsmo et al. 2002). Therefore, while prolamin provides viscous 
properties and extensibility in a dough system, polymeric glutenin is responsible for 
the elastic and cohesive properties of the dough (Gujral and Rosell 2004). Together, 
the two are important for crumb structure of cereal-based products, and the relative 
proportions of gliadin and glutenin affect the overall quality. When flour is mixed 
with water, gluten proteins provide cohesive viscoelastic properties to the dough 
that is responsible for retaining gas produced during fermentation and oven rise, so 
a high volume and soft texture can be obtained.

Consumer expectations for gluten-free breads are greatly influenced by tradi-
tional bread attributes. Therefore, gluten-free product developers should determine 
their aims based on wheat bread. Gluten-free dough formulations tend to contain 
higher water level, so it resembles a batter rather than dough, and they cannot be 
shaped like wheat dough. Thus, mixing is done mechanically, often in a kitchen 
mixer or in a mixer using a batter attachment (Lazaridou and Billiaderis 2009). 
While traditional wheat bread production consists of mixing, bulk fermenting, di-
viding, proofing, and baking, gluten-free bread production steps are only mixing, 
proofing, and baking. Furthermore, gluten-free dough formulations need shorter 
proofing and baking times than their wheat counterparts (Arendt et al. 2008). Stud-
ies showed that the standard farinograph curve for a gluten-free dough mixture 
requires longer time to reach the consistency of 500 Brabender unit (BU) and a 
continuous increase in consistency during mixing time (Lazaridou and Billiaderis 
2009). This result suggested that gluten-free dough has poor dough characteris-
tics for baking with relaxing stretchable properties and with limited machinability, 
which creates handling problems during mixing. Due to the handling problems of 
gluten-free dough, researchers have used quality measurements such as volume, 
texture, and macro- or microstructural analysis of crumb to evaluate the effect of 
water absorption and mixing time on structure instead of using farinograph mea-
surements. Wheat dough is a colloidal system with a continuous phase containing 
hydrated biopolymers and a dispersed phase consisting of CO2. On the other hand, 
gluten-free dough is a colloidal system with starch particulates that make up the 
continuous phase and water constituting the dispersed phase (Dobraszczyk et al. 
2001). Although, starch gelatinization provides some structure to gluten-free dough, 
it is not enough to provide resistance to shear and entrapment of CO2. Thus, the 
rate of CO2 release in gluten-free dough is higher (22 μmol/min) than that in wheat 
dough (5 μmol/min) at 23 °C (He and Hoseney 1991). As a result, manufacturers 
and scientists have tried to decrease CO2 diffusion of gluten-free dough to obtain 
high volume, good crumb structure and flavor, and longer shelf life from the gluten-
free breads. For this purpose, they are especially focused on the use of additives 
such as hydrocolloids, emulsifiers, enzymes, protein sources, and fibers.
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7.4  Cereal Sources for Gluten-Free Products

Since gluten creates a continuous protein network, which helps to retain gas pro-
duced from yeast fermentation and oven rise, gluten-free baked products on the 
market are of poor quality with low volume and poor texture and flavor. Moreover, 
they lack the adequate amount of vitamins, minerals, and fiber that deteriorates the 
nutritionally unbalanced diet of celiac sufferers (Bardella et al. 2000; Demirkesen 
et al. 2010b). For these reasons, producing high-quality gluten-free products is one 
of the most challenging issues for cereal food technologists and scientists (Demirke-
sen et al. 2010b; Moore et al. 2007). Traditionally, most gluten-free products have 
been produced by replacing wheat flour by alternative flours (rice, corn, chestnut, 
chickpea, soy, soybean and sorghum flour, pseudocereals such as buckwheat and 
amaranth, etc.) as well as by using some additives (e.g., starches, hydrocolloids, 
emulsifiers, enzymes, protein, and/or fiber sources) to mimic the viscoelastic prop-
erties of gluten (Demirkesen et al. 2010b).

7.4.1  Rice Flour

Rice flour is the most suitable cereal flour for preparing gluten-free products due 
to its several noteworthy characteristics: It is natural, hypoallergenic, colorless, and 
has a bland taste. It contains a very low amount of protein, sodium, and fat, and 
a high amount of easily digested carbohydrates. Rice has a very low amount of 
prolamins (2.5–3.5 %) (Demirkesen et al. 2010a). It can also be used in combina-
tion with other types of gluten-free flours. Despite its numerous advantages, rice 
proteins have poor functional properties. Moreover, they are insoluble because of 
their hydrophobic nature, and this prevents the formation of viscoelastic structure in 
dough (Rosell and Collar 2007). As a consequence, rice products have low volume, 
firm texture, short shelf lives, and they stale rapidly. Several studies in the literature 
have demonstrated the potential use of rice flour for the development of gluten-free 
products (Ahlborn et al. 2005; Demirkesen et al. 2010a, b, 2011, 2014a, b, c; Moore 
et al. 2006; Rosell and Collar 2007; Sivaramakrishnan et al. 2004; Turabi et al. 
2008). There are various studies in the scientific literature that show the applica-
tion of different imaging tools for the evaluation of macroscopic and microscopic 
characteristics of gluten-free baked products containing rice flour (Demirkesen 
et al. 2013, 2014b; McCarthy et al. 2005; Turabi et al. 2010). In these studies, re-
searchers used different gums, enzymes, and dietary fibers to develop gluten-free 
formulations. Turabi et al. (2010) studied the effects of different gums (xanthan, 
guar, LBG, k-carrageenan and xanthan–guar gum blend) on the macro- and mi-
crostructure of gluten-free rice cakes. The cakes were baked by using two differ-
ent baking methods: conventional and infrared–microwave combination baking. In 
order to characterize the cake crumbs quantitatively, flatbed scanner and SEM were 
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used as imaging tools. Scanned images were used to observe the macrostructure of 
gluten-free rice cakes, while the microstructure of cakes was examined by using 
SEM images. During the preprocessing step, the scanned images of the cake crumb 
(Fig. 7.2a) were converted into binarized images (Fig. 7.2b).

Image analysis software ImageJ was used for quantitative analysis of pores. The 
pore area fraction values of the macrostructure of cake crumbs were significantly 
affected from both gum type and baking mode. Cakes baked in infrared–microwave 
combination oven had higher porosity than those baked in conventional oven. The 
addition of xanthan and xanthan–guar gum blend gave higher pore area fractions 
than the other gums when they were baked in infrared–microwave combination 
oven. The higher porosity values of cake crumbs were related to the entrapment 
of more air bubbles in batters containing these gums due to their higher viscosity 
values. To obtain microstructural information about rice cakes, SEM images of cake 
crumbs at 30 × magnification were used (Fig. 7.3).

Pore area fraction values of these images were analyzed by image analysis. It 
was found that cakes containing xanthan gum and xanthan–guar gum blend and 
baked in infrared–microwave combination oven had higher pore area fractions as 
compared to other formulations. This result was in agreement with the data obtained 
for the macrostructure of cake crumbs. The authors hypothesized that the variation 
in dielectric properties of gums might affect the porosity of cake crumbs. High 
dielectric properties of the batters might cause more interaction between the cake 
batters and microwaves and hence higher gelatinization. Thus, it was postulated that 
the higher porosity of cakes containing xanthan was due to higher dielectric prop-
erties of xanthan than the other gums (Turabi et al. 2010). Different hydrocolloids 
were added in gluten-free bread formulations based on rice flour and cornstarch 
in order to investigate their effects on dough rheology and bread quality (Sabanis 
and Tzia 2011). In this study, concentrations of ingredients (cornstarch, rice flour 
and hydroxypropylmethylcellulose (HPMC)) were optimized for a fiber-enriched 
gluten-free bread formulation. SEM images of dough samples were used to show 
the structural integrity of hydrocolloid-containing gluten-free bread crumbs. The 
SEM micrographs of xanthan-gum-containing dough samples showed a large num-
ber of very small gas cells in an interrupted hydrocolloid–starch matrix, presenting 
a dense structure. On the other hand, a continuous matrix that was obtained be-
tween starch and HPMC exhibited a more aerated structure. The baking and sensory 

Fig. 7.2  a Scanned image of rice cake containing xanthan gum. b Binarized image of this cake. 
(Reprinted from Turabi et al. 2010, copyright 2010, with permission Elsevier)
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tests indicated that the addition of HPMC resulted in higher loaf volume, uniform 
and finely grained crumb texture, better color, longer shelf life, and higher sen-
sory scores, and thus HPMC was found to be the most effective gum in structuring 
gluten-free rice cakes.

7.4.2  Chestnut Flour

Chestnut flour has high-quality proteins with essential amino acids (4–7 %), a rela-
tively high amount of sugar (20–32 %), starch (50–60 %), dietary fiber (4–10 %), 

Fig. 7.3  SEM micrographs (30 ×) for cakes baked in conventional oven (a control, b xanthan, 
c guar, d xanthan–guar, e locust bean, f kappa-carrageenan). (Reprinted from Turabi et al. 2010, 
copyright 2010, with permission Elsevier)
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and a low amount of fat (2–4 %). It also includes some important vitamins, miner-
als, and phenolics (Blaiotta et al. 2012; Chenlo et al. 2007; Sacchetti et al. 2004). 
Besides its health and nutritional benefits, the ingredients of chestnut flour may 
provide some functional properties to the dough. While the fiber content of chestnut 
flour may assist the emulsifying, stabilizing, texturizing, and thickening properties 
of dough, the sugar content of chestnut flour may improve the color and flavor 
properties of gluten-free products when it is used at a certain level (Demirkesen 
et al. 2013). Demirkesen et al. (2013) studied the effects of the replacement of rice 
flour with chestnut flour and xanthan–guar gum blend emulsifier–diacetyl tartaric 
acid ester of mono- and diglycerides (DATEM) mixture addition on the macro- and 
microstructure of rice breads baked in different types of ovens (conventional and 
infrared–microwave combination ovens). In this study, flatbed-scanned and SEM 
pictures were analyzed by image analysis program in order to obtain quantitative 
information about the macro- and microstructure of gluten-free breads. The scanned 
images of gluten-free bread samples prepared with different formulations and baked 
in different ovens are depicted in Fig. 7.4.

Control breads, which were prepared without using chestnut flour and gum-
emulsifier blend had heterogeneous crumb structure with their larger pores. This 
result was related to insufficient air incorporation of dough during the fermentation 
and baking processes due to its low viscosity and viscoelastic properties. The higher 
fiber content of chestnut flour improved the viscoelastic properties of dough lead-
ing to entrapment of more air bubbles. Therefore, even in the lack of additives, the 
replacement of rice flour with chestnut flour prevented the formation of very large 
pores (Fig. 7.4c and g). Hydrocolloids enhanced bread quality by improving water 
absorption and viscoelastic properties of dough, and emulsifiers lowered the surface 
tension of dough leading to the subdivision of the entrapped air bubbles into more 
and smaller bubbles during mixing. Therefore, when xanthan–guar gum blend–DA-
TEM mixture was incorporated into dough, the pores of gluten-free breads were 
found to be smaller and more uniform in size (Fig. 7.4b, d, f, h). The high internal 
heat generation in infrared–microwave combination baking produced higher inter-
nal pressure, which created a puffing effect, and this puffing effect resulted in the 
formation of looser and more porous structure. Consequently, among all gluten-free 
breads, the most homogenous structure was obtained in the presence of chestnut 
flour, xanthan–guar gum blend–DATEM mixture addition, and infrared–microwave 
combination baking (Fig. 7.4). The pore area fractions of gluten-free breads pre-
pared with different formulations and baked in different ovens based on scanned 
images are presented in Fig. 7.5.

The lowest pore area fraction values were obtained from control breads. Howev-
er, the replacement of rice flour with chestnut flour increased the pore area fractions 
of breads. Furthermore, the incorporation of xanthan–guar gum–DATEM mixture 
and the use of infrared–microwave combination oven resulted in higher pore area 
fraction values. Therefore, the qualitative information based on scanned images 
was found to be in agreement with the quantitative data obtained by image analy-
sis. In order to obtain quantitative information about the microstructure of breads, 
SEM images at magnification of 20 × were used for the image analysis. Similar to 
scanned images, the highest pore area fraction values were obtained from breads 
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Fig. 7.4  Scanned images of different gluten-free bread formulations baked in different ovens. 
a Rice bread baked in a conventional oven. b Rice bread containing xanthan–guar gum blend–
DATEM mixture and baked in a conventional oven. c Chestnut-rice breads baked in a conventional 
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formulated with chestnut flour with xanthan–guar gum blend–DATEM mixture ad-
dition and baked in an infrared–microwave combination oven (Fig. 7.6).

In this study, SEM pictures of the bread crumbs at 1000 × magnification were 
also obtained (Fig. 7.7). Control breads, especially conventionally baked ones, had 
less-developed pores due to the entrapment of insufficient amount of air bubbles 
into the dough (Table 7.1 and Fig. 7.7a, e). More homogenous structure was ob-
tained in breads prepared with the replacement of rice flour with chestnut flour 
(Table 7.1 and Fig. 7.7c, d, g, h).

The enhancement of viscosity and decrease in starch-protein binding in the pres-
ence of fiber might lead to the formation of more homogenous structure. It was 
also suggested that the significant relationship between starch granule size and gas 
retention might also affect final crumb appearance. Flours that have larger starch 

Fig. 7.5  Based on scanned images, pore area fractions of different gluten-free bread formulations 
baked in conventional (gray) and infrared–microwave combination ovens (black). ( RB rice bread, 
RB-X-G-E rice bread containing xanthan–guar gum blend–DATEM mixture, CRB chestnut-rice 
bread, CRB-X-G-E chestnut-rice bread containing xanthan–guar gum blend–DATEM mixture). 
(Reprinted from Demirkesen et al. 2013, copyright 2013, with permission Springer)

 

oven. d Chestnut-rice bread containing xanthan–guar gum blend–DATEM mixture and baked in 
a conventional oven. e Rice bread baked in an infrared–microwave combination oven. f Rice 
bread containing xanthan–guar gum blend–DATEM mixture and baked in infrared–microwave 
combination oven. g Chestnut-rice breads baked in an infrared–microwave combination oven. h 
Chestnut-rice bread containing xanthan–guar gum blend–DATEM mixture and baked in an infra-
red–microwave combination oven. (Reprinted from Demirkesen et al. 2013, copyright 2013, with 
permission Springer)
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granules, like chestnut starch granules, might release more amylose during bak-
ing since they contain more amylose as compared to small rice granules. Thus, a 
film-like structure was formed by the interaction between that amylose and protein 
which might coalesce less during the baking of chestnut-flour-containing breads. 
Like scanned images of breads, SEM images also showed that among all breads 
prepared without any additives, the most homogenous structure was obviously ob-
tained from breads formulated with chestnut flour and baked in an infrared–micro-
wave combination oven (Fig. 7.7g). More homogenous pore distributions were ob-
served in gluten-free breads containing xanthan–guar gum blend–DATEM mixture 
(Fig. 7.7b, d, f, h).

7.4.3  Sorghum Flour

Sorghum is a member of the grass family of Graminae and tribe Andropoggonae. 
It is regarded as a primary ingredient in bread in most urban areas due to its easier 
growing conditions and low prices (Arendt and Moore 2006). Although, sorghum 
is reported to have very similar chemical composition to maize, it has slightly low-
er protein (11–12 %) and starch digestibility. Furthermore, sorghum flour is also 
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Fig. 7.6  Based on SEM, pore area fractions of different gluten-free bread formulations baked in 
conventional (gray) and infrared–microwave combination ovens (black). ( RB rice bread, RB-X-
G-E rice bread containing xanthan–guar gum blend–DATEM mixture, CRB chestnut-rice bread, 
CRB-X-G-E chestnut-rice bread containing xanthan–guar gum blend–DATEM mixture). Magnifi-
cation: 20 ×. (Reprinted from Demirkesen et al. 2013, copyright 2013, with permission Springer)
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Fig. 7.7  SEM micrographs of the outside of gluten-free bread crumb samples baked in different 
ovens. a Rice bread baked in a conventional oven. b Rice bread containing xanthan–guar gum 
blend–DATEM mixture and baked in a conventional oven. c Chestnut-rice breads baked in a con-
ventional oven. d Chestnut-rice bread containing xanthan–guar gum blend–DATEM mixture and 
baked in a conventional oven. e Rice bread baked in an infrared–microwave combination oven. 
f Rice bread containing xanthan–guar gum blend–DATEM mixture and baked in an infrared–
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neutral in flavor and light in color. As in the case of maize and millet, the protein 
content of sorghum is not considered to have a large role in creating structure in 
foods. However, sorghum proteins are reported to form cross-links with themselves 
or with other constituents during processing as well as cooking that directly impact 
the functional properties of dough and the quality of sorghum-based products (Ha-
maker and Bugusu 2003). Gluten-free breads made from sorghum present technical 
difficulties. Thus, very limited studies have been conducted on gluten-free sorghum 
dough and bread characteristics. Schober et al. (2004) evaluated crumb character-
istics of gluten-free breads made from different sorghum varieties by digital im-
age analysis and texture profile analysis (TPA). Significant differences in crumb 
structure in terms of number of pores, pore size, and hardness were found and were 
related to differences in kernel hardness and damaged starch. It has been postu-
lated that a coarse and open crumb structure might provide less resistance to the 
probe during TPA, thus resulting in softer crumb. In a recent study of Hager et al. 
(2012), crumb grain characteristics of gluten-free breads prepared with sorghum, 
oat, buckwheat, rice, maize, quinoa, and teff flours were investigated by image 
analysis. SEM was also used for the observation of microstructure of dough and 
bread samples, while a C-cell bread imaging system was used for the quantitative 
description of the crumb grain characteristics. Digital image analysis revealed that 

Table 7.1  Pore area distribution of gluten-free breads prepared with different formulations and 
baked in different ovens. (Reprinted from Demirkesen et al. 2013, copyright 2013, with permis-
sion Springer)
Number of pores
Range of pore area (mm2) Oven type RB-X-G-E RB CRB-X-G-E CRB

Conventional
0–5 161 98 278 339
5–10 62 23 54 32
10–20 24 18 28 24
> 20 3 11 1 5
Total number of pores 250 150 361 400

Infrared–microwave 
combination

0–5 259 271 291 292
5–10 54 25 27 26
10–20 16 23 26 25
> 20 0 5 17 19
Total number of pores 329 324 361 362

RB rice bread, RB-X-G-E rice bread containing xanthan–guar gum blend–DATEM mixture, 
CRB chestnut-rice breads, CRB-X-G-E chestnut-rice bread containing xanthan–guar gum blend–
DATEM mixture

microwave combination oven. g Chestnut-rice breads baked in an infrared–microwave combina-
tion oven. h Chestnut-rice bread containing xanthan–guar gum blend–DATEM mixture and baked 
in an infrared–microwave combination oven. Magnification: 1000 ×. (Reprinted from Demirkesen 
et al. 2013, copyright 2013, with permission Springer)
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several gluten-free samples prepared with quinoa, teff, maize, and buckwheat were 
characterized by a dense structure with a low number of cells as a percentage of 
a slice area. On the other hand, breads made from oat and rice had an open aer-
ated structure with a higher number of cells. The SEM images of the breads also 
reflected a more aerated crumb structure of oat and rice breads, and this result was 
found to be in accordance with the macrostructure observations obtained by im-
age analysis. By regarding the results of both digital image analysis and quality 
tests (specific volume, crumb hardness, springiness, loaf height, and sensory), the 
authors concluded that only breads produced from oat flour had a similar quality to 
wheat bread.

7.4.4  Pseudocereal Flours

Buckwheat, amaranth, and quinoa are classified as pseudocereals, and their seeds 
show similarity with true cereals in terms of their function and composition. Pseu-
docereals contain a high amount of starch (52–69 %), which make them important 
energy sources. The protein content of pseudocereals ranges approximately from 
11 to 18 %. Pseudocereals are also rich in sources of good-quality protein with the 
acceptable levels of essential amino acids, and the structural characteristics of these 
proteins influence their techno-functional properties. They also have a high amount 
of dietary fiber and lipids rich in unsaturated fats. Moreover, they contain adequate 
levels of important micronutrients, such as minerals and vitamins, and significant 
amounts of other bioactive components (Alvarez-Jubette et al. 2010). Due to their 
excellent nutritional value, the latest studies have focused on the use of pseudocere-
als in the formulation of high-quality, healthy, gluten-free products. In the study of 
Alvarez-Jubette et al. (2010), technological characteristics (i.e., batter and baking 
properties) of pseudocereals (amaranth, quinoa, and buckwheat) as ingredients in 
the production of gluten-free breads were evaluated. In this study, SEM images 
were used to evaluate properties of flours. CLSM images obtained from the baked 
breads were used to obtain qualitative information about microstructure (Fig. 7.8).

On the other hand, C-cell bread imaging analysis was conducted on the bread 
slices to obtain quantitative information (Fig. 7.9).

SEM images of the flours indicated that the size of flour particles had significant 
differences, and the smallest particle size was observed in potato starch and wheat 
flour, followed by rice, buckwheat, amaranth, and quinoa flours. The results for the 
crumb grain analysis of the baked breads showed that the largest number of cells 
was obtained from buckwheat bread, followed by quinoa, control, and amaranth 
breads. The smallest cell volume was found in gluten-free control bread, followed 
by quinoa, amaranth, and buckwheat breads. The cell wall was the thinnest in qui-
noa bread, followed by control, buckwheat, and amaranth breads in increasing or-
der. Significant variations were obtained between CLSM images of different breads 
(Fig. 7.8). Starch gelatinization, which was characterized by fusing starch gran-
ules together and losing their original structure, occurred at a greater degree in the 
gluten-free control bread compared with the pseudocereal-containing gluten-free 
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breads. Pseudocereal-containing gluten-free breads had a more homogenous struc-
ture with less gas voids and a more even distribution of fat, protein, and starch. The 
pseudocereal-containing breads were characterized by a noticeably softer crumb 
texture that was attributed to the presence of natural emulsifiers in the pseudocereal 
flours and confirmed by the CLSM images (Fig. 7.8). Thus, the authors suggested 

Fig. 7.9  Raw (a) and cell (b) images of amaranth, quinoa, buckwheat, and gluten-free control 
breads. (Reprinted from Alvarez-Jubete et al. 2010, copyright 2010, with permission Springer)

 

Fig. 7.8  Confocal laser-scanning micrographs of gluten-free control, amaranth, quinoa, and buck-
wheat breads. Scale bars row a 0–250 μm, b 0–250 μm, c 0–50 μm. (Reprinted from Alvarez-
Jubete et al. 2010, copyright 2010, with permission Springer)
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the application of pseudocereal flours as feasible ingredients in the manufacture of 
good-quality and healthy gluten-free breads.

7.5  Ingredients and Additives Used to Improve  
the Structure of Gluten-Free Baked Products

Nowadays, the use of additives, which have the ability to mimic the viscoelastic 
properties of gluten, has commonly been applied in the gluten-free industry. Hy-
drocolloids have been widely used in the gluten-free bakery industry since they can 
improve dough viscoelasticity, enhance moisture retention, improve gas holding, 
texture, and shelf life as well as retard starch retrogradation, modify gelatinization 
of starch and act as fat replacer in formulations (Arendt et al. 2008). There has 
been growing interest in the use of hydrocolloids as gluten substitutes in gluten-free 
bread formulations (Acs et al. 1997; Anton and Artfield 2008; Brites et al. 2010; 
Demirkesen et al. 2010a, b; Demirkesen et al. 2011, 2013, 2014a, b, c; Gambus 
et al. 2001; Leray et al. 2010; Peressini et al. 2011; Ribotta et al. 2004). The most 
commonly used hydrocolloids in the gluten-free industry are xanthan gum, guar 
gum, locust bean gum (LBG), HPMC, and carboxymethylcellulose (CMC).

McCarthy et al. (2005) optimized a gluten-free bread formulation based on rice 
flour, potato starch, HPMC, and skim milk powder using a response surface meth-
odology. Crumb structure was evaluated using a digital image analysis system. The 
crumb grain parameters used in this study were as follows: number of small cells 
(0.05 < x < 4.00 mm2), number of large cells (> 4.00 mm2), number of cells/cm2 (in-
cluding small and large cells), and mean cell area in mm2. Both sides of three central 
slices of each loaf were used for crumb grain measurements (60 × 60 mm cropped 
scanned images of the crumb), yielding 24 images per formulation in the optimiza-
tion experiment and 12 images per replicate in the shelf-life trial. It has been stated 
that increasing HPMC and water level decreased crumb firmness and increased 
specific volume. However, high levels of HPMC and water had adverse effects 
on crumb structure by reducing the number of cells per unit area. When optimized 
bread formulation was used, the resulting bread was found to be comparable with 
a wheat bread in terms of mean cell area, but was still lower in terms of number 
of cells/cm2. Schober et al. (2008) showed that the addition of HPMC resulted in 
a regular, fine, gluten-free crumb, a round top, and good aeration. HPMC also sta-
bilized gas bubbles. CLSM revealed finer zein strands in the dough when HPMC 
was present. Sciarini et al. (2010) conducted a study to assess the influence of the 
addition of different hydrocolloids (carrageenan, alginate, xanthan gum, CMC, and 
gelatin) on gluten-free batter properties and bread quality and to obtain information 
about the relationship between dough consistency and bread quality. Images analy-
sis was done using ImageJ software. Cell average area (mm2) and number of cells 
per square millimeter were determined (0.15 and 10.00 mm2 were the lower and 
upper area limit values, respectively, for being considered as cells by the software). 
The ratio of small cells (0.15 < x <2.00 mm2) to large cells (2.00 < x < 10.00 mm2) 
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was calculated. The highest consistency and specific volume were observed for 
xanthan-containing batters and breads. The addition of xanthan gum enhanced 
crumb, thus leading to the formation of a more aerated structure with increased cell 
size and reduced shrinkage. Xanthan gum incorporation also decreased crumb firm-
ness and retarded staling.

In addition to hydrocolloids, emulsifiers are also commonly used in bakery prod-
ucts to assist blending and emulsification of ingredients, to enhance the properties 
of the shortening, and to obtain a softer crumb. Moreover, they enhance dough-han-
dling ability; improve rate of water absorption; provide greater tolerance to resting 
and fermentation; improve crumb structure and loaf volume; increase uniformity in 
cell size; advance gas retention resulting in lower yeast requirements, better oven 
spring, and faster rate of proof; and provide longer shelf-life of bread (Stampfli 
and Nersten 1995). Although the synergic interaction between hydrocolloids and 
emulsifiers is well known, there are limited publications on the use of both hydro-
colloids and emulsifiers in gluten-free bread formulations (Demirkesen et al. 2010a, 
b, 2011, 2013, 2014a, b, c; Nunes et al. 2009a; Onyango et al. 2009). Demirkesen 
et al. (2014b) examined the effects of adding the emulsifier DATEM and different 
gums (xanthan, guar, LBG, agar, methylcellulose (MC), CMC and HPMC) and gum 
blends (xanthan–guar and xanthan–LBG) on crumb structure of gluten-free breads 
by X-ray μCT. In this study, porosity, number of pores, average pore size, aspect 
ratio, and roundness of pores were used as parameters to describe the internal struc-
ture of the crumbs, and the characteristics of the crumb structure were related to the 
hardness, cohesiveness, and springiness of breads. 2D and 3D X-ray μCT images of 
gluten-free bread samples prepared with the addition of different gums or different 
gum blends indicated that in the lack of hydrocolloids and the emulsifier DATEM, 
control breads had a very open sponge-like structure (Figs. 7.10 and 7.11). The 
crumb structures of gluten-free breads prepared with MC and agar showed similar-
ity to the control bread crumb structure. It was observed that these breads exhib-
ited heterogeneous structures with lots of void spaces (open pores). The reason for 
undesirable, heterogeneous crumb appearances of these breads might be related to 
the nonuniform distribution of open pores as well as the wide distribution of closed 
cells in breads. In addition, control, MC, and agar were not capable of providing 
high viscosity and viscoelastic structure to dough during mixing, which might be 
another reason for their heterogeneous crumb appearance with nonuniformly dis-
tributed void spaces (Figs. 7.10a–c and 7.11a–c). On the other hand, except MC 
and agar, the presence of a relatively higher number of smaller pores of gluten-
free breads prepared with additives provided the capture of more gas bubbles and 
moisture in their closed pores, resulting in finer crumb structure (Figs. 7.10d–j and 
7.11d–j). Porosity, number of pores, averages size of pores, aspect ratio, and round-
ness values of pores are shown in Table 7.2.

Among all gluten-free breads, gluten-free breads prepared with the addition 
of MC, agar, and no additives had the highest porosity values with the lowest 
number of pores, which indicated a nonuniform crumb structure with very large 
pores. The highest average areas of pores observed for these breads were related 
to the interconnection between all gas cells (Table 7.2, Figs. 7.10a–c and 7.11a–c). 
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Fig. 7.10  2D X-ray μCT images of gluten-free bread slices prepared with different gums or gum 
blends. a Control breads. b Breads prepared with methylcellulose. c Breads prepared with agar. d 
Breads prepared with locust bean. e Breads prepared with guar. f Breads prepared with xanthan. g 
Breads prepared with carboxymethylcellulose. h Breads prepared with hydroxypropylmethylcellu-
lose. i Breads prepared with xanthan–locust bean gum blend. j Breads prepared with xanthan–guar 
gum blend. (Reprinted from Demirkesen et al. 2014b, copyright 2014, with permission Elsevier)
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Fig. 7.11  3D X-ray μCT images of gluten-free bread samples prepared with different gums or 
gum blends. a Control breads. b Breads prepared with methylcellulose. c Breads prepared with 
agar. d Breads prepared with locust bean. e Breads prepared with guar. f Breads prepared with 
xanthan. g Breads prepared with carboxymethylcellulose. h Breads prepared with hydroxypro-
pylmethylcellulose. i Breads prepared with xanthan–locust bean gum blend. j Breads prepared 
with xanthan–guar gum blend. (Reprinted from Demirkesen et al. 2014b, copyright 2014, with 
permission Elsevier)
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A significant negative correlation between porosity and number of pores ( r = − 0.90) 
and a positive correlation between porosity and average size of pores ( r = 0.80) 
were also found in that study. This result also indicated the noticeable effect of void 
spaces on porosity of crumb structure. As opposed to breads containing MC and 
agar and control breads, the lowest porosity, the lowest average pore area, and the 
highest number of pores were observed for gluten-free breads prepared with the 
addition of xanthan, CMC, xanthan–guar, xanthan–LBG, and HPMC. A negative 
correlation observed from the data between number of pores and average size of 
pores ( r = 0.94) indicated the finest crumb structure of these breads with the highest 
number of smaller pores. The aspect ratio of all the bread samples, which expresses 
the relationship between the width of the pore and its height, was found to be under 
2, representing the ellipsoidal nature of the pores. The roundness of pores in gluten-
free bread samples prepared with different additives was found to be between 0.559 
and 0.637 indicating their noncircular shape.

Recently, enzymes such as amylase, cyclodextrin glycosyltransferases (CGT), 
transglutaminase (TG), glucose oxidase (GO), laccase, and proteases have been 
successfully used in the gluten-free baking industry in order to improve dough-han-
dling ability and water-binding capacity as well as texture and shelf life of products. 
Since the proteins in cereals except wheat gluten do not aggregate to continuous 
network in dough at room temperature, protein functionality can be modified by 
cross-linking. Recently, protein-cross-linking enzymes, such as TG, have been used 
in the gluten-free industry since they are responsible for the formation of a protein 
network—through the formation of intra- and intermolecular cross-links between 
the polypeptide chains. TG is responsible for the formation of new covalent cross-
links in proteins via lysine and glutamine residues. It can be applied as a protein 

Table 7.2  Quantification of the porous structure per slice thickness (0.036 mm) and per identical 
size (~ 0.688 cm3) of the gluten-free bread samples prepared with different gums or gum blends. 
(Reprinted from Demirkesen et al. (2014b), copyright 2014, with permission Elsevier)
Gluten-free 
bread samples

Porosity values of identi-
cal size (~ 0.688 cm3)

Number of pores per 
1.85 cm2 area

Average size of the pore 
(cm2)

SE SE SE
Control 0.568a 1.65 8.56c 3.079 0.165a 1.20
MC 0.629a 2.05 5.10c 2.015 0.298a 2.07
A 0.602a 1.72 3.99c 1.091 0.478a 4.26
LBG 0.539b 1.21 11.0b 1.094 0.088b 0.19
G 0.510b 1.34 11.4b 2.096 0.083b 0.24
X 0.453c 0.98 13.9a 2.052 0.055c 0.13
CMC 0.471c 1.16 15.5a 1.092 0.050c 0.09
HPMC 0.382c 0.87 14.3a 2.006 0.040c 0.07
X-LBG 0.502c 1.76 12.3a 2.047 0.071b 0.18
X-G 0.423c 1.18 14.4a 2.073 0.047c 0.15

Analysis was done in duplicate. Pores > 0.01 cm2  considered. Values are means of 100 slices
SE standard error of 100 slices MC methylcellulose, A agar, LBG locust bean gum, G Guar gum, X 
Xanthan, CMC carboxymethylcellulose, HPMC hydroxypropyl methylcellulose
a, b, c Formulations having different letters are significantly different ( p ≤ 0.05)
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modifier, and it is able to modify the functional characteristics of a wide range of 
proteins, such as casein and albumen from milk, animal protein from eggs and meat, 
soy protein, and wheat protein (Arendt et al. 2009). Moore et al. (2006) evaluated 
the impact of TG at different levels (0, 0.1, 1, and 10 U of TG/g of protein) on the 
quality of gluten-free bread prepared by rice flour, potato starch, corn flour, xanthan 
gum, and various protein sources (skim milk powder, soy flour, and egg powder). 
For image analysis, the images of the bread were captured using a flatbed scan-
ner and supporting software. Brightness levels were adjusted, and a square field 
of view was evaluated for each image, which in turn captured the majority of the 
crumb area of each individual slice of bread. The crumb grain feature chosen was 
the number of cells per square centimeter in digital photographs. From the image 
analysis based on the scanned images, it was observed that TG inclusion increased 
the number of cells per square centimeter of bread crumbs when milk and egg pow-
der were used. This result suggested an improvement in the crumb structure due to 
protein cross-linking. Image characteristics of breads were also evaluated by using 
CLSM. CLSM images indicated that no differences could be detected between the 
microstructure of batters containing TG and their controls, and no orientated protein 
network was visible within these batters. The microstructure of the breads indicated 
that TG application improved continuity in the protein network within skim–milk- 
and egg-powder-containing gluten-free breads. It was concluded that it is possible 
to form a protein network in gluten-free bread with the addition of TG, but the 
efficiency of the enzyme changes depending on both the protein source and the 
level of TG concentration. To promote protein cross-linking, Renzetti et al. (2008) 
studied the incorporation of 0.1 and 10 U of TG into six different gluten-free cereals 
(brown rice, buckwheat, corn, oat, sorghum, and teff). CLSM was used to observe 
the modifications caused by TG on the microstructure of batters and breads made 
with brown rice or buckwheat (Figs. 7.12 and 7.13).

The microscopy images of control buckwheat and brown rice batters, which 
were incubated for 30 min and prepared without addition of any enzyme revealed a 
homogeneous distribution of proteins in the system (Fig. 7.12). The incorporation 
of 10 U of TG after 30 min incubation resulted in buckwheat and brown rice pro-
teins appearing to be distributed in aggregates. 180 min of incubation caused larger 
protein agglomerates formation in the system, and no differences could be detected 
for the other cereal batters. The incorporation of 10 U of TG enhanced the continu-
ity of the protein phase in breads (Fig. 7.13).

The result of the study indicated that upon the addition of TG, the rheology of 
batters and the quality of breads from buckwheat, rice, and corn flour improved, 
but no improvement occurred when oat, teff, and sorghum flours were used (Ren-
zetti et al. 2008). Thus, it was suggested that TG can be successfully applied to 
gluten-free flours to improve their breadmaking potentials by promoting network 
formation, but the protein source is a key element in determining the impact of the 
enzyme. The use of CLSM confirmed the improvements brought by TG on the mi-
crostructure of batters and breads. The impact of the different levels of laccase, GO, 
and protease on the breadmaking performance of gluten-free oat flour was also test-
ed (Renzetti et al. 2010). The addition of laccase and protease enzymes significantly 
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enhanced the quality of oat bread as the enzymes increased the specific volume and 
decreased crumb hardness and chewiness. The improved quality of breads upon the 
addition of these enzyme preparations was attributed to their noticeable levels of 
endo-β-glucanase side activity. CLSM of bread crumbs revealed that the addition 
of GO resulted in larger protein aggregates in the bread crumbs, and these globular 
aggregates negatively affected the breadmaking performances of oat bread. In con-
trast, protease addition showed the presence of smaller protein clusters dispersed in 
the system, resulting in oat breads of the best textural quality. Renzetti and Arendt 
(2009a) studied the impact of GO and protease on the breadmaking performance 
of four different gluten-free flours (buckwheat, corn, sorghum, and teff). GO en-
hanced corn and sorghum bread quality by increasing specific volume and reducing 
collapsing at the top. The improvements of the bread quality were related to the 
aggregation of the dispersed protein structures as revealed by CLSM and resulted 
in enhanced continuity of the protein phase and elastic-like behavior of corn and 
sorghum batters. In another study of Renzetti and Arendt (2009b), the effect of 
protease treatment was investigated on the baking properties of brown rice bread. 

Fig. 7.12  3D elaboration of confocal laser-scanning microscopy (CLSM) images of buckwheat 
(BW) and brown rice (BR) batters (40 × magnification): a BW control (0 U of enzyme) after 
30 min at 301  C, b BW 10 U of transglutaminase (TG) batter after 30 min at 301  C, c BW 10-U 
batter after 180 min at 301  C, d BR control (0 U of enzyme) after 30 min at 301  C, e BR 10 U of 
TG batter after 30 min at 301  C, f BR 10-U batter after 180 min at 301  C. Proteins appear red. 
With increasing incubation time, the proteins in the batter change from a homogeneous dispersion 
(a and d) to protein aggregates (b and c, e and f). (Reprinted from Renzetti et al. 2008, copyright 
2008, with permission Elsevier)
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It was shown that protein degradation could be beneficial in improving the bread-
making performances of brown rice flour, by increasing the specific volume of the 
bread and decreasing crumb hardness and chewiness. CLSM images confirmed that 
the gelatinized starch phase was the main structuring component in protease-treated 
breads.

In order to improve both the nutritional and functional properties of gluten-free 
products, the replacement of gluten with protein sources such as dairy, egg, soy, and 
maize has long been used in gluten-free baking technology (Ahlborn et al. 2005; 
Gallagher et al. 2003; Marco and Rosell 2008; Nunes et al. 2009b; Schober et al. 

Fig. 7.13  3D elaboration of confocal laser-scanning microscopy (CLSM) images of buckwheat 
(BW) and brown rice (BR) bread crumb (40 × magnification): a BW control bread (0 U of enzyme), 
b BW 10 U of transglutaminase (TG) bread, c BR control bread (0 U of enzyme), d BR 10 U of 
TG bread. Proteins are stained red together with yeast cells, which appear round shaped. For BW, 
the control bread shows a continuous protein network, characteristic only of BW breads. The addi-
tion of the enzyme results in a crumb with a strengthened, finer-meshed protein network. For BR, 
the control bread shows the absence of any kind of protein network. The addition of the enzyme 
enhances the continuity of the protein phase. (Reprinted from Renzetti et al. 2008, copyright 2008, 
with permission Elsevier)
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2004; Van Riemsdijk et al. 2011). The incorporation of two important milk proteins, 
caseins and whey proteins, has been established in gluten-free baking industry in or-
der to increase water absorption and, therefore, enhance the handling properties of 
the batter and bread characteristics. Besides, supplementing the gluten-free formu-
lation with high-protein-content dairy powders also increases the protein content of 
the breads (Gallagher et al. 2003). Schober et al. (2004) tested the influence of milk 
proteins and rice starch on crumb structure (pore size, number of pores, and crumb 
hardness) by using digital image analysis and TPA. Bread slices were scanned by 
a flatbed scanner and digital image analysis of the crumbs was performed using a 
digital image analysis system. Mean cell area and total number of cells were se-
lected as crumb structure features. It was found that the addition of milk proteins 
and rice starch in gluten-free sorghum breads resulted in the formation of more 
open structure and hence decreases in the number of cells per square centimeter. 
The more open structure provided less resistance to the probe during TPA, and thus 
softer textures were obtained from the bread supplement with milk proteins. Moore 
et al. (2004) produced gluten-free breads using dairy protein sources. Due to its 
high resolution and ability to scan through thick samples, CLSM proved to be very 
useful in detecting the desirable protein structure elements of bread crumb. From 
CLSM images it was observed that the dairy-based gluten-free bread crumb had a 
network-like structure, which resembled a gluten network in wheat bread crumb. 
This study showed that the formation of a continuous protein phase and film-like 
structures was critical for an improved quality of gluten-free bread based on starch 
retrogradation. Ahlborn et al. (2005) compared the microstructure of wheat bread 
with low-protein starch bread and with gluten-free bread supplemented with egg 
proteins and milk proteins by SEM. Both low-protein starch bread and gluten-free 
bread contained xanthan gum and HPMC. It was observed that both cell diameter 
and lamellae thickness were larger in the rice and low-protein starch breads as com-
pared to wheat bread. SEM images made it possible to see a web-like structure in 
gluten dough and gluten bread. On the other hand, in the low-protein starch bread, 
coalescence of the gas cells as evidenced by larger cell diameters and thicker lamel-
lae was observed. The results of this study demonstrated that the combinations of 
rice, tapioca, egg, and milk proteins with xanthan gum and HPMC could create a 
bicontinuous matrix with starch fragments, similar to gluten. Nunes et al. (2009b) 
indicated the successful use of low-lactose dairy powders in gluten-free recipes. In 
this study, the impacts of different low-lactose dairy ingredients (sodium casein-
ate, milk protein isolate, whey protein isolates, and whey protein concentrate) on 
gluten-free dough rheology and bread quality were determined. Better quality in 
terms of specific volume and hardness is attained with whey proteins. CLSM imag-
es showed that the microstructure of casein-containing breads was dominated by a 
starch phase, where no protein network could be observed, while the incorporation 
of whey protein formed a protein network. It has been noted that the differences in 
thermal stability of casein and whey protein might play a major role in the resulting 
microstructure of the bread crumbs containing casein or whey protein.
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7.6  Methods to Improve the Microstructure 
of Gluten-Free Products

As stated before, producing high-quality gluten-free products is one of the most 
challenging issues for cereal technologists and scientists. Up to date, most gluten-
free products have been produced by replacing wheat flour by alternative flours as 
well as using some additives to mimic the viscoelastic properties of gluten. In order 
to meet the rising demand of celiac patients for high-quality products, sourdough 
technology, infrared–microwave combination baking, and HHP treatment have also 
lately been studied as potential methods in gluten-free technology.

7.6.1  Sourdough Technology

Sourdough, which is a mixture of flour and water fermented with lactic acid bac-
teria (LAB) and/or yeast, is used to improve the quality of wheat breads (Moroni 
et al. 2009). In order to meet the rising demand of celiac patients for high-quality 
and healthier products, this old biotechnological process has recently been applied 
as a new approach in gluten-free breadmaking. It has been stated that the problems 
associated with gluten-free dough and bread characteristics may be overcome by 
the application of sourdough. By the application of this technology, the rheological 
properties of gluten-free dough as well as the quality of gluten-free breads in terms 
of volume, texture, crumb structure, flavor, and nutritional value may be improved 
(Moroni et al. 2011; Schober et al. 2007; Zannini et al. 2012a). The positive effects 
of sourdough on the retardation of the staling process and protecting gluten-free 
bread from mold and bacterial spoilage have also been demonstrated by researchers 
(Moore et al. 2007).

Moore et al. (2007) conducted a study on the effects of adding different strains of 
LAB on gluten-free sourdough, batter, and bread. As controls, chemically acidified 
(80 % lactic acid and 20 % acetic acid) and nonacidified batters/breads were used. 
CLSM, which presents advantages to produce optical sections through a 3D speci-
men without damaging the structure, was used to observe microscopic changes. 
Digital image analysis was used to characterize the crumb structure. The images 
of the bread were captured using a flatbed scanner, and the number of cells was 
chosen as the crumb structure characteristic. CLSM showed remarkable structural 
changes in sourdough over time due to the action of the LAB. As compared to the 
initial microstructures of sourdoughs, smaller and more scattered proteins within 
starch granules were observed in microimages of sourdoughs at 24 h. This result 
indicated that the protein particles in sourdough-containing breads were degraded 
over the fermentation process. Since the degradation was found to be less obvi-
ous in gluten-free sourdough, it was concluded that gluten-free sourdoughs did not 
exhibit oriented protein network or degraded network, which is generally seen in 
wheat-based sourdough systems. The microimages of gluten-free breads indicated 
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that gluten-free breads prepared with 20 % sourdough incorporation had a higher 
amount of aggregated and larger particles as compared to nonacidified control glu-
ten-free breads. The pore walls in both nonacidified control and gluten-free batters 
prepared with 20 % sourdough incorporation were characterized by the presence of 
large denatured soy globules and gelatinized starch granules. Moreover, none of the 
breads had network formation. Therefore, the control and the breads prepared with 
the addition of 20 % sourdough did not indicate any significant difference in terms 
of loaves volume and height, number of cells, or mean cell area. However, the ad-
dition of sourdough delayed the onset of staling, which showed that the addition of 
sourdough in gluten-free bread formulation may improve the quality of the result-
ing bread. Schober et al. (2007) used sourdough fermentation in order to improve 
the quality of gluten-free sorghum breads. Flatbed scanning images were used to 
examine the microstructure of breads, while CLSM was applied to understand the 
microstructure that contributes to bread quality. In the case of sourdough breads, 
the height of breads was significantly improved. This might be due to the stronger 
starch gel in sourdough breads. For a further understanding of the mechanisms, the 
authors compared bread crumbs prepared with the addition of HPMC with those 
of sourdough breads at microscopic level and also included chemically acidified 
bread crumb to address the effect of acidification alone. CLSM revealed aggregated 
protein in both gluten-free breads prepared with HPMC and chemically acidified 
gluten-free breads. In the case of chemically acidified breads, protein aggrega-
tion might be attributed to poor solubility of sorghum proteins at acidic pH values. 
However, in the case of breads prepared with sourdough fermentation, only small 
isolated patches of protein bodies embedded in matrix protein remained. Thus, the 
authors suggested that unlike protein bodies, the specific sourdough fermentation 
of this study could degrade some other proteins, which would otherwise aggregate 
upon baking as in the case of bread crumb prepared with the addition of HPMC. 
The authors concluded that as opposed to gluten proteins, aggregated proteins in the 
case of gluten-free breads prepared with HPMC and chemically acidified gluten-
free bread were clearly not associated with improved bread quality. In contrast, 
proteins in sourdough-containing breads can no longer cross-link, and therefore 
they do not aggregate upon baking, which may be attributed to the improved quality 
of sourdough bread.

7.6.2  Infrared–Microwave Combination Baking Technology

Microwave heating offers a number of advantages such as energy efficiency, faster 
heating, space saving, precise process control, selective heating, and food with high 
nutritional quality, but microwave-baked products do not meet with consumer ac-
ceptance because of their quality problems (Sumnu 2001). Infrared–microwave 
combination heating provides selectivity that improves moisture distribution inside 
food by heating the surface of a food faster. Therefore, moisture can be easily re-
moved from the surface of the product, and the food remains crisp (Datta et al. 
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2005). This technology combines the browning and crisping advantages of near-
infrared heating and the time-saving and energy efficiency advantages of micro-
wave heating. The advantages of infrared–microwave combination heating over 
microwave heating have been realized over the past few years. Previous attempts 
have been made to overcome the problems associated with microwave baking, and 
in these studies the combination of microwave heating with infrared heating has 
been successfully used by several researchers (Datta et al. 2007; Demirekler et al. 
2004; Keskin et al. 2004, 2005; Sakiyan et al. 2011; Sumnu and Sahin 2005). This 
baking technology may also be a good alternative to conventional baking to pro-
duce gluten-free products with comparable quality but in shorter times (Demirkesen 
et al. 2011, 2013, 2014a, c; Sumnu et al. 2010; Turabi et al. 2008). In recent studies, 
the images obtained by a flatbed scanner and SEM were used to obtain qualitative 
and quantitative information about the macro- and microstructure of gluten-free 
bread and cake products (Demirkesen et al. 2013; Turabi et al. 2010). In the study 
of Demirkesen et al. (2013), both quantitative and qualitative information were ob-
tained related to the macro- and microstructure of gluten-free breads prepared with 
rice and chestnut flour and xanthan–guar gum blend–DATEM mixture addition, 
and baked in conventional and infrared–microwave combination ovens. Quantita-
tive information about crumb cells of the scanned images and SEM micrographs at 
a magnification of 20 × were obtained using Image J software. Binarized images 
were used for quantitative analysis of pores. Crumb structures of gluten-free bread 
samples were analyzed by calculating pore area fraction, pore size distribution, and 
mean roundness values by this software. As discussed before, the macrostructure 
images of gluten-free breads, which were obtained by the help of a scanner, showed 
that gluten-free breads baked in infrared–microwave combination oven were looser 
and more porous (Fig. 7.4). The puffing effect that occurred during infrared–mi-
crowave combination baking also increased the pore area fraction values and the 
total number of pores of gluten-free breads (Fig. 7.5). It has been demonstrated 
that baking method also affected the pore size distribution of breads significant-
ly. Infrared–microwave combination baking increased the number of small pores 
in rice breads but large pores in chestnut-rice breads (Fig. 7.5). The quantitative 
data obtained by SEM images showed that infrared–microwave combination bak-
ing resulted in higher pore area fraction values (Fig. 7.6). It has been shown that 
gluten-free breads baked in an infrared–microwave combination oven had more 
starch granules, which did not lose their identity and did not disintegrate completely 
(Fig. 7.7). The authors hypothesized that shorter processing time during infrared–
microwave combination baking might affect swelling and gelatinization and lead to 
incomplete disintegration of starch granules. Turabi et al. (2008) also used flatbed-
scanned and SEM images to obtain quantitative and qualitative information on the 
macro- and microstructure of gluten-free rice cakes containing different types of 
gums and baked in different ovens. Macrostructure of gluten-free cakes indicated 
that infrared–microwave combination baking provided more porous structure to 
cakes, which may be caused by higher pressure gradient during the infrared–mi-
crowave combination baking mechanism. Infrared–microwave combination baking 
increased the pore area fraction values and the total number of pores of gluten-free 
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cakes and resulted in the formation of pores having larger area. From SEM images 
it was also observed that conventionally baked cakes showed more starch granule 
deformations (Fig. 7.3), while cakes baked in an infrared–microwave combination 
oven had granular starch residues and deformed starch structure together. The stud-
ies of Demirkesen et al. (2013) and Turabi et al. (2010) demonstrated that there was 
a close relationship between the quantitative information obtained from the macro- 
and microstructure of gluten-free products.

7.6.3  High Hydrostatic Pressure Technology

HHP technology, which consists in applying pressures between 100 and 1000 MPa 
to foods, creates new structures and textures by modifying functional properties of 
biopolymers such as proteins and starches (Zannini et al. 2012b). Therefore, HHP 
may offer a good alternative for enhancing the viscoelasticity of gluten-free doughs 
and the quality of resulted bakery products. Moreover, this alternative nonthermal 
technology may prevent the necessity of the use of additives in gluten-free products. 
It has been stated that HHP treatment induces starch swelling and gelatinization 
without the disruption of granule integrity that offers advantages over products such 
as high moisture retention, improvement of gas retention capacity of the batter, 
hence increased volume, and enhanced shelf life of baked products. HHP also alters 
the structure and functional properties of proteins which may be due to its pro-
nounced effect on the folded–unfolded equilibrium of proteins, on the weakening 
of electrostatic and hydrophobic interactions, and on the thiol–disulphide exchange 
reactions resulting in the disruption of non-covalent interactions within proteins, 
with subsequent reformation of intra- and intermolecular bonds within or between 
proteins (Vallons et al. 2011). Recent studies showed that HHP could be utilized as 
a potential tool to improve the functionality of gluten-free products (Hüttner et al. 
2009; Stolt et al. 2001; Vallons et al. 2010, 2011; Vallons and Arendt 2009).

In the study of Vallons and Arendt (2009), the effect of HHP treatment on struc-
tural properties of sorghum starch was evaluated by using rheological and micro-
scopic techniques. In addition, pressure-induced gelatinization of sorghum starch 
was compared with heat-induced gelatinization of sorghum starch. CLSM was used 
to determine the loss of birefringence during gelatinization. CLSM pictures showed 
loss in birefringence of starch granules at high-pressure and temperature treatment 
but preservation of granular structure upon pressure and temperature treatment. In 
order to obtain finer details about the effect of pressure and temperature on the 
starch granule morphology, SEM analysis was used. Both CLSM and SEM images 
revealed that granular integrity was retained within the gelatinization interval in 
the presence of pressure and temperature changes. It was also observed that there 
were no significant differences between the microstructure of the pressure-treated 
samples and the temperature-treated samples within the gelatinization intervals. In 
order to evaluate the potential use of pressure-treated sorghum in the production of 
sorghum breads, another study was conducted on the application of high-pressure 
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processing of sorghum batters (Vallons et al. 2010). The impacts of high pressure on 
the structure of sorghum breads were examined by SEM. The untreated batter and 
batter treated at low pressures did not show visual differences. However, at high-
er-pressure treatment, starch granules became swollen and deformed, while their 
granular structure remained intact. The results of this study suggested that pressure 
treatment has the potential to delay staling in gluten-free products. In another study, 
the effect of HHP on the microstructure properties of three gluten-free batters made 
from buckwheat, white rice, and teff was examined (Vallons et al. 2011). SEM was 
used to observe the changes in the microstructure of the batters induced by the 
HHP treatment. Clearer changes were observed in the buckwheat images. Although, 
most granules retained their granular shape after treatment with 600 MPa, they were 
swollen, deformed, and collapsed. In the case of the microstructure of the gluten-
free batters made from rice and teff, the effects of HHP on the granule structures 
were found to be less obvious; however, the structure of the batters looked smoother 
after HHP treatment. These structural changes in batters showed the noticeable ef-
fect of HHP treatment on the modifications occurring in starch and proteins. Hüt-
tner et al. (2009) conducted a study on the effects of HHP on the microstructure of 
oat batters. SEM and bright-field microscopy were used to examine the structural 
changes of batters through HHP treatment. It was observed that both proteins and 
starch granules were affected by the HHP treatment, and higher pressures resulted 
in more noticeable changes in the structures of batters. Both bright-field microscopy 
and SEM revealed that higher pressures led to swollen and slightly disintegrated 
starch granules of batters and a more continuous distribution of proteins (Fig. 7.1). 
In another study, Hüttner et al. (2010) examined the use of HHP as a tool to improve 
the breadmaking performance of oat four. SEM and bright-field microscopy were 
used to investigate the effect of HHP treatment on the oat batter constituents. Both 
protein and starch were affected by HHP treatment, and more evident alterations 
were observed with higher-pressure treatment. Although the majority of oat starch 
granules retained their granular structure, modifications in their surface appearance 
such as swelling and slight disintegration of some granules were found to be visible. 
As compared to the untreated oat batter, more continuous distribution of proteins 
with higher-pressure treatment was observed. It was suggested that HHP treatment 
could be successfully applied for the improvement of oat flour functionality and 
bread quality by selecting the suitable pressure levels and amounts of flour. Pro-
tein modification and changes in the moisture distribution positively influenced the 
quality by retarding the staling of oat bread.

7.7  Conclusion

Gluten is responsible from the formation of the basic structure necessary for the 
appearance, texture, flavor, and shelf life of many baked products; therefore, 
eliminating gluten from the products causes quality problems. Replacing gluten 
in gluten-free products requires the use of alternative flour types to wheat flour 
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as well as several functional ingredients such as starches, hydrocolloids, emulsi-
fiers, enzymes, protein, and/or fiber sources. In addition, sourdough breadmaking 
technique, infrared–microwave combination baking, and HHP treatment have been 
used as potential methods in gluten-free technology. The physicochemical, sensory, 
nutritional and, transport properties of foods are largely affected by the structure of 
foods varying from molecular to macroscopic levels. Although quantitative descrip-
tion of baked products is generally done by image analysis methods based on mac-
roscopic techniques, microstructural analysis provides more detailed information 
about quality attributes of multicomponent sophisticated food products.

Recently, LM, SEM, CLSM, MRI, and X-ray μCT have been the popular tech-
niques used in image acquisition for the quality of dough/batters and gluten-free 
baked products. Since CLSM has the ability to produce optical sections of a 3D 
specimen without damaging the structure and provides specific staining of com-
ponents, it has been extensively used as a valuable tool in gluten-free baked prod-
ucts in order to provide deeper understanding of the role of ingredients and their 
interactions in the microstructure of gluten-free batters and breads. SEM imaging 
technique has recently been used to obtain quantitative information about crumb 
characteristics of gluten-free breads and cakes. As a powerful imaging technique, 
X-ray μCT has been recently used for quantitative characterization of gluten bread 
crumbs by creating 3D representation of bread structure from 2D image slices. In 
the future, widespread application of novel and powerful imaging techniques for 
the examination of the microstructure of gluten-free products can provide deeper 
knowledge about the quality attributes of gluten-free baked products.
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Chapter 8
Molecular Organization and Topography 
of Prolamin Protein Films

Jarupat Luecha and Jozef L. Kokini

8.1  Introduction

8.1.1  Zein and Gluten Proteins

Wheat, maize, and rice are the most important cereal crops accounting for more 
than 70 % of the world cereal production in 2012. Nonfood utilization of these cere-
als increased rapidly particularly as a result of an escalation in feed production and 
industrial uses (GIEWS, 2012). Although storage cereal proteins constitute only 
about 10–12 % of the cereal mass, they play an important role in food production, 
feed production, and industrial uses. For instance, wheat proteins are not only nu-
tritionally important for human consumption but also functionally essential for the 
viscoelasticity of bread dough, bread, and pasta.

Prolamins are among the major storage proteins that are found in wheat, bar-
ley, rye, maize, sorghum, and millet. Prolamins can be defined as protein fractions 
that are soluble in the mixture of alcohol/water in the presence of reducing agents 
(Shewry and Halford 2002; Shewry and Tatham 1990). The water insoluble prop-
erty of prolamins mainly results from the high content of hydrophobic amino acids 
and glutamines and the low content of polar amino acids (Lagrain et al. 2010). A 
wheat prolamin and a maize prolamin both have been studied extensively for non-
food applications as they are biodegradable materials from renewable resources. 
Moreover, several studies on their thermoplastic properties have shown that they 
can be exploited for nonfood applications, including adhesives, coatings, and pack-
aging materials (Shukla and Cheryan 2001; Lawton 2002; Hernandez-Munoz et al. 
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2003; Roy et al. 1999; Lagrain et al. 2010; De Graaf 2000). In addition, the indus-
trial uses of maize prolamins have grown dramatically due to ethanol production 
from maize, leaving behind the protein-rich byproducts to be used as animal feed 
and for industrial uses (Aithani and Mohanty 2006).

Prolamins of Maize
Zein is the main prolamin found in maize. Zein proteins can be classified according 
to the way they aggregate in aqueous ethanol at various concentrations in the pres-
ence of reducing agents into α-zein, β-zein, and δ-zein. Alpha-zein is the most abun-
dant fraction which contains electrophoretic bands at a molecular weight of 19,000 
and 21,000 (Esen 1986). The α-helical structure dominates the secondary structure 
of α-zein rather than the β-sheet structure in aqueous ethanol solution (Shewry and 
Tatham 1990). Several studies have shown that zein in aqueous solution forms ellip-
soidal aggregates with both hydrophilic and hydrophobic molecular planes (Argos 
et al. 1982; Matsushima et al. 1997; Shewry and Tatham 1990).

Prolamins of Wheat
Prolamins are well known to be responsible for the viscoelastic properties of wheat 
gluten (WG) in bread dough (Kuktaite et al. 2011; He et al. 2013). The prolamins 
of wheat can be classified into the low-molecular-weight gliadins (Mw~ 36,000–
44,000) and higher-molecular-weight glutenins (Mw~ 67,000–88,000) (Shewry and 
Tatham 1990). Gliadins contribute to the flowability of gluten while glutenins con-
tribute to the ability of gluten to stretch. Gliadins are monomeric proteins that can 
be fractionated into four groups: α-, β-, γ-, and ω-gliadins, with the ω-gliadins being 
the only group that does not contain cysteine residues (Shewry and Halford 2002). 
The sulfur-rich gliadins are responsible for the inter- and intramolecular cross-links 
via disulfide bonds. The structure of high-molecular-weight unit was proposed to be 
a loose spiral of several organized β-turns, resulting in the rod shape of the whole 
structure (Shewry and Tatham 1990).

8.1.2  Prolamin Proteins as Promising Biodegradable and Edible 
Packaging Films from Renewable Resources

Petroleum-based synthetic polymer plastics accounted for 13 % of the solid waste 
generated in the USA in 2011 (EPA 2011), the major portion coming from packaging 
applications (Aithani and Mohanty 2006). Their advantages include high durabil-
ity, ease of handling at industrial scale, low gas permeability, and ease of disposal. 
However, their disadvantages include difficulty to biodegrade, resulting pollution, 
and the fact that they are derivatives of raw materials from limited fossil resources 
that will vanish in the next century if not sooner (Zhang and Mittal 2010). For these 
reasons, bio-based renewable materials such as hydrophobic proteins from cereals 
and legumes are gaining increasing attention as they are biodegradable and offer a 
sustainable solution (Johansson et al. 2012). In addition to their biodegradable and 
renewable properties, bio-based materials such as starch, cellulose, and proteins are 
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also considered edible films. Edible films are used as edible coatings, edible wrap, 
separable layers between food components to prevent moisture migration, and edi-
ble plastic bags/pouches to contain foods (Hernandez-Izquierdo and Krochta 2008). 
Protein films are particularly interesting as edible packaging films because of the 
diversity of the amino acid side chains varying from polar to nonpolar functional 
groups, thus allowing diverse chemical functionalization (Zhang and Mittal 2010; 
Lagrain et al. 2010; De Graaf 2000).

In addition to their nutritional and food-processing value, prolamins have be-
come potentially promising biodegradable and edible packaging films (Lagrain 
et al. 2010; De Graaf 2000). However, the major drawback of these prolamin 
films is that their mechanical and barrier properties as well as processability are 
inferior to petroleum-based packaging films (Taylor et al. 2013). The brittleness 
of prolamin films can be reduced by the addition of plasticizers to suppress their 
glass temperature. The effects of the addition of plasticizers such as glycerol, 
polyethylene glycol, propylene glycol, and oleic acid on the mechanical and bar-
rier properties of prolamin films have been studied extensively (Xu et al. 2012; 
Jagadeesh et al. 2013; Lawton 2004; Ghanbarzadeh et al. 2007). Most findings 
indicate that the flexibility of prolamin films increased as the plasticizer content 
increased. The hydrophobic plasticizers were found to increase the water vapor 
permeability of the zein films (Ghanbarzadeh et al. 2007; Xu et al. 2012). The ef-
ficacy of the plasticization depends on the compatibility between the plasticizers 
and the prolamin proteins. Besides the addition of plasticizers, the cross-linking 
reaction as well as lamination with other film layers has been used as techniques 
to improve physical properties of the prolamin films (Sessa et al. 2007; Gu et al. 
2013). Nanocomposite prolamin films showed improved tensile strength, barrier 
properties, and thermal resistance with the degree of enhancement dependent on 
film fabrication processes (Luecha et al. 2010; Guillard et al. 2013; Ture et al. 
2012; Sozer and Kokini 2009).

8.1.3  Manufacture and Functionality of Protein Films

Prolamin proteins can be formed into freestanding films by several film-forming 
techniques that share three main steps: breaking intermolecular bonds, arranging 
and orienting the mobile polymer chains to the desired conformation, and allowing 
the newly formed bonds to stabilize and form the three dimensional network (Jerez 
et al. 2007). Normally, the film fabrication techniques can be categorized into two 
main processes: wet process and dry process (Hernandez-Izquierdo and Krochta 
2008). In wet processing, prolamins are dissolved in common solvents, then the so-
lution is cast on a nonsticky surface. The freestanding film is peeled off the surface 
after most of the solvent is removed. The strength of prolamin films obtained from 
this process is affected by the inefficient organization of protein polymer chains 
after the removal of solvents. The dry process depends on the thermoplastic proper-
ties of prolamins at low moisture/plasticizer content as found in compression/injec-
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tion molding and extrusion (Hernandez-Izquierdo and Krochta 2008; Luecha et al. 
2010; Shi et al. 2009; Reddy and Yang 2013; Taylor et al. 2013).

State diagrams have been developed for several proteins including zein, gliadin, 
gluten, soy protein, the 7S and 11S fractions of soy protein, and others as a func-
tion of moisture/plasticizer content and temperature (Kokini et al. 1994). The state 
diagram of prolamins provides useful information for designing film fabrication 
processes. It was reported that at the moisture content of 25–35 %, zein displayed 
a networking reaction zone caused by disulfide exchange in the temperature range 
between 65 and 160 °C and behaved as an entangled polymer at temperatures below 
65 °C (Madeka and Kokini 1996). In contrast, the reaction zone began at 120 °C for 
gluten with moisture content of 20 % (Toufeili et al. 2002). In the reaction zone, 
the plasticized prolamins begin to unfold and lose their native structures as a result 
of the breakdown of hydrogen bonds, thus allowing chemical reaction with cross-
linking reagents, antimicrobial agents, or nanomaterials to take place. If mechanical 
shear is also applied using extrusion, the molecular mobility of prolamins increases, 
thus promoting an exposure of the protein reactive sites (Lagrain et al. 2010).

The dry process is preferred to the wet process because it is the leading industrial 
process that is commonly used to produce packaging films at low-cost and faster 
production rates (Hernandez-Izquierdo and Krochta 2008; Reddy and Yang 2013; 
Taylor et al. 2013). Although prolamin protein films have been studied extensively, 
the utilization of prolamin protein films in the packaging industry is still very lim-
ited. This might be due to the fact that the prolamin films are outperformed by 
the synthetic film counterparts. Therefore, the internal microstructure of prolamin 
films would provide rich information on the spatial distribution and the interaction 
of the prolamin films at molecular level throughout the fabrication processes and 
help design films with improved physical properties with the potential to compete 
favorably with their synthetic counterparts. The study of their structure is vital for 
the development of the prolamin films with desired mechanical properties, barrier 
properties, and special functionalities.

8.2  Structural Development and Characterization  
of the Topography of Protein Films Using Imaging 
Technologies

The mechanism of film formation of prolamin proteins has remained unclear. Us-
ing advanced imaging technologies, it is possible that better understanding of the 
formation of prolamin films might be achieved, and this might lead to enhancement 
of their permeability and mechanical properties among other properties. Among 
advanced imaging technologies, atomic force microscopy (AFM) is a powerful im-
aging tool that can assess precisely three-dimensional high-resolution images at 
the nanoscale of individual molecules as well as protein arrays and membranes at 
conditions comparable to physiological conditions (Alessandrini and Facci 2005). 
AFM allows probing of chemical characteristic of the surface (McMaster et al. 
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1999) and has become a preferred tool among other imaging techniques particularly 
for biological samples mainly due to the fact that it allows imaging of nonconduc-
tive materials (Alessandrini and Facci 2005). AFM with tapping mode has been 
used extensively to probe the surface topography of the thin prolamin films fabri-
cated from solution on solid surfaces. The information gained can be related to the 
mechanism of film formation through the behavior of monolayers and thin films.

A well-studied example includes zein protein films that were prepared from di-
lute solution on mica surface using solvent-casting technique. The molecular ar-
rangement was observed in air by AFM in the tapping mode (Shi et al. 2009; Pan-
chapakesan et al. 2012). After solvent evaporation, increasing zein protein concen-
tration caused protein aggregation resulting in various rod-like shapes of dumbbell, 
pole, and branched structures on the surface. The formation of rod-like meshwork 
nanosized structures with a diameter of joined rods of 50 nm and the gaps between 
joined rods of less than 100 nm represents the initial mechanism of film formation 
as it can be seen in Fig. 8.1. The formation of the meshwork led to good mechanical 
and gas barrier properties for zein films (Guo et al. 2005). The tapping mode AFM 
with Nanoscope software was also used to characterize the surface roughness at na-
noscale of zein films prepared from different types of solvent cast on solid surfaces. 
The zein films prepared from 95 % ethanol showed rougher surface morphology as 
observed at the z scale of 60 nm, while the ones prepared from acetic acid were 20 
times smoother (Fig. 8.2). The surface roughness at the nanoscale was influenced 
by the concentration of ethanol but not by the concentration of acetic acid (Shi et al. 
2009).

AFM can also be used for monitoring the inter- and intramolecular interactions. 
The measurement of the cantilever deflection in relation to the motion of the tip is 
used in this approach. Once the tip is in contact with the sample then pulled back, 
the deflection occurs due to van der Waal forces between the tip and the sample as 
indicated by the negative force in the force curve. According to Hooke’s law, the 

Fig. 8.1  The meshwork 
of joined rods of zein from 
dilute solution is the foun-
dation of film formation. 
The white circles are the 
doughnut-shape joined rods. 
Scan size: 1000 × 1000 nm, 
z scale: 20 nm. (Reproduced 
with permission from Guo 
et al. 2005)
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adhesive force between the tip and the sample can be calculated (Alessandrini and 
Facci 2005). These types of measurement were used to probe the changes from 
glassy to rubbery states of zein films (Panchapakesan et al. 2012). It was found that 
an increase in adhesive force was related to the increase in the molecular mobility 
of zein due to the transition from glassy state to rubbery state. As clearly shown in 
Fig. 8.3, the adhesive force increased as the water activity of the zein film increased. 
It was suggested that an increase in adhesive force was an additional capillary force 
that resulted from high water content in the sample. The authors also confirmed 
the results with measurement of the glass transition temperature using differential 

Fig. 8.2  The surface 
morphologies of zein films 
prepared from different 
solvents: a acetic acid and b 
95 % aqueous ethanol. The 
scan size was 1 ×1 µm with 
z scale of 60 nm. (Reprinted 
with permission from Shi 
et al. 2009). (Copyright 
(2009) American Chemical 
Society)
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scanning calorimetry. Moreover, the topographical images suggested that the zein 
film microstructure produced on the basis of solvent casting technique strongly de-
pended on how zein aggregated onto the solid surface, as shown in Fig. 8.4. The 
behavior of zein in different solvents also greatly influenced the aggregation, while 
the purity of zein proteins had little impact on the surface morphology of zein films 
(Panchapakesan et al. 2012).

The mixture of α-gliadin and ω-gliadin at various ratios were formed as Lang-
muir–Blodgett (LB) films—a monolayer of amphiphilic molecules built up on a 
solid surface (Schwartz, 1997), and AFM with tapping mode was used for inves-
tigating the microphases of the mixed gliadin films (McMaster et al. 1999). AFM 
topographical images of mixed gliadins showed two distinct morphologies as a 
result of the difference in structures and properties of the two gliadins. The rod-
shaped ω-gliadin lacks cysteine, resulting in inter- and intra-hydrogen bonding. In 
contrast, the spherical α-gliadin is more hydrophilic resulting in greater adhesion 
with the hydrophilic tip surface. The visualization of monolayer film formation at 
the molecular level obtained by AFM provided detailed information on structural 
formation of wheat prolamins (McMaster et al. 1999).

Fig. 8.3  Histograms of adhe-
sive force of zein films at a 
Aw = 0.28, b Aw = 0.55, and c 
Aw = 0.90. (Reproduced with 
permission from Panchapak-
esan et al. 2012)
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Haward et al. (2010) developed the direct real-time imaging of wheat prolamins 
monolayer formation using AFM with a liquid cell. In this work, the sulfur-rich 
γ-gliadin and sulfur-poor ω-gliadin were model proteins for the continuous obser-
vation of protein adsorption from solution on hydrophilic (mica) and hydropho-

Fig. 8.4  The topographical images of zein films fabricated by a solvent casting (10 mm scan of 
16 % w/v cast zein film, data scale = 758.4 nm, top view), b dropped deposition (1 mg/ml, data 
scale = 30 nm top view and 3-D image), and c spin-casting (1 mg/ml, data scale = 10.0 nm top view 
and 3-D image). (Reproduced with permission from Panchapakesan et al. 2012)
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bic (graphite) solid surfaces. The surface morphology and the interaction on the 
different surfaces of each individual gliadin were observed. Figure 8.5 shows the 
time-lapse AFM images of hydrophobic γ-gliadin absorbed onto graphite surface. 
However, when mixed, the two gliadins interact strongly resulting in an alteration 
of the surface morphology. This finding supported the understanding of the interac-
tions of wheat prolamins in the hydrated state (Haward et al. 2010).

The morphology of prolamin films is highly influenced by solvent, protein frac-
tions, moisture content, etc., all that causes protein aggregation. Moreover, the plat-
form that is used for growing the prolamin film also affects the surface topography. 
AFM also clearly allows the monitoring of the formation in these environments with 
the possibility of an observation in real time. The force-deformation curve allows 
the investigation of molecular mobility at the surface of prolamin films. However, 
it is noteworthy to consider that the structural development of the prolamin films 
that has been assessed by AFM were the films that were prepared from solvent. The 
mechanism of structural development of the prolamin films prepared by a solvent-
free technique such as extrusion might be challenging to observe using AFM.

8.3  Characterization of Physical Properties of Protein 
Films Using Imaging Technologies

As potential food-packaging materials, prolamins in film form have the ability and 
properties to serve food packaging’s main functions, which are protection of food 
from chemical and physical damages as well as from impurity and prevention of 

Fig. 8.5  Sequence of images of γ-gliadin adsorption onto graphite; a graphite surface imaged 
under 1 % acetic acid; b protein aggregation 1676 s after injection of protein; c 1932 s after injec-
tion of protein; and d 2444 s after injection of protein. The data scale = 0–40 nm (e). A topographi-
cal profile along the crosswise line in (d). (Reproduced with permission from Haward et al. 2010)
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flavor and moisture loss. Generally, the properties of interest for characterization of 
packaging materials are mechanical properties and gas permeability, which can be 
measured using conventional methods. These important properties are influenced 
by the morphology of the prolamin protein. Hence, the information of the molecular 
orientation of prolamin protein after processing usually is related to the functional 
properties of the prolamin films. Imaging techniques including AFM, confocal laser 
scanning microscopy (CLSM), and Fourier transform infrared spectroscopy (FTIR) 
have been used together extensively to complement one another for structure and 
functionality characterization. These imaging techniques offer unique and power-
ful insights into the microstructure as well as molecular orientation which strongly 
influence the functionality of the prolamin films.

One of the important properties of prolamin films is their water vapor perme-
ability related to the surface properties of the films. AFM was used in a combination 
with a surface contact angle analyzer to evaluate their surface properties (Shi et al. 
2009). As aforementioned, zein films fabricated from different solvents displayed 
significantly different surface properties. The smooth films prepared from acetic 
acid had higher hydrophobicity than the rougher surface films prepared from etha-
nol. Furthermore, the hydrophobicity/hydrophilicity of the surface of zein films was 
evaluated by water contact angle measurement. The zein films made from aqueous 
acetic solvent were more hydrophobic than the one from aqueous ethanol solvent 
(Fig. 8.6, Shi et al. 2009).

The mechanical properties of freestanding prolamin films are related to the 
protection functionality of packaging films. The conventional method to measure 
the mechanical properties is the tensile measurement. Typically, the film sample is 
pulled apart at a constant rate, and the breaking force is measured. However, it is 
interesting to observe the micro-cracks that usually occur before breaking to gain 
better understanding of the mechanism of mechanical property development of pro-
lamin films. Figure 8.7 shows time lapsed microimages of zein film samples in red, 
fluosphere® in green, and micropores in black. The film samples were stretched at 

Fig. 8.6  The water contact 
angles of zein films prepared 
from aqueous acetic acid and 
aqueous ethanol at different 
levels of concentration (v/v). 
(Reprinted with permis-
sion from Shi et al. 2009). 
(Copyright (2009) American 
Chemical Society)
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a fixed rate along the tensile axis as confirmed by the separation of the green dots. 
The images were taken at several strains to observe the micro-cracks. It is well 
known that un-plasticized zein film is very brittle. At small strains, the zein film 
structure remained unchanged (Fig. 8.7a). It can be seen that as the concentration 
of plasticizer increases, the micro-cracks were observed at lower strain, suggest-
ing the plasticizers decreased the development and propagation of the micro-cracks 
(Fig. 8.7a–e). The excellent agreement between the observations related to micro-
cracks as a function of plasticizer content from CLSM images measurement and 

Fig. 8.7  CLSM micrographs of un-plasticized (a) and plasticized (b, c, d, and e, at 6.25, 12.5, 
18.75 and 25 % (w/w)) solvent-cast zein films at different strain levels. The bar is 150 micrometer. 
MC stands for micro-cracks and MP for micropores. (Reproduced with permission from Emmam-
bux and Stading 2007)
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the change in the glass transition temperature using dynamic mechanical analysis 
(DMA) was also shown in this study (Emmambux and Stading 2007).

The effects of the combination of hydrophilic and hydrophobic plasticizers on 
the physical properties of zein films were also observed by Xu et al. (2012). They 
showed interesting synergistic impact of the duo plasticizers on the mechanical 
properties including the tensile strength and elongation at break, the same trend 
Emmambux and Stading (2007) observed as a function of plasticizers. Especially at 
the ratio of 3:1 of oleic acid and glycerol (at total weight of plasticizers = 20 %), zein 
improved both the tensile strength and elongation at break compared to plasticized 
zein film with single plasticizer. In general, as the plasticizer content increases, the 
elongation at break increases with a decrease in tensile strength. The authors also 
evaluated the supramolecular structure of the plasticized zein films using the SEM. 
It was found that only the oleic acid-plasticized zein film had non-smooth cross 
section. Fig. 8.8 shows SEM images with some pores and empty spaces, suggesting 

Fig. 8.8  The cross-sectional SEM images of zein films with different plasticizers at the fixed 
amount of 20 wt.%: a control (no plasticizers added), b oleic acid, c glycerol, d oleic acid + glyc-
erol (3:1). (Reprinted with permission from Xu et al. 2012, pp. ). (Copyright (2012) American 
Chemical Society)
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the molecular confinement of oleic acid in the interior of zein molecules. Whereas, 
the un-plasticized, glycerol-plasticized, and the glycerol-oleic acid-plasticized zein 
films had rather smooth cross sections with considerably less pores. According to 
SEM results, the oleic acid molecules are confined within the internal zein mol-
ecules resulting in strengthening of zein film against tension, while glycerol acted 
as filler to the pores and empty spaces without further modification to the molecu-
lar arrangement of zein films. No evidence of secondary structure modification by 
these plasticizers was found based on FTIR measurement. Further investigation is 
required in order to understand the mechanism of the synergistic effects of the two 
different plasticizers (Xu et al. 2012).

The plasticization effects of water and polyols on the mechanical properties of 
zein film have been studied extensively. FTIR was used together with DMA to study 
the interaction of zein and plasticizers at the molecular level (Gillgren et al. 2009). 
The glass transition temperature decreased as the plasticizer content increased. Wa-
ter showed greater impact on the reduction in the glass transition temperature than 
glycerol, whereas the 2-mercaptoethanol showed no impact.

In order to understand the plasticization effect at the molecular level, FTIR was 
used. Figure 8.9 shows FTIR spectra of zein films with different plasticizers. The 
amide I (1652–1657 cm−1) and amide II (1521-1525 cm−1) bands are of interest 
for determination of protein secondary structure (Jackson and Mantsch 1995). The 
spectra intensity at amide I band and amide II band were lower for the plasticized 
zein films in comparison to the dehydrated one. The amide II band is generally 
influenced by the hydrogen bonding environment. Zein film plasticized with glyc-
erol or water both showed a lower peak intensity at amide II band, indicating the 
molecular modification by the plasticizers. In contrast to other plasticizers, 2-mer-
captoethanol slightly affected the zein protein conformation. Thus, the FTIR results 
were in accordance with the DMA results (Gillgren et al. 2009).

The film formation processes, the formulation, and the relative humidity had a 
great impact on the physical properties of freestanding zein films. The mechani-
cal properties of extruded zein ribbons were tested at machine direction as well 
as at transverse direction to observe the directional dependency of the mechani-
cal strength of extruded zein ribbons (Selling and Sessa 2007). It was found that 

Fig. 8.9  An overlay of FTIR 
spectra of cast zein films: 
dehydrated zein films (a), 
zein film plasticized with 
40 % glycerol (b), with 
12.8 % water (c), and with 
2-mercaptoethanol (d). 
(Reprinted with permission 
from Gillgren et al. 2009)
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the tensile strength and elongation at break when tested at the machine direction 
were significantly greater than at the transverse direction. The authors suggested 
that this finding was a result of molecular orientation during the extrusion. In this 
work, the FTIR was used to gain insight into the microstructural information of the 
zein ribbons. The amide I and amide II bands are of interest for characterization of 
secondary structure of protein. The FTIR normal spectra of the extruded zein rib-
bons measured at the two directions were similar, while the secondary derivative 
of the FTIR spectra showed some differences, suggesting the molecular orientation 
of the two directions was slightly different. Moreover, the authors investigated the 
birefringence of the zein ribbons. They found that there was a birefringence of the 
zein ribbons, thus confirming that the molecular orientation of zein ribbons were 
direction-dependent (Selling and Sessa 2007).

In wheat, the final extruded film properties can be defined from the molecular 
orientation of the high molecular mass complex polymer of monomeric gliadins 
and glutenins via disulfide cross-links (Tatham and Shewry 2000). In the recent 
works, the effects of base and extrusion temperature on the molecular organiza-
tion of platicized WG protein films were studied (Kuktaite et al. 2011). While the 
authors measured the molecular dimensions of the aggregated WG protein in the 
films using X-ray diffraction (XRD), they confirmed the molecular interaction be-
tween glutenins and gliadins using CLSM (Kuktaite et al. 2011). The diffraction 
patterns suggested that at the extrusion temperature higher than 90 °C, the NaOH 
induced the formation of tetragonal structure, whereas NH4OH led to the formation 
of supramolecular structure of hexagonal-closed-packed organization. In order to 
visualize the molecular interaction between the components of WG including high-
molecular-weight glutenin subunits (HMW-gs), the low-molecular-weight gluten-
ins subunits (LMW-gs), and gliadins, the film samples were immunostained with 
a series of antibodies for CLSM measurement. It is important to note that a series 
of monoclonal and polyclonal antibodies that are specific to each individual WG 
protein component were used in this study, although the immunostaining technique 
will not be discussed here. Figure 8.10a–c shows CLSM images of plasticized WG 
films extruded at 105 °C, while Fig. 8.10c shows CLSM image of platicized WG 
protein extruded at 120 °C with the presence of NH4OH. Figure 8.10a–b showed 
the individual gliadins (red) distribution in common extruded WG films with the 
presence of individual area of low-molecular-weight glutenin subunits (green), 
while Fig. 8.6c showed the region where there was some overlapping of the gliadin 
area and the low-molecular-weight glutenin subunits (yellow). It can be seen in 
Fig. 8.10c that the films with the presence of NH4OH showed more uniform over-
lapping yellow area, indicating the intimate interaction between glutenins and glia-
dins. The interaction of the two components was the re-polymerization via covalent 
bonds. The authors suggested that the hexagonal-closed-packed organization as a 
result of the intimate interaction between major protein components may perhaps 
result in an increase in mechanical properties and a decrease in oxygen permeability 
of the WG films (Kuktaite et al. 2011).

Moreover, the CLSM was also used to probe the effects of urea acting either as 
denaturant or plasticizer in an alternative solvent-free and base-free process for a 
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Fig. 8.10  CLSM images of (a–c) glycerol plasticized wheat gluten (WGG) film extruded at 
105 °C and (d) 7.5-NH4OH-1.5-salicylic acid (WGG) extruded at 120 °C; wheat gluten proteins 
immunostained with two antibodies directed to the LMW-gs (green) and gliadins (red) (a, b); WG 
proteins immunostained with two antibodies directed to LMW-gs peptide (green) and gliadins 
(red) (c, d). a Overview of individual areas of gliadins and HMW-gs. bArrow indicates an area 
with major HMW-gs and to minor scattered gliadins. c An overlapping binding site of antibodies 
directed to gliadins and LMW-gs (yellow color); gliadin-rich region (reddish, arrow 1), overlap-
ping gliadin and LMW-gs region (yellow, arrow 2), and LMW-gs-rich region (greenish, arrow 3). 
d A thorough mixture of gliadins and LMW-gs; scale 10 μm. (Reproduced with permission from 
Kuktaite et al. 2011)

 

better environmentally friendly extruded WG film production (Ture et al. 2012). 
They found that the addition of urea was similar to the addition of plasticizers in 
terms of the influences on the mechanical and barrier properties of WG films. The 
immunostaining techniques were used specific to HMW-gs. They found that with 
the presence of urea, the aggregation of high HMW-gs occurred and separated part-
ly from gliadins which led to the formation of sheet structure. Thus, the CLSM with 
the advanced immunostaining technique is a powerful tool that allows us to visually 
assess the WG protein film formation at the molecular level.
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Urea also induced a hexagonal-closed-packed organization to gluten films simi-
lar to NH4OH confirmed by XRD (Kuktaite et al. 2012). TEM was used to gain 
insights about the morphology of the urea-treated WG protein films in parallel with 
the XRD results. Immunolabeled gold particles specifically bound to HMW glu-
tenins and gliadins were employed to increase the contrast of biological samples. 
Gold nanoparticles were well distributed and localized within WG allowing the 
geometrical structure and inter-grain spacing in gluten aggregates to be revealed. 
However, the expected hexagonal structure was not visually observed. It can be 
seen in Fig. 8.10a–c that the immunolabeled gold nanoparticles were distributed 
bi-continuously in both samples with or without urea. Untreated gold nanoparticles 
used as negative controls were also observed in the samples (Fig. 8.11c–c). The 
cloudy area is evidence of protein denaturation (Kuktaite et al. 2012). This study 
shows the advancement in molecular localization in bio-based films using inorganic 
gold nanoparticles.

The molecular organization of prolamin protein films strongly influences the 
properties and functionalities of the freestanding films. With advanced imaging 

Fig. 8.11  Transmission electron microscopy (TEM) images of immunolocalized wheat gluten 
proteins with large 10-nm gold particles indicating high molecular weight (HMW) glutenins and 
small 2-nm gold particles indicating gliadins. a Glycerol-plasticized wheat gluten (control) film 
treated with two primary antibodies; b glycerol-plasticized wheat gluten with urea film treated 
with two primary antibodies; c control film and control labeling without primary antibodies; d 
glycerol-plasticized wheat gluten with urea film, control labeling without primary antibodies; 
scale bar = 100 nm. (Reproduced with permission from Kuktaite et al. 2012)

 



2598 Molecular Organization and Topography of Prolamin Protein Films

technologies, the relationship between the molecular orientation of the films and 
their properties can be well established, thus providing rich information for im-
provement in film processing for specific packaging applications.

From the aforementioned, conferring to the physical property of prolamin films, 
the following can be summarized. The gas/water permeability of the prolamin films 
were related to the surface properties of the films. The AFM and SEM are two main 
imaging techniques that can provide supportive evidence for surface properties. 
Moreover, with the progressive molecular localized labeling technology, it allows 
the visualization of the molecular arrangement of each protein component of pro-
lamins at ease by using CLSM. The CLSM with tensile testing equipment allows 
visual observation of the beginning of the rupture, thus detecting the mechanical 
properties at molecular level, at each applied strain. The self-assembly of the free-
standing prolamin films can be further monitored using TEM with gold nanopar-
ticle assisted. Nonetheless, chemical bonding as a result of film processing can be 
assessed by means of FTIR.

8.4  Characterization of the Physical Properties  
of Composite Biofilms by Microstructural Analysis

Several studies have been focusing on improvement of the properties of prolamin 
films by mixing prolamin proteins with additive materials. In this chapter, the com-
posite laminates and nanocomposites of biomaterials from natural origin are mainly 
emphasized. The composite films can be prepared by mixing two or more different 
materials together before forming into films for the purpose of enhancing mechani-
cal properties and permeability. If the additive used owns at least one dimension at 
the nanometer scale, it is called nanocomposite. Composite laminate is also another 
film-enhancement approach. Normally, at least two thin layers made from different 
biomaterials with desirable property are thermally compressed for a short period 
of time, resulting in the unified one piece of laminate films. The lamination helps 
reduce leakage, thus it is also a promising method to improve gas barrier property. 
The interaction among composite materials as well as the laminated materials at the 
molecular level is worth investigating to gain an understanding on the molecular 
composition at the interface in which it will lead to better process manipulation for 
desirable biocomposite packaging films.

Recently, two or more bio-based materials have been used as an alternative way 
for the production of environmentally friendly biocomposite films. Zein–chitosan 
composite films were prepared by mixing solution of each material at different ra-
tios and formed into films similar to solvent-casting technique (Escamilla-Garcia 
et al. 2013). The chitosan film alone is very transparent, and as the percentage of 
chitosan increased in the zein–chitosan composite, the transparency of films in-
creased. The increase in zein fraction resulted in an increase in elasticity and soft-
ness. Water vapor permeability decreased as the percentage of zein increased. The 
morphology of the composite was observed using AFM, and the higher the zein 
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concentration, the higher was the surface roughness for biocomposite films. The in-
teraction of the composite materials at the molecular level was characterized using 
Raman spectroscopy. The standalone zein film and standalone chitosan film showed 
individual characteristic peaks as shown in Fig. 8.12. Zein film showed spectra 
(Fig. 8.11a) with characteristic peaks at 1448 cm−1 (glutamine), 525 cm−1 (cysteine), 
848/828 cm−1(tyrosine), 1525 cm−1(lysine), and 998/620 cm−1(phenylalanine). Chi-
tosan showed sharp peaks (Fig. 8.11c) at amide band I at 1665 cm−1, amide band III 
at 1262 cm−1,and polysaccharide peak at 1111 cm−1. The Raman spectra of the com-
posite films (Fig. 8.10c) displayed some shifted peaks compared to the single films 
with different peak intensity as well as disappearance of some peaks compared to 
zein film, especially the cysteine and lysine peaks. This was hypothesized to be 
due to the interaction at the molecular level between chitosan reactive site and zein 
reactive site, possibly the formation of O=S=O and C=O=S, which are the peaks at 
1066 cm−1and 823 cm−1, respectively (Escamilla-Garcia et al. 2013).

Aside from an observation of the chemical interaction between the composite 
materials using Raman spectroscopy, SEM is also a vital tool that allows visualizing 
the morphology of the composite films. The soy protein isolate films were laminat-
ed with a thin zein layer using compression mold. The tensile properties improved, 
while the zein layer induced brittleness to the laminates. Zein film alone is very 
brittle compared to soy protein isolate as zein owes lower molecular weight than 
soy protein isolates. To gain more supportive information, the microstructure of the 
laminates was monitored on the cross section of the tested failure films. The three-
dimensional SEM image showed the sharp and smooth surface zein layer which is 
the characteristic of brittle films. In contrast, the cross section of soy protein isolate 
layer contained ridges-and-valleys which is the characteristic of ductile films (Pol 
et al. 2002).

Other than  composites, the blending technique has been used for a production 
of novel biomaterials. Starch and zein, the two components as a model of unpuri-
fied corn flour, were studied for the compatibilization as potential biomaterials for 
packaging (Leroy et al. 2012). In this work, the authors analyzed CSLM images 
using “mathematical morphology” for particle size evaluation of the starch–zein 
blends at several ratios with ionic compatibilizer or glycerol. The protein molecular 
orientation was visible as white on the black background of starch, thus creating 
textural images that enabled mathematical evaluation of particle size distribution of 
the surfaces of the blended film. It was found that the co-continuous morphology 
at 50:50 starch–zein ratio showed the greatest amount of small grains according to 
the mathematical morphology. The higher the amount of the starch, the more zein 
aggregates and vice versa. The ionic liquid not only acted as a compatibilizer for 
starch and zein, but also as a plasticizer, resulting in rather smoother film surfaces 
compared to the samples plasticized by glycerol.

Plasticized WG film was laminated with polylactic acid (PLA) using compres-
sion molded methods for the applications in paper/board coatings (Cho et al. 2010). 
It was found that by laminating WG films with PLA, the migration and loss of 
glycerol to environments over time was reduced significantly, thus prolonging 
WG desired functional property. This study also found that lamination promoted 
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Fig. 8.12  Raman spectroscopy of zein, a; chitosan, b; zein–chitosan, c formulations. The arrows 
only indicate the position of the peaks at certain wave number. (Reproduced with permission from 
Escamilla-Garcia et al. 2013)
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mechanical properties as well as gas barrier properties, especially showing pro-
found oxygen barrier property. In this work, the field emission SEM was employed 
to investigate the quality of lamination. As clearly shown in Fig. 8.13c, the WG 
sheet was homogeneously sandwiched with PLA thin layers with uniform thick-
ness. The clear interface where WG layer and PLA layer were laminated was a 
result of different conductive effects of WG and PLA layers. However, the obser-
vation at higher magnification at the interface (seam) would interestingly offer the 
information on bonding or molecular union of the two layers at the interface.

As aforementioned, polymer nanocomposites have gained remarkable amount of 
attention in the past decades as a promising technique for production of packaging 
materials with improved functional properties. The composite nanomaterials com-
monly used are inorganic nanosilicates (nanoclays). The attractive benefit of incor-
porating the nanoclays in polymer matrix is that the barrier properties as well as the 
mechanical properties of the nanocomposites can be enhanced dramatically with 
small amount of nanoclays. However, the process and the compatibility between 
nanoclays and the base polymers and the amount of nanoclays addition govern the 
degree of improvement that is usually related to the dispersion of nanoclays in poly-
mer matrix. Since nanoclays are crystalline inorganic materials, XRD together with 
transmission electron microscopy (TEM) are the characterization techniques that 
provide information on the degree of nanoclay dispersion.

WG is one of the plant-derived biopolymers that has been modified by using 
montmorillonite (MMT) in several approaches (Olabarrieta 2006; Tunc et al. 2007; 
Angellier-Coussy et al. 2008). In general, for solvent cast films, as the percentage of 
nanoclays increases up to 5 %, the tensile strength of the WG nanocomposite films 

Fig. 8.13  Field emission– scanning electron microscopy (SEM) images of the cryo-fractured sur-
face of the wheat gluten/polylactic acid (WG/PLA) laminate film. (Reproduced with permission 
from Cho et al. 2010)
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increases while the elongation at break decreases. The water vapor permeability 
decreases as the nanoclay loading increases, which depends also on the degree of 
nanoclay dispersion. TEM provides images of the degree of nanoclay dispersion in 
WG nanocomposite films prepared from solvent casting at different pH as shown in 
Fig. 8.14. It was found that pH and modification of nanoclays played a major role 
in controlling the degree of nanoclay dispersion. The black streaks are nanoclays 
that are on the bright WG background. The WG nanocomposite films prepared at 
pH 11 with modified nanoclays showed fully delaminated nanoclay platelets with 
good dispersion. This result was in good agreement with physical properties such 
that the greatest improvement in mechanical and barrier properties among other 
samples (Olabarrieta 2006).

Similar investigation was on zein-modified nanoclay nanocomposite films. It 
was also found that the process played a major role in controlling the degree of 
physical properties improvement. Although the TEM images showed that zein 
nanoclay nanocomposite films prepared from both techniques had a combination 
of intercalated and exfoliated nanocomposite structures (Fig. 8.15), the blown films 

Fig. 8.14  Transmission electron micrographs of a the pH 11 with pristine nanoclay wheat gluten 
(WG) film (4.5 wt.% clay), b the pH 11 with modified nanoclay WG film (4.5 wt.% clay), c the 
pH 4 with pristine nanoclay WG film (4.5 wt.% clay), and d the pH 4 with modified nanoclay WG 
film (4.5 wt.% clay). (Reproduced with permission from Olabarrieta 2006)
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showed more directional nanoclay-platelets arrangement that can be controlled by 
further improving the extrusion process (Luecha et al. 2010).

It is worth mentioning that in case of biocomposites including laminates, TEM 
and SEM play an important role in the investigation of the quality of the biocom-
posites that is in association with the properties of the final biocomposite films. 
TEM is widely used to probe the distribution of inorganic nanomaterials in the pro-
lamin matrix. However, the sample preparation of biofilms for TEM measurement 
would be challenging.

8.5  Summary, Conclusions, and Recommendations

Imaging technologies have become essential for material characterization and also 
in the study of prolamin films for packaging applications. The use of potent imaging 
tools including AFM and CLSM enables us to investigate the molecular orientation 
of prolamin proteins during the formation of the films. AFM can be used to under-
stand the mechanism of the protein conformational change at the beginning of film 
formation based on processing conditions. Moreover, the relationship between the 
microstructure/topography and the physical properties as well as functional prop-
erties can be well understood using the imaging tools in complement with other 
film functional property evaluation methods. SEM is used for obtaining the three-
dimensional images of the films at sub-micrometer scale, thus providing surface 
topography of the films as well as the interface between laminates. On the other 
hand, TEM is used for visual investigation of the distribution of nanoparticles in 
prolamin nanocomposite films. However, sample preparation techniques for TEM 
and SEM can be complicated for biological samples, thus no exception for prolamin 

Fig. 8.15  The nanocomposite structures of zein nanoclay hybrid films at 5 wt.% nanoclay as 
viewed by TEM; a prepared by solvent-casting technique, b prepared by extrusion-blowing tech-
nique. (Reproduced with permission from Luecha et al. 2010)
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films. Molecular localization techniques have become simple due to fast progress 
in biological imaging. Such advancement enables CLSM to visualize the molecular 
orientation and arrangement of the prolamin protein films. Nevertheless, the immu-
nostaining agents specific to each prolamin can be expensive. The observation of 
new inter- and intramolecular chemical interaction, as far as the loss of the bonding 
of the films is considered, can be investigated using FTIR or Raman spectroscopy.

The imaging tools have become essential for material characterizations that pro-
vide rich information on the microstructure of prolamin proteins; coupling these 
powerful tools with specific functions would provide more insight into the physical 
properties locally at the molecular level. Moreover, the investigation of film forma-
tion in real time will initiatively open up several research challenges, especially in 
relation to mechanical and barrier properties of films. It is suggested that one should 
contemplate the pros and cons of each imaging tool and the relevant information in 
selecting the most appropriate imaging technique.
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Chapter 9
Assessment of Internal and External Quality  
of Fruits and Vegetables

Natalia Hernández-Sánchez, Guillermo P. Moreda, Ana Herre-ro-Langreo 
and Ángela Melado-Herreros

9.1  Introduction

Worldwide production and trade of fruits and vegetables is steadily increasing in 
line with the consumer awareness for a healthy diet. Thus, there is a demand to 
fulfil the external and internal quality requirements for fresh fruits and vegetables 
sector. The concept of quality is a complex characteristic that determines the value 
or acceptance of the produce by the consumers (Piñeiro and Díaz Ríos 2004). Such 
quality comprises attributes as appearance, organoleptic characteristics, ripeness, 
safety and nutritional value. The external aspect is the primary attribute evaluated 
by the consumer, whereas other attributes such as taste, texture, juiciness or the ab-
sence of internal damages and/or disorders are only destructively assessed through 
their senses (López Camelo 2004) once the produce is purchased. For industrial 
processing, the internal attributes are of major importance for establishing the stor-
age conditions and for deciding the optimum use in alternative processes.

A critical aspect that differentiates fruits and vegetables from other commodities 
is their perishability. Their high water content together with their usually highly 
permeable pericarp triggers metabolic processes as well as growth of microorgan-
isms, resulting in both qualitative and quantitative losses. Besides, these produces 
are especially prone to developing damages caused by impacts and scratches.
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Therefore, the development of methodologies that bring insight into the quality 
attributes at an early stage in the postharvest process in a nondestructive manner is 
a major challenge for the horticultural sector. In this chapter, advances in the most 
important imaging techniques that can be applied to fruit and vegetable inspection 
are addressed. The review begins with the external inspection, dominated by the use 
of computer vision, which analyses morphological features and surface attributes. 
Then, inspection goes through the pericarp and reaches the closest inner layers by the 
application of hyperspectral imaging, which provides complementary information 
by analysing both external and internal attributes. At this location, the microscale in-
spection is achieved by optical coherence tomography (OCT), which performs high 
resolution imaging of the microstructure. Two techniques are finally reviewed as be-
ing capable of evaluating the most internal regions, providing cross-sectional images 
of the complete sample at both macro- and microscale. X-ray imaging is based on 
the contrast arising from the differences in the atomic number, density and thickness 
of the internal structures and tissues, revealing morphological and structural aspects. 
For the magnetic resonance imaging (MRI), the image contrast can be weighted in 
several resonance parameters, which broadens the field of applications. Therefore, 
in addition to morphological and structural features, the chemical composition and 
tissue characteristics of different nature can be studied.

9.2  Computer Vision

Computer vision is a technology for acquiring and analysing an image of a real scene 
(Fig. 9.1) by computers to obtain information about objects in the scene. Accord-
ing to Sun (2008), the aim of computer vision is recognising objects and extracting 
quantitative information from digital images in order to provide objective, rapid, 

Fig. 9.1  Components of a conventional computer vision system. Alternatively, the frame grab-
ber can be inside the camera, with video cable from camera to computer carrying a digital signal. 
(Redrawn with permission from Sun 2008. © 2008 Academic Press)
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noncontact and nondestructive quality evaluation. A computer vision system gen-
erally consists of five basic components: illumination, a still camera or a video 
camera, an image digitiser, computer hardware and software (Fig. 9.1). The terms 
computer vision and machine vision are used interchangeably in the literature. 
Computer vision is based on image processing and analysis, two powerful tools 
common to other sensing technologies. The most promising branch of computer 
vision is spectral imaging, which combines spatial and spectral information from 
computer vision and spectroscopy, respectively (Kim et al. 2007).

External quality traits of fruits and vegetables include size, shape, surface 
 texture, surface colour and surface defects. Computer vision systems measure the 
reflectance of an object but also the range or distance from the camera to the object 
surface (Ruiz-Altisent et al. 2010). While reflectance data are essential and irre-
placeable for colour and defect inspection, size, shape and surface texture can be 
alternatively evaluated from range data. When only reflectance data are managed, 
the term used is 2D computer vision.

Segmentation is the first step in image analysis to subdivide an image into 
meaningful regions, and it directly affects the subsequent image analysis outcomes 
(Mizushima and Lu 2013). More specifically, the aim of image segmentation is the 
partition of the image into a set of regions which are uniform with respect to some 
property, such as grey level, texture, colour or depth. These regions are the so-called 
segments (Fig. 9.2). The simplest form of segmented image is the binary image, 
which includes only two segments: pixels of fruit and background pixels. Typically, 
0 is assigned to the scene background pixels and 1 to the pixels of fruit. Four differ-
ent approaches to segmentation are thresholding based, region based, edge based, 
and classification based.

9.2.1  Size and Shape

From a binary image, fruit size can be estimated as perimeter, area (Fig. 9.3) or 
several diameters (Fig. 9.2). According to fresh fruit marketing standards in force 
in many countries worldwide, apple size is given by the maximum diameter of 
the equatorial section. Blasco et al. (2003) calculated diameter from the image out 
of four images in which the stem cavity was nearest to the centroid of the fruit 
(Fig. 9.2), because this implies that the polar axis is approximately orthogonal to 
the image plane.

Unlike equatorial diameter or mass, fruit volume is not a sizing parameter in 
marketing standards. However, volume estimation is required for calculating fruit 
density, which is an important parameter for food technologists. For example, starch 
content has a major influence on the cooking and processing properties of pota-
toes (Hoffmann et al. 2005), and there is a close correlation between the density of 
the potato tuber and its starch content. Martynenko (2011) calculated instantaneous 
volume during convective drying of ginseng roots. Assuming cylindrical geometry, 
they computed surface area from projected area. Then, they used an empirical rela-
tion to compute volume from surface area.
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Fruit shape determination is important in many food industries. For example, top 
quality cans of mandarin segments should not contain more than 5 % of partially 
broken segments. Blasco et al. (2009) detected broken mandarin segments based 
on their lack of symmetry. Regular-shaped potato tubers are desirable because the 
irregular ones cause a great deal of losses during peeling and subsequent processing 
(El Masry et al. 2012). Moreover, French fries manufacturers prefer long-oval or 
long tuber with a length of at least 50 mm. For the production of crisps (chips), 
round tubers are required with a diameter range of 40–60 mm (NIVAP Holland 

Fig. 9.3  Image segmentation for size feature extraction. (Reprinted with permission from Mar-
tynenko 2011. © 2008 Springer)

 

Fig. 9.2  a Original image captured by the camera. b Segmented image showing the sound skin 
(green), the russeting (cyan), the stem (purple) and the damage (pink) regions. c Region containing 
all the classes except the stem and the background, used to calculate the size. d Image showing 
how the size was estimated. (Reprinted with permission from Blasco et al. 2003. © 2003 Silsoe 
Res. Inst.)

 



2739 Assessment of Internal and External Quality of Fruits and Vegetables

2014). Tomato processing companies are interested in developing varieties which 
carry oblong, almost square-shaped fruit, in order to pack them more efficiently 
(Moreda et al. 2012). Some companies might be interested in developing extremely 
elongated tomatoes shaped like cucumbers. These fruits would be very advanta-
geous when preparing sliced tomatoes for hamburgers, as less ends would have to 
be thrown away (Espinoza 2003). Sometimes, ill-shaped specimens present pro-
truding zones that contain low-quality tissue. Thus, the presence of neck in a cu-
cumber is undesirable, because of the absence of fleshy tissue that makes it useless 
for the consumer (Fanourakis and Tzifaki 1993). Likewise, the protruding zone in 
pear-shaped or ‘sheepnosed’ grapefruit is a peel disorder characterised by a coarse 
rind or thick albedo (Syvertsen et al. 2005). Heat and mass transfer coefficients 
which are crucial for majority of unit operations are also dependent on the shape 
and surface area of the object (Goñi et al. 2007).

The process leading to shape classification can be divided into following steps: 
image capturing; preprocessing, e.g. noise filtering, segmentation, feature value ex-
traction or shape description; eventual compression of the feature set and finally 
comparison and classification. Sometimes two or more steps are merged into one, 
e.g. simultaneous segmentation and feature extraction. Some examples of segmen-
tation techniques are level set methods and edge detectors like the Sobel gradient 
operator (Fig. 9.4) and active contours or ‘snakes’. According to Duda et al. (2000), 
and classification is somewhat arbitrary: An ideal feature extractor would yield a 
feature vector that makes the job of the classifier trivial; conversely, an omnipotent 
classifier would not need the help of a sophisticated feature extractor. There are dif-
ferent approaches for classification, from simple thresholding to parametric (Bayes, 
linear discriminant analysis) and nonparametric (artificial neural network, k-nearest 
neighbours) techniques.

In 2D computer vision, fruit shape can be evaluated in three major ways: First 
and simplest, as a simple combination of size features (Okayama et al. 2006); sec-
ond, using only contour data and hence contour-based methods, and third, using all 
fruit pixels or region-based methods (Moreda et al. 2012). Region-based methods 
include medial axis or skeleton technique, and several types of moments (Gui and 
Zhou 2010). Contour-based shape description methods include shape signature 
(Jarimopas and Jaisin 2008), chain code (Nandi et al. 2012), Bézier curves, Fourier 

Fig. 9.4  Date with slight skin delamination. Lighter pixels in image a correspond to loose delami-
nated skin. Comparing a with d, we can observe the good performance of Sobel gradient operator 
as an edge detector. (Reprinted with permission from Lee et al. 2008. © 2007 Elsevier)
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(Menesatti et al. 2008), wavelet (Riyadi et al. 2008) and fractal analyses, amongst 
others. El Masry et al. (2012) discriminated well-shaped potatoes from misshapen 
ones with an in-line sorting success rate of 96.2 % by using simple combination of 
size parameters together with Fourier descriptors as shape features.

9.2.2  Surface Texture

Wang et al. (2007) found that produce surface characteristics affect both product 
quality and safety. For example, Escherichia coli more preferentially attaches itself 
to coarse, porous or injured surfaces than uninjured surfaces of fruits.

Lee et al. (2008) tackled dates classification according to degree of delamination. 
Delaminated skin is synonym with loose skin. They argued that thresholding segmen-
tation was not suitable for the detection of skin delamination. Instead, they used the 
Sobel gradient operator to detect the edges of greatest contrast (Fig. 9.4).

Wrinkles in apple skin are a visible indicator of fruit senescence. Dunn (2007) 
developed 2D computer vision algorithms to classify citrus fruits according to peel 
roughness. Jafari et al. (2012) addressed indirect estimation of citrus peel thickness 
through image analysis of peel surface texture. They hypothesised that fruits with 
coarser surface texture would have a thicker peel, and vice-versa. They obtained an 
r2 of 0.958 when correlating coarseness with peel thickness. Peel thickness was cal-
culated from a fruit cross-section image, as the ratio of peel area to total fruit area.

9.2.3  Surface Colour

Colour is an important quality attribute that dictates the quality and value of many 
fruit products (Kang et al. 2008). The perceived colour of objects depends on three 
factors: the spectral distribution of the illuminant, the spectral reflectance of scene 
surfaces, and the spectral response of the imaging sensor. The colour of a particular 
pixel in an image is expressed by three coordinates in a colour space. The primary co-
lours red, green and blue (RGB) are the most widely used in computer vision. When 
inspected objects have very different colours, sometimes simple ratios between RGB 
values can discriminate between them, thus saving processing time. Blasco (2009) 
used the R/G ratio to discriminate four classes of pomegranate arils, with a success 
rate of 90 %, similar to the one obtained by human visual inspection.

One drawback of RGB colour spaces is that they are device dependent. This 
means that different devices produce different RGB values for the same pixels in a 
scene (Cubero et al. 2011). If reproducibility is required, then CIE L*a*b* colour 
space should be used. Calculation of colour coordinates can be performed in two 
ways: First, by imaging a colour reference standard template card with declared 
XYZ values (Kang et al. 2008); and second, by measuring the same target both with 
a colorimeter and with the computer vision system (Matiacevich et al. 2013). Fathi 
et al. (2011), in a work aimed to predict colour changes during osmotic dehydration 
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of kiwifruit slices, converted RGB coordinates into L*a*b* to ensure colour re-
producibility. They observed that chromatic parameter a* reflected most colour 
change, with increased a* values associated to increasing osmotic temperature, 
which shows diminishing of green colour of dehydrated kiwifruit slices.

9.2.4  Surface Defects

Inspection of fruit surface defects is of utmost importance, both for marketing and 
safety reasons. With regard to fresh produce market, fruit category is diminished when 
blemished area exceeds a given percentage of the fruit surface. From the packing in-
dustry point of view, identification of the type of defect is a key aspect (Cubero et al. 
2011), since some defects are more problematic than others. The presence of dark 
and brown spots due to natural defects or injuries in raw potatoes will lead to surface 
defects in chips, with likely rejection by consumer (Mendoza et al. 2007). In banana, 
surface blemishes known as senescent spotting are an indicator of fruit overripeness. 
Quevedo et al. (2008) proposed fractal dimension as a potential method for deter-
mining banana ripening at the final ripening stage. With regard to safety, Wang et al. 
(2007) reported higher attachment rate of microorganisms to injured tissue of fruits.

Slaughter et al. (2008) reported the appearance of a visible small dot pattern on 
an orange peel after a frost. They used ultraviolet (UV) fluorescence properties of 
the dots to assess the level of freeze damage, and concluded that black rooms cur-
rently used in packinghouses to detect and remove fungal infected oranges could 
also be used to remove freeze-damaged fruits. It just would need inspectors be 
trained to look at yellow small dot pattern, apart from pink reflections typical of 
fungal disease. Of course, in the automated version of the system, both fungal and 
freeze detection could be performed using computer vision.

With regard to blemish detection, unsupervised segmentation methods (thresh-
olding and flooding algorithms on monochrome images and Mahalanobis distance 
in the RGB space) give good results for mono-colour fruits. For bicolour fruits, 
supervised techniques are usually used (Sun 2008).

A recurrent research issue in apple blemish detection is achieving that the stem cav-
ity and the calyx are not confused with a blemish by the computer vision system. Jiang 
et al. (2009) argued that 2D near infrared (NIR) imaging was unable to  discriminate 
stem end calyx from true defects. They proposed 3D surface reconstruction of apples, 
using the shape-from-shading algorithm, and obtained a 90.15 % detection rate.

9.3  Hyperspectral Imaging

Hyperspectral (HS) imaging stands on the edge between image analysis and spec-
troscopy. These two technologies are widely used for the assessment of fruit and 
vegetables quality (Nicolaï et al. 2007; Huang et al. 2008; Cubero et al. 2011). HS 
images provide both spatial and electromagnetic spectral information of a material.
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A typical HS system consists of a light source, a wavelength dispersion device 
and a detector (Wu and Sun 2013). The emitted light interacts with the surface of the 
sample and the area detector measures the spectra resulting from this interaction. As 
it is further explained in the application examples, the ability of the sample in ab-
sorbing or scattering the exciting light can be related to both chemical and physical 
properties. In addition, the spatial information of the image, the spatial distribution 
of these spectra, can be used to identify objects and object attributes such as shape, 
size, texture, etc. Electromagnetic spectral information is acquired for each pixel 
of the image. As a result, 3D images are obtained: two dimensions provide spatial 
information and one dimension provides spectral information of the scene (Wu and 
Sun 2013). As schematically represented in Fig. 9.5 by Cho et al. (2013), an HS 
image can be regarded as a set of images, each one acquired at a narrow band of 
wavelengths (waveband).

When the spectral image is composed of a few wavebands (usually less than ten 
wavebands, not necessarily contiguous), it is generally termed as “multispectral” 
(MS), while “HS” imaging, generally accounts for images containing continuous 
spectral information in a certain wavelength range.

Image acquisition technologies are different for HS and MS imaging. Detailed 
discussion on these technologies is out of the scope of this book chapter, but up-
dated information can be found elsewhere (Boldrini et al. 2012; Wu and Sun 2013). 
Concerning the evaluation of fruits and vegetables quality, it is important to note 
that MS technology is significantly cheaper and faster than HS, while HS imaging 
provides complete spectral information, facilitating the chemical characterisation of 
each pixel of the image (Boldrini et al. 2012).

Fig. 9.5  Schematic representation of HS imaging hypercube of cherry tomatoes showing the rela-
tionship between spectral (axis λ) and spatial dimensions (axis X and Y). (Cho et al. 2013)
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Regarding the spectral range, most applications of MS and HS imaging for fruits 
and vegetables evaluation focuses on NIR and visible (VIS) regions of electro-
magnetic spectrum. Nevertheless, the same principles can be used on UV ranges 
 (Al-Mallahi et al. 2010) or combined with fluorescence technologies (Cho et al. 
2013), or thermal imaging (Baranowski et al. 2012).

9.3.1  External Quality

HS imaging is measured on the surface of the samples, and it is thus especially 
adequate for the assessment of external quality, such as bruising or external dam-
ages.

Evaluation of bruising damages by HS imaging were extensively reviewed by 
Opara and Pathare (2014). Recent applications of HS imaging for bruise damage 
evaluation are found both in fruits: apples (Peng et al. 2012; Baranowski et al. 
2013), kiwis (Lü et al. 2011) and pears (Zhao et al. 2010), and vegetables: especially 
mushrooms (Gowen et al. 2008; Esquerre et al. 2012).

A clear example illustrating the challenges faced by this kind of application is 
presented by Gowen et al. (2008). In this work, HS images acquired from 400 to 
1000 nm were used to assess bruise damage on mushrooms. A fix intensity thresh-
old (0.1) on the images acquired at 720 nm was used to segment mushrooms from 
the image background. Two spectral preprocessing treatments: Multiplicative scat-
ter correction (MSC) and mean normalisation (MN) were applied to correct the 
spectral variability (scattering) produced by the curvature of the mushroom volume, 
shown in Fig. 9.6. Bruised areas were enhanced through a principal components 
analysis (PCA), which reduced the spectral information of the image from 71 origi-
nal images (one for each acquired waveband) to a single informative image, related 

Fig. 9.6  Effect of mushroom curvature on spectrum. Each square on the left hand side image rep-
resents a region on the surface of an undamaged mushroom, from which an average spectrum was 
calculated, as shown in the plot on the right hand side. (Gowen et al. 2008)

 



278 N. Hernández-Sánchez et al.

to bruising damage (Fig. 9.7). Spatial information was used to avoid misclassifica-
tion of mushroom borders, using a roundness metric algorithm to exclude the clas-
sification of thin elongated areas as bruises. Finally, PCA allowed the classification 
of each pixel as sound or bruised tissue. Mushrooms were classified as sound or 
damaged according to the estimated percentage of bruised area, obtaining between 
83 and 100 % of correct classification, depending on the batch and variations of the 
PCA approach.

Other external defects can be also characterised through HS imaging. Li et al. 
(2011) used HS imaging between 400 and 1000 nm to detect various common defects 
in oranges (insect damage, wind scarring, thrips scarring, scale infestation, canker 
spot, copper burn, heterochromatic stripe and phytotoxicity). Images were evaluated 
through PCA, and both loadings and PC images were analysed for interpretation. 
This analysis led to the identification of three specific wavebands, best related with 
the studied fruit damages, and a waveband ratio (875/691 nm) to differentiate calix/
stems from defects. Up to 95.4 % of the defects were detected by this imaging system.

9.3.2  Internal Quality

The evaluation of internal quality is also an extended application of HS imaging. 
When measuring small fruits such as grapes and blueberries (Baiano et al. 2012; 
Leiva-Valenzuela et al. 2013), HS imaging can facilitate the automation of the mea-
surements procedure, allowing to measure complete spectral information of several 
samples at the same time or even of moving samples on a processing line (Boldrini 
et al. 2012). In bigger samples such as melons (Sugiyama and Tsuta 2010), HS 

Fig. 9.7  a RGB image of damaged mushroom. b Virtual image obtained after multiplying the 
image hypercube by PC 1 loading vector arising from PCA analysis of sample of 600 spectra 
representing undamaged (n¼300) and bruise-damaged (n¼300) mushroom tissue. (Gowen et al. 
2008)
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imaging can allow to map the spatial distribution of quality attributes, as soluble 
solids content (Fig. 9.8).

A recent example of this kind of application is presented by Baiano et al. (2012). 
This work studies several physico-chemical and sensory indexes of seven cultivars 
of table grapes, three red and four white, through HS imaging (400–1000 nm). Sam-
ples were randomly sorted in two batches: 50 % of the samples were used for model 
calibration and 50 % for validation of the model. Average spectra were computed 
for each grape. Mean centre correction (spectral preprocessing) and partial least 
squares regression (PLSR) modelling was applied to estimate the physico-chemical 
indexes. Two PLS models were computed, one for red and one for white varieties. 
A single PLS model per variety group (red or white) obtained good estimations 
on pH (coefficients of determination were 0.80 and 0.90 for white and red grapes, 
 respectively), total acidity (0.95 and 0.82) and soluble solids content (0.94 and 
0.93). No correlation was found with the sensory data.

Spectral scattering is also recently being applied on machine vision systems 
for the assessment of internal quality in several fruits, such as apple (Mendoza 
et al. 2011) or peach (Cen et al. 2012). In contrast to reflectance spectroscopy, 
spectral scattering differentiates and measures separately the scattering and the 
absorption coefficients of the samples. Scattering coefficients are influenced by 
fruit tissue density, cell composition and extra- and intracellular structures, while 
absorption coefficients relate to chemical composition. Further information on the 
basic principles of light scattering techniques is exposed by Zhelev and Barudov 
(2005). Applying this technique on a spatially resolved system (HS imaging-based 

Fig. 9.8  Sugar distribution map for unripe, mature and overripe melons. (Sugiyama and Tsuta 
2010)
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spatially resolved), Cen et al. (2012) obtained good estimations of several quality 
attributes of peaches. Correlation coefficient for firmness, SSC, skin lightness and 
flesh lightness was 0.749 (standard error of prediction or SEP = 17.39 N), 0.504 
(SEP = 0.92 °Brix), 0.898 (SEP = 3.45), and 0.741 (SEP = 3.27), respectively. These 
results compared favourably to acoustic and impact firmness measurements, whose 
correlations with destructive measurements were 0.639 and 0.631, respectively.

9.3.3  Quality Evolution

HS imaging is a powerful tool to evaluate quality evolution on fruits and vegetables 
in processes such as ripening or senescence during postharvest (Lorente et al. 2012; 
Wu and Sun 2013). As shown in Fig. 9.9, NIR and VIS spectra can provide detailed 
information on the evolution of physical and chemical properties during these pro-
cesses (Rajkumar et al. 2012). Spatial information (Fig. 9.10) facilitates the correct 
and representative sampling of the spectra and allows observing the spatial evolu-
tion of ripening or senescence processes (Lleó et al. 2011).

As presented by Rajkumar et al. (2012), optimal wavelengths for  predicting qual-
ity attributes related with ripeness can be inferred from the variation of  VIS–NIR 
spectra (400–1000 nm) at different ripening stages. The spectral evolution can 
be interpreted according to physiological processes related with ripeness, such 
as  chlorophyll degradation, observed around the chlorophyll absorption peak, at 
680 nm, or moisture content at 800–970 nm (Fig. 9.9). The identification of these 
key wavebands for specific products is important because it facilitates the  application 
of spectral imaging on fruit-sorting systems: It allows using MS  imaging systems, 
significantly cheaper and quicker than HS imaging, for the evaluation of fruit ripe-
ness. In this regard, Lleó et al. (2011) proposed and tested several spectral indexes to 

Fig. 9.9  HS reflectance of VIR/NIR spectrum at different maturity stages of banana fruits stored 
at 20 °C. (Rajkumar et al. 2012)
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evaluate peach ripeness through MS imaging. The proposed indexes were conceived 
both to detect the evolution of peach spectra along commercial ripening process and 
to avoid multiplicative and/or additive spectral effects (typically removed through 
spectral preprocessing when the complete spectra are available). Five spectral in-
dexes based on the combination of wavelengths close to the chlorophyll absorption 
peak at 680 nm were considered. Between these indexes, Ind2, which corrects both 
multiplicative and additive spectral effects, was appointed as the best performing 
on description of ripening. This index was able to differentiate ripening regions and 
their evolution within the fruits (Fig. 9.10) and was unaffected by the spherical shape 
of the fruit.

Similar principles apply to the monitoring of fruits or vegetables senescence 
during shelf life. Recent applications of HS imaging on this field can be found on 
rocket (Løkke et al. 2013), spinach (Diezma et al. 2013), mushrooms (Taghizadeh 
et al. 2010) and apples (Cen et al. 2013).

An interesting application is presented by Lara et al. (2013). In this work,  spinach 
evolution during storage was monitored through the packaging films. HS images 
(400–1000 nm) were taken at different stages of the storage period (21 days at 4 °C). 
The effect of the packaging films on the spectra was corrected through spectral 
preprocessing (radiometric correction). As in the case of ripening, spectral changes 
could be interpreted according to physiological processes related to leaf degrada-
tion: a shift on the red edge spectra, associated with ageing of the leaves, and an 
increase in global reflectance and slope of the spectra, associated with water loss.

9.3.4  Contaminants

Other extended application of HS imaging for the evaluation of fruit and vegetables 
is the detection of contaminants, such as E. coli (Siripatrawan et al. 2011) and faecal 
contamination (Kang et al. 2011; Teena et al. 2013). This subject has been recently 

Fig. 9.10  Spectral index images (Ind2) for nine fruits before (first line of the image) and after 
(second line) commercial ripening process. Blue corresponds to the most unripe areas and red to 
the ripest. (Lleó et al. 2011)
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reviewed by Dale et al. (2013). Siripatrawan et al. (2011) present a clear example 
of the potential of HS imaging for assessing food safety on fresh products. In this 
work, HS imaging (400–1000 nm) is used to estimate E. coli contamination on 
packaged fresh spinach. HS images were first simplified through PCA, then artifi-
cial neural networks (ANN) was used to predict and map microbial contamination 
(Fig. 9.11). The coefficient of determination between measured and estimated mi-
crobial cell count was 0.97.

9.4  Optical Coherence Tomography

OCT is a nondestructive and noncontact imaging technique, in which the sample is 
commonly illuminated with light in the NIR. The result is the acquisition of high-
resolution one-, two- and three-dimensional image data in the real time. The tech-
nique is based on the physical phenomenon of white light interferometry (WLI) 
(Huang et al. 1991). OCT performs high-resolution, cross-sectional tomographic 
imaging of the internal microstructure in materials and biological systems by mea-
suring backscattered or backreflected light (Fujimoto et al. 2010). It enables an ex-
cellent axial (depth) resolution (Drexler et al. 1999). The image contrast in OCT is 
caused by inhomogeneities in the refractive index of the sample material (Verboven 
et al. 2013). Traditionally, OCT has been applied to animal and human tissues. Nev-
ertheless, Loeb and Barton (2003) anticipated that botanical subjects, such as fruit 
and vegetables, are ideal candidates for OCT technique due to the presence of large 
fluid-filled vacuoles that provide greater contrast and inspection depth than animal 
and human tissues. Only in the recent years, OCT has been applied to the fruit and 
vegetables.

Fig. 9.11  Prediction map of E. coli contamination determined using artificial neural network 
(ANN) algorithm. The colour corresponds to the number of E. coli, expressed as Log (CFU/g). 
(Siripatrawan et al. 2011)
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9.4.1  Internal Quality

Meglinski et al. (2010) used OCT to monitor defects and rots in onion. They imaged 
the skins and outer laminae (concentric tissue layers) of intact whole onion bulbs 
at the near-surface zone, up to 0.5 mm with approximately 1 µm spatial resolution. 
Ford et al. (2011) also investigated diseases in stored onions. They obtained images 
with a depth resolution of 7 µm, a lateral resolution of 10 µm and a depth about 
0.5 mm. Cell-level structure of healthy stored onions was compared to that of on-
ions affected by fungal neck rot (Botrytis allii) and bacterial fort rot ( Pseudomonas 
spp.). They found evident differences between different sites in the onion bulb and 
also between healthy and diseased tissue. Continuing with this work, Landahl et al. 
(2012) obtained OCT images, corresponding to a lateral dimension of 4 mm and 
depth of 0.3 mm, of onion bulbs which were stored for 3.5 months at 4 °C and bulbs 
stored for 1 month at 20 °C. Half of the onions were treated with 100 µl sterile water 
and the other half were inoculated with conidial solution containing B. allii. Finally, 
the bulbs were cut and photographed. After that, a number of laminae from 5 to 9 
were measured with OCT. Image processing was applied to automatically extract 
useful features. The cell areas and centroids were computed after enhancing, filter-
ing and segmenting the original images. OCT images showed differences between 
healthy and diseased tissue, as neck rot affected tissue showed detachment of inner 
cell walls and the average cell size was smaller. Also, cells were found less round-
shaped. OCT provided images to a depth of about 0.5 mm.

In apples, Rizzolo et al. (2013) utilised OCT to characterise the tissue of air-dried 
(noOSMO) and osmo-air-dried (OSMO) rings. They prepared apple rings from ‘Gold-
en Delicious’ apple cultivar. Different mature stages were selected according to the 
absorption coefficient measured at 670 nm by time-resolved reflectance spectroscopy 
(TRS), stored in air for 5 months and subjected to air-drying with and without osmo-
dehydration pretreatment. Images were obtained with 2 µm of axial resolution. OCT 
distinguished between OSMO and noOSMO air-dried rings, since noOSMO samples 
showed a dense structure and thus a limited penetration depth, while the OSMO sam-
ples showed loose surface structure with large inclusions of air (Fig. 9.12). Differ-
ences in mechanical characteristics between them seem to be a surface effect.

Also in apples, Verboven et al. (2013) visualised microstructure of peel by means 
of OCT in different cultivars (‘Braeburn’, ‘Arlet’, ‘Royal Gala’ and ‘Ida Red’). 
OCT allowed the visualisation of the surface topology including cracks in the wax, 
surface roughness and lenticels. Depth scans with OCT revealed the cellular struc-
ture down to a few hundred of micrometres into the fruit.

On fruit, OCT has been used for nondestructively characterised rind breakdown 
disorder (RBD) in mandarins (Maguwaza et al. 2013). Histological changes associ-
ated with the development of a progressive RBD were evaluated by using fruits with 
different damage levels. These fruits were selected from a batch stored for 8 weeks 
at 8 ± 0.5 °C. The images were obtained of fruit rind to a depth of about 1.1 mm. 
It was found that the oil glands stayed intact in unaffected fruit and gradually col-
lapsed in RBD-affected fruit. At advanced stages of the disorder, the  collapsed oil 
glands became increasingly deformed and flattened.
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Loeb and Barton (2003) applied OCT to imaging botanical subjects like sec-
tioned kiwifruit, orange flesh, orange peel, lettuce leaves and intact cranberries. 
They concluded that this is a suitable technique for botanical imaging since features 
at the tissue and cellular level were identified, such as parenchyma cell vacuoles 
and endosperm in kiwifruit tissue, outer integument in kiwifruit seeds, juice vacu-
oles and membranes of juice sac in orange or oil glands and epidermis flavedo on 
orange peel among others. Authors also imaged cranberries at different ripeness 
stages, judged by flesh colour. They found repeatable differences in the OCT im-
ages of ripe and unripe berries.

9.5  X-Ray Imaging

X-ray imaging is based on the attenuation that an X-ray beam experiences when 
passing through a sample. The transmitted photons are usually registered by ar-
rays of photodiodes or a charge-coupled device. In order to obtain a 2D image, the 
sample moves transversally to the beam (Fig. 9.13). Then, the image is compiled 
for further analysis.

In X-ray imaging systems, the representative parameters are the tube voltage and 
the tube current of the X-ray source. The tube voltage produces the acceleration of 
the electrons from the cathode to the anode, so that when they decelerate the X-rays 
are produced. An increase in the tube voltage involves an increase in the maximum 
energy of the beam and in the total amount of radiation, which allow the inspection 
of increasing depths. The tube current is the stream of electrons between the cathode 
and the anode, which determines the total amount of radiation, without affecting the 

Fig. 9.12  Examples of OCT images of the surface of noOSMO, OSMO1 and OSMO2 dried apple 
rings from fruit for the most differing fruit in the batch (R1, LeM; R20, MoM). OCT optical coher-
ence tomography. (Image size 5 × 0.88 mm2)
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maximum energy. The tube current is set so as to assure that enough photons reach 
the detectors.

Image contrast is a result of the presence of internal regions with different at-
tenuation coefficients. Such differences are enhanced as the energy of the X-ray 
beam decreases and, therefore, contrast is improved. When using a low-energy 
beam (50–500 keV) for the inspection of products with low atomic number, the at-
tenuation is governed by the photoelectric effect. This is the case of the horticultural 
produces, which mainly comprise hydrogen, carbon and oxygen. Consequently, the 
image contrast arises from differences in atomic number, density, and thickness. 
The higher the latter characteristics, the higher will be the attenuation.

Transmission X-ray imaging can be thought of as a projection of the sample onto 
a plane. Thus, internal structures may be masked when they are along the same 
linear trajectory of the photons. In many cases, the assessment of internal quality 
in fruits and vegetables requires more detailed image resolution. Therefore, studies 
have been developed by using the X-ray computed tomography (CT), which pro-
duces cross-sectional images of the sample. In CT, the source of X-rays rotates at 
steps of a certain angle around the sample, registering transmitted photons at each 
step. Reconstruction of the image is performed by applying algorithms such as the 
filtered back projection, so that small volumes of tissue are depicted as pixels in the 
image. Pixel intensity is measured in Hounsfield units, being the water attenuation 
the zero value. Positive values correspond to compounds with higher absorption 
when compared to water, whereas negative values correspond to lower absorption.

9.5.1  Internal Quality

X-ray CT images have been used to study the internal browning (IB) in apples. 
Herremans et al. (2013a, b) analysed the microstructural arrangement of cells and 
intercellular spaces of ‘Braeburn’ apples. Such characteristics have a major effect 

Fig. 9.13  X-ray images of lettuces acquired at a source voltage of 60 keV and a current of 7 mA 
while conveyed at 0.46 m/s. On the left a high-quality, compact and round-shaped sample, and on 
the right a low-quality, loose and no round-shaped sample. (Courtesy of Multiscan Technologies 
S.L. (www.multiscantechnologies.com))
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on the transport of the respiratory gasses oxygen and carbon dioxide, which may 
induce IB. X-ray micro-CT images of cylindrical samples of outer, middle and inner 
cortex tissues were obtained with 4.83 µm3 voxels at 58 keV. Microstructure was 
characterised by extracting morphometric parameters such as porosity, anisotropy 
and connectivity from the images previously segmented by Otsu’s algorithm. These 
parameters successfully classified the 97 % of the tissue samples (Herremans et al. 
2013a). Closely related to this study ‘Braeburn’ apples were monitored during the 
development of internal disorders under storage brown-inducing conditions (1 % 
O2, 5 % CO2) (Fig. 9.14). Samples of apple cortex tissue were imaged by micro-
CT with 4.8 µm pixel size at 58 keV, whereas CT images were obtained of intact 
apples with 82.6 µm pixel size at 85 keV (Herremans et al. 2013b). The tissue mi-
crostructure allowed solving a microscale gas exchange model by using the finite 
volume method on a voxel-based mesh. The apparent gas diffusion coefficients 
were calculated and subsequently used to solve the diffusion–respiration process in 
a macroscale structure containing sound, brown and cavity-filled tissues to simulate 
the oxygen profiles. A combined multiscale model was constructed, which revealed 
to be useful for predicting storability of fruit. This study verified that under sub-
optimal gas conditions oxygen concentrations drop; that the disorder expands as a 

Fig. 9.14  X-ray CT images of virtual apple cross-section (top) of a healthy fruit (a) and a BBD-
affected sample, manifested as dehydrated tissue (white arrow) with the formation of cavities 
( black arrow, b). The scalebars in the cross-sectional CT images measure 1 cm. 3D geometry of a 
healthy and affected apple (bottom). The air in the core (blue) and tissue affected by BBD (yellow) 
are shown as meshed volumes. (Herremans et al. 2013b)
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result of the decrease in oxygen diffusivity; and that a dense tissue structure induces 
low-oxygen diffusivity and, hence, browning disorder.

X-ray CT images have been used to define watercore in apples. Such disorder 
is characterised by water-soaked and glassy areas appearing in the flesh, where 
sorbitol-rich solutions are accumulated in the intercellular spaces. The associated 
changes in the microstructure and the increasing density are revealed in the X-rays 
images (Fig. 9.15). The porosity decreases significantly as the pores in the affected 
tissue are almost absent, thus likely filled with water (Herremans et al. 2014). X-ray 
CT images operating at a source voltage of 80 keV and a current of 100 µA were 
obtained from entire apples of different cultivars along with X-ray micro-CT im-
ages from cylindrical tissue samples. Authors proposed different image-processing 
techniques to extract discriminant parameters between sound and affected samples. 
Firstly, images were segmented by applying Otsu’s algorithm and then grey-level 
histograms were generated. An analysis of variance (ANOVA) showed that the 
mean and the variance of the grey levels in the affected apples were significantly 
different ( p  < 0.05) from the healthy apples. Secondly, two grey-level thresholds 
were computed to divide the pixels into the underlying populations. An adaptive 
threshold was computed by the maximum entropy method, which obtained a per-
centage of correctly classified samples of 68 %. A global threshold was computed 
from the signal of the population of affected pixels, which achieved an 89 % of 
correct classification.

For dried fruits, X-ray CT images have been used to evaluate the microstructure 
of air-dried and osmo-air-dried apple rings, and to study the relationships between 
the microstructure features and the crispness of dried apple rings in relation to fruit 
maturity (Rizzolo et al. 2013). Measurements were performed at 55 keV source 
voltage and 181 μA current with a pixel resolution of 2.44 μm. The skeleton of dried 
apple tissue could be accurately detected in X-ray CT images because of the high 
contrast with the pore space. A threshold was applied to segment skeleton and then 
morphometric parameters were computed. The analysis revealed that the osmotic 

Fig. 9.15  Visual evaluation of watercore disorder in Rebellón apple after cutting the fruit at 
the equator (a) and the corresponding MRI (b) and CT images (c). The MRI image was exactly 
matched to the CT image because we obtained 3D data. The photograph is from approximately 
the same, however obviously not identical, position. Scale bars measure 10 mm. (Herremans et al. 
2014)
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pretreatment increased porosity and tissue-specific surface area and decreased pore 
anisotropy, tissue thickness, tissue anisotropy and tissue intersection surface. Re-
garding maturity, it was found that tissue-specific surface area, tissue thickness and 
tissue fractal dimension depended on maturity class. For air-dried samples, only po-
rosity was influenced by maturity. An analysis of principal components highlighted 
relationships between some morphometric parameters and acoustic characteristics 
as well as mechanical characteristics.

Leónard et al. (2008) used X-ray microtomography to investigate tissue micro-
structure of dried banana when conventional drying techniques such as low-pres-
sure superheated steam drying and vacuum drying were assisted with far-infrared 
radiation (FIR). The study was focused on porosity, which is a major quality param-
eter in dried products. 2D X-ray micro-CT images were obtained with a pixel size 
of 15 µm at 60 kV and 167 µA. 3D images were reconstructed from 2D set. Banana 
skeleton appeared at high grey levels, whereas pore space appeared at low grey 
values. An automatic threshold based on maximisation of the interclass entropy 
was calculated in order to segment the skeleton. Remaining small black holes were 
removed by applying a closing filter. Then, the porosity was measured as the frac-
tion of voxels of the image that belonged to the pores. FIR was found to modify the 
structure of the dried bananas by increasing their final porosity.

Nielsen et al. (2014) proposed a new approach based on X-ray dark-field ra-
diography for the detection of microstructural changes due to freeze injuries. The 
advantage of this technique relies on its sensitiveness to structural differences on 
the micrometre scale. Both dark field and conventional transmission X-ray images 
were obtained of blueberries, blackberries and a piece of mandarin with different 
levels of injury (Fig. 9.16). The experiments were carried out using an X-ray grat-
ing interferometer, consisting of an X-ray phase grating, an analyser absorption 
grating, and a third grating to optimise spatial coherence. The source voltage and 
current were set to 40 keV and 150 mA, respectively, and the effective pixel size at 
the sample was 155 × 155 µm. The contrast between the frozen/defrosted tissue and 
the raw tissue was evaluated by computing a contrast-to-noise ratio (CNR) that took 
into account the mean and the variance of the signal intensity. The higher the CNR, 
the higher the contrast will be in between tissues. Variations in microstructure of 
frozen/defrosted tissue were clearly revealed by the highest CNR value computed 
in dark-field images. Authors suggested the ultra-small-angle scattering originated 
by the injured tissue as origin of the enhanced contrast.

Jiang et al. (2008) proposed the use of X-ray images to identify insect infestation 
in fruit (cavity or pest). Experiments were conducted in a specifically designed X-
ray system at a scanning rate of 1.2 m/min in fruits such as citrus, peach and guava. 
The tube voltage was adjusted in the range of 40–90 keV and the tube current in 
the range of 110–250 µA to achieve the optimum contrast of the X-ray image. Au-
thors developed an image segmentation procedure to overcome the difficulties due 
to shape or uneven thickness of fruit that appear when selecting a suitable global 
grey level threshold. The adaptive image segmentation algorithm was based on 
the analysis of the local pixels intensities and an iterative unsupervised threshold 
selection, with a final morphological filtering to remove suspicious small points. 
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Fig. 9.16  X-ray images of blueberries in different states; frozen (left), raw (middle) and defrosted 
(right). The regions used for calculating the CNR values are indicated. a Transmission radiogram. 
b Dark-field radiogram. (From Nielsen et al. (2014))

 

Segmentation parameters needed to be determined for each type of fruit. The sites 
of infestation were accurately identified. Further work involved the development of 
a prototype scanner system working at a scanning rate of 30 m/min with a detection 
rate up to 94 % within the 4 days after pest implanted (Chuang et al. 2011).

Donis-González et al. (2014) characterised internal decay of chestnuts, inter-
nal defects in pickling cucumbers, translucency disorder in pineapples, and both 
pit presence and plum curculio infestation in tart cherries. 2D CT-X-ray images 
were acquired with a resolution of 1.289 pixel mm-1 using a scanner operating at 
120 keV and 170 mA for chestnuts, cucumbers and cherries; and at 120 keV and 
240 mA for pineapples. Different circular regions of interest were defined within 
the image, each one containing a characteristic tissue under study. Hounsfield units 
of each region were averaged. Mean values entered an ANOVA, and a Tukey post 
hoc test identified significant differences at 95 % confidence level. For chestnuts, 
significant differences were found between all the tissues: healthy kernel, pellicle, 
decayed kernel and void space. For tart cherries, curculio-infested pulp and pit frag-
ments were significantly different from healthy pulp, pit embryo and void space. 
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For pineapple, translucent pulp was significantly different from healthy and core 
tissues; void space was found different as well. For pickling cucumber, healthy 
pulp was significantly different from defective tissue and natural void spaces. Such 
results reinforce the potential of this technique for nondestructive inline sorting 
whenever procedures become more time- and cost-effective.

9.6  Magnetic Resonance Imaging

MRI is a technique based on the nuclear magnetic resonance phenomenon, which in-
volves that some nuclei, such as 1H, 13C or 31P, have a magnetic moment that precess 
at the so-called Larmor frequency (ν0) when placed within the action of a magnetic 
field. The ν0 value is both nuclei and magnetic field strength dependent. Under such 
conditions, an excitation pulse of radiofrequency makes all the magnetic moments 
in the sample precess synchronised. An electromotive force is induced in a receiver 
coil so that the signal is registered as an alternating voltage. At a first stage, the in-
tensity of the signal is proportional to the abundance of the nuclei. After excitation, 
the magnetic moments recover their equilibrium state while they lose phase coher-
ence, and hence, the signal decays along time. The former process is characterised 
by the spin-lattice or longitudinal relaxation time (T1), and the latter by the spin–spin 
or transversal relaxation time (T2). The T1 is affected by sample characteristics such 
as molecular motion, molecular size, molecular complexity and viscosity, whereas 
the T2 is affected by molecular motion, chemical exchange, cell morphology and 
size, cell compartmentation, membrane permeability, tissue microstructure and dif-
fusion (Hernández-Sánchez et al. 2009). In order to obtain an MR image, magnetic 
field gradients are generated along perpendicular directions so that the precession 
frequency of the nuclei is spatially codified in two or three dimensions. Signal de-
codification is performed by applying the fast Fourier transform algorithm. Series of 
excitation pulses are applied, repetition and echo time being the representative pa-
rameters of image sequences. By managing such parameters, the image contrast can 
be weighted in nuclei density, T1, T2 or diffusion. Therefore, valuable information on 
the sample characteristic affecting such NMR parameters is revealed. For fruit and 
vegetable studies, 1H MRI is applied since hydrogen is the most abundant nuclei.

9.6.1  Internal Quality

The characterisation of intercellular spaces in relation to microstructural properties 
by applying MRI is useful to understand several phenomena that affect postharvest 
quality or shelf life of apple (Musse et al. 2010), since the gas-filled intercellular 
spaces are considered as the pathways for gas transport.

Defraeye et al. (2013) applied MRI at high magnetic field strength, 11.7 T, for tissue 
characterisation of ‘Braeburn’ apple cultivar. Authors studied the effect of fertilisation 
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treatment, storage time and IB-inducing storage conditions on the microstructure of 
the inner and outer cortex tissue. Proton density (PD) and T2 values were obtained 
from a multi-spin echo sequence (TR = 3000 ms and TE from 7 to 112 ms); self-dif-
fusion coefficient (DC) was computed from a diffusion echo sequence (TR = 2300 ms 
and TE = 13.5 ms). Circular regions of interest were defined in the images, from which 
average and standard deviation of PD, T2 and DC were computed. An ANOVA re-
vealed the parameters with significant differences. Inner tissue showed higher PD, T2 
value and DC when compared to the outer tissue. No effect was detected for different 
fertilisation treatments. For storage, PD increased along the time, which was tenta-
tively attributed to the tissue degradation due to IB that may alter water bounding. As 
for IB, the affected tissue had higher PD, T2 and DC values than the healthy tissue, 
being especially useful for disorder identification of the DC.

The early detection of internal quality problems of fruits may allow accom-
plishing a successful postharvest treatment. In this sense, Melado-Herreros et al. 
(2013) assessed watercore development in apples with MRI and related watercore 
incidence with the location of the fruit in the canopy. Rapid acquisition with re-
laxation enhancement (RARE) sequence was used to acquire T2-weighed images 
(TR = 5000 ms and TE = 60 ms) at 4.7 T. Damaged areas were detected within the 
images by using an interactive segmentation method. Then, the area of affected 
tissue (µm2), the total area of apple tissue (µm2) and the Euler number, which is 
an indicator of the connectivity of a 3D structure and topology, were computed 
(Fig. 9.17). MR images revealed that apples from the top of the tree showed higher 
proportion of radial development of the disorder (84 %) when compared to the ap-
ples from the bottom (65 %), and a more extended affected area (about 5 % higher). 
The Euler number showed that apples with block development of watercore were 
grouped in Euler numbers between − 400 and 400 with a limited evolution; and 
for apples with radial development, the Euler number was highly negative, up to 
− 1439. Positive Euler numbers correspond to unconnected objects which, in this 
case, corresponded to a slightly affected fruit. Large negative Euler numbers cor-
respond to complex segmented shapes with highly connected areas.

Herremans et al. (2014) compared the capability of MRI and X-ray to identify 
watercore disorder in different apple cultivars (Fig. 9.15). An MRI spin echo se-
quence (TR = 5000 ms and TEeff = 62.7 ms) was used to acquire T2-weighted images 
at 4.7 T. Image processing is summarised in the corresponding X-ray section. Wa-
tercore appeared as high-intensity regions showing better contrast when compared 
to X-ray images. However, performance was slightly lower as the accuracies of the 
disorder identification were 79 % for the maximum entropy method and 73.5 % for 
the global threshold.

Hernández-Sánchez et al. (2007) studied IB in pears by means of NMR and 
MRI in order to develop a nondestructive procedure for on-line disorder identifica-
tion. The effect of the tissue microstructure on the transverse relaxation rate (1/T2) 
was assessed by NMR relaxometry. The water diffusion through magnified local 
gradients as a result of the membrane alteration, tissue disintegration and water 
evaporation was the main cause of the increasing rates in affected tissues, as con-
firmed by the higher diffusion coefficient computed by the T2-diffusion correlation 
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 Fig. 9.17     MR images, ( a ), ( d ), ( g ), ( j ) and ( m ), segmented images ( b ), ( e ), ( h ), ( k ) and ( n ) and 
3D reconstruction (20 slices) of the segmented area of the tomography ( c ), ( f ), ( i ), ( l ) and ( o ) of 
four images with different Euler number. Euler number ( a–c ) = 137 (watercore damage = 67.51 %); 
Euler number ( d–f ) = − 583 (watercore damage = 49.50 %); Euler number ( g–i ) = − 137 (water-
core damage = 45.43 %); Euler number ( j–l ) = − 1275 (watercore damage = 35 %); Euler number 
( m–o ) = 30 (watercore damage = 0.43 %). (From Melado-Herreros et al. ( 2013 ))  

spectroscopy. At a macroscopic level, such microscopic information was used 
to optimise coronal fast low angle shot MR images, effective transverse relax-
ation weighted (TR = 11 ms and TE = 3.7 ms) and proton density (PD) weighted 
(TR = 7.6 ms and TE = 2.5 ms), with total acquisition times of 484 and 703 ms re-
spectively. Pears were imaged at 54 mm/s conveyor belt speed. Histogram features 
were automatically extracted after motion artefact correction (Hernández-Sánchez 
et al.  2005 ). Features included coefficient of variation for signal intensity, skewness, 
kurtosis and percentage of accumulated pixels for selected histogram categories. 
An ANOVA was used to select those parameters that enabled disordered fruit iden-
tification, which entered a discriminant analysis. Discriminant functions correctly 
classified up to 94 and 96 % of the fruit and showed that a minimum value of 12 % 
of tissue affected by breakdown was always clearly identified.  

  Textural properties of potatoes are important for consumers, and, thus, there is 
a need for developing sensors enabling grading and  sorting      of potatoes according 
to their convenience for marketing, long-term storage or processing (Thybo et al. 
 2004a ). MR images have illustrated both the spatial distribution and the abundance 
of water within potato tubers (Thybo et al.  2003 ). Thybo et al. ( 2004a ) studied the 
quality attributes of cooked potatoes such as hardness, cohesiveness, adhesiveness, 
mealiness, graininess and moistness by MRI. MR T 1 -weighted spin echo images 
(TR = 600 ms and TE = 10 ms) were obtained from a layer in the middle of the tuber 
samples with a 7 T system. Several image texture features were computed. Those 
derived from the first-order histogram were related to average level of intensity, 
variation of intensity, symmetry and flatness of histogram; those from image gra-
dient map were related to the borders between light and dark pixels; those from 
co-occurrence matrix (COM) estimated joint probability of two pixels having par-
ticular intensities; those from run-length matrix (RLM) were related to the number 
of times that the picture contains a run of certain length; and finally, the parameters 
of autoregressive model described relations of grey-level intensities between neigh-
bouring pixels. The radial directive structure in a potato did not place any problems 
on the features robustness. A principal component analysis (PCA) on image texture 
features grouped the potato samples according to variety, storage and dry matter 
variation. Such grouping was similar to that obtained from the PCA on the sensory 
data provided by a panel test. Partial least square regression (PLSR) showed that 
perception of hardness and adhesiveness can be predicted from the full set of MR 
image features, achieving correlation coefficients of 0.86 and 0.72, respectively. For 
moistness, a 0.69 correlation coefficient was found. Furthermore, individual image 
features were used to predict texture attributes. The COM features were the most 
significant for the prediction of hardness, adhesiveness and moistness. Besides, 
PLSR revealed that different MR-image structures, which were identify by RLM 
features, were relevant for the individual sensory texture attributes. In contrast, MR 
images were not able to predict specific gravity.  
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Thybo et al. (2004b) successfully assessed the applicability of MRI to the 
 detection of internal bruise and spraing disease in potatoes. Authors underlined the 
need of a prompt identification of affected samples prior to storage or industrial 
processing. In their study, MR images were obtained on a 7 T system with dif-
ferent weightings: PD-weighted images (TR = 200 ms, TE = 3.1 for bruised  potato 
and TE = 2.9 for spraing-affected potatoes); T1-weighted images (TR = 50 ms 
and TE = 3.1 ms for bruised potato and TE = 2.9 for spraing-affected potatoes); 
 T2-weighted images (TR = 3 s and TE = 40 ms); and T2 map (TR = 3.4 s and TE set 
to 16, 32, 48, 64 and 80 ms). Increasing knowledge on chemical and anatomical 
causes was achieved when interpreting the signal intensities within MR images. 
The low signal in the PD-weighted images indicated that the inner tissue of the 
bruises was very dry. The high signal in T2-weighted images combined with the 
high relaxation time in T2 maps revealed the migration of the water to the edges 
of the bruises, which are surrounded by a relatively dry shell. The regions with 
spraing development showed similar characteristics than bruise spots as containing 
relatively less water than their surroundings. T1-weighted images revealed a large 
darker area surrounding the spraing spots, which authors attributed to the presence 
of the virus without visible symptoms (Fig. 9.18).

The sensory texture properties in tomato are of great importance for determining 
the end-use quality, as stated by Musse et al. (2009a). These authors investigated 
structural aspects affecting the texture such as cell morphology, arrangement and air 
bubble content in tomato fruit, by means of MRI. Measurements were performed on 
a 0.2 T system. Spin echo (SE) images (TR = 200 ms and TE = 15 ms) were obtained 
to analyse macroscopic morphological aspects. The air distribution was studied with 
two spoiled GE images (flip angle = 40°, TR = 1 s, TE1 = 9 ms and TE2 = 40 ms). T1 
and T2 maps as well as macrovision images provided explanation of the observed 
results when different processes worked in opposite directions. Regions of interest 
were drawn manually from the T2 maps that corresponded to a homogeneous region 
in each type of tissue and then translated to the other images to compute average 
intensity. An ANOVA identified those tissues significantly different. SE images pro-
vided contrast adequate to identify outer and radial pericarp, placenta, locular tissue 
and seeds. Variation in signal intensity between the placenta and the locular tissue 
were related to PD differences. GE images revealed that the placenta and core tis-
sues had higher air bubble content than other tissues, which involved higher suscep-
tibility effects driving signal loss due to the diffusion of the water molecules through 
local magnetic field gradients. MRI also indicated that cells of the outer pericarp 
were significantly larger than cells of the core and placenta, which accounted for the 
lower relaxation times when compared to other tissues.

The capabilities of the MRI showed in the previous work were applied to 
monitor the postharvest ripening of tomato fruit (Fig. 9.19). Musse et al. (2009b) 
 obtained quantitative MR images at 0.2 T during 3 weeks. SE and GE provided 
similar  identification of main structural tissues as well as air spaces. The contrast 
in SE images was found to change considerably throughout ripening mainly as a 
result of the decreasing relaxation times and of the development of the air bubbles 
in the outer pericarp. SE images revealed air spaces close to seeds and permitted the 
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Fig. 9.18  a Proton-, b T1- and c T2-weighted images, d a T2 map and e digital photograph of a 
potato with spraing (Bar = 1 cm). (From Thybo et al. (2004b))

 

estimation of their shrinkage during the ripening period. The development of the 
bubbles in the outer pericarp during ripening was estimated from the GE images and 
supported by macrovision imaging.
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Milczarek et al. (2009) focused on the development of an in-line method based 
on MRI to detect damaged pericarp in processing tomatoes. These authors pro-
posed a new approach to determine the optimal MR pulse sequences for damage 
assessment, the so-called multivariate image analysis (MIA) method of partial least 
squares (PLS). MIA relies on the combination of the information extracted from a 
variety of weighted MR images that provides the best characterisation of the prob-
lem under study. In this work, MIA was used to determine which MR images to 
use among a set of 13 congruent MR images, and in what manner to use them. 

Fig. 9.19  Typical “morphological” SE image (a) along with short TE (b) and long TE (c) GE 
images of a tomato fruit at three different ripening stages. From Musse et al. (2009b)
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 Experiments were conducted at 1 T in an industrial-grade MR imaging system. The 
images were created by varying key parameters in the following sequences: fast 
spin echo (FSE), gradient recalled echo (GRE), fast low-angle shot (FLASH), and 
Turbo FLASH. For each tomato, a partial-annular ROI was segmented containing 
only the pericarp tissue. Membrane conductivity was selected as indicator of mem-
brane integrity affected by a mechanical damage. The pixels in the ROIs were as-
signed a value between 0 (no damage) and 1 (extensive damage), corresponding to 
the conductivity score for that sample. A PLS model with eight latent variables was 
selected for conductivity score prediction. The model included only the sequences 
with the strongest influence, that is, FSE sequence with receiver gain of 10 and Tur-
bo FLASH sequences with inversion times of 400, 800, 1000 and 1200 ms showed 
high performance with root mean square error of calibration and validation of 0.16 
and 0.17, respectively. Lower resolution was proposed as a strategy to accomplish 
time shortening for in-line implementation under a production environment. The 
conductivity scores predicted by the model are arranged in an image providing a 
damage prediction image. The analysis of the histogram of such image would be 
useful to predict the level of damage and thus to direct the fruit on to steam peeling 
or off the line for other uses. Moreover, the PLS model could be used to optimise 
the contrast between sound and damaged tissue by selecting the best MR image 
parameters.

MRI has also been applied to assess the chemical and physical changes that 
appear in tomatoes in relation to the harvesting season (Ciampa et al. 2010). MRI 
experiments were performed on a 7 T system with the following sequences: GE 
(TE = 3.927 ms and TR = 60.0 ms); T2 weighted multi-slice-multi-echo (MSME; 
TE = 30.0 ms and TR = 6000.0 ms); T1 weighted MSME (TE = 30 ms and TR set 
from 6000 to 15.464 ms). Relaxation times T2 and T1 were fitted by mono-expo-
nential decay curve. For each image, several morphological zones were identified 
as showing different signal intensities. Then, the thickness of pericarp, endocarp, 
T2 and T1 were analysed by an ANOVA, which found significant differences be-
tween periods of harvesting. For the external spherical crown of pericarp, both its 
thickness and the T2 gradually decreased from winter to summer. As for the inner 
spherical crown of pericarp, the thickness also decreased, whereas T2 increased 
towards summer. As for the endocarp, T2 values showed more significant differ-
ences with an increase in the summer season. In addition, a decreasing gradient of 
water molecules content was observed from the inner to the outer portion of tomato 
fruit harvested during summer. The increased water to solid ratio accounted for the 
increase of T2 values. The T1 relaxation time presented variations higher than those 
of T2, which were associated with metabolic processes, and were reflected in the 
MR images contrast. T1 was higher in summer for both endocarp and pericarp. All 
samples harvested during winter and spring showed a darker spherical white crown 
covering the placenta cavities. This tissue was tentatively related to the accumula-
tion of metabolic compounds resulting from stressing conditions such as exposition 
to low temperatures, which would decrease T1 values. According to these results, 
the identification of internal variations derived from harvesting season is feasible 
by means of MRI.
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Khoshroo et al. (2009) highlighted the interest of the pomegranate trade on 
the basis of its antimicrobial, antiviral, anticancer, potent antioxidant and anti-
mutagenic properties which are associated to a proper ripening process, whose 
evaluation requires the use of a technique capable of nondestructive internal 
 inspection. MRI was used to classify pomegranate, according to maturity and 
 internal defects, into semi-ripe, ripe, overripe and internal defective groups. The 
experiments were performed on a 1.5 T system with 2D T2-weighted MR spin 
echo  sequence (TR = 3910 ms and TE = 60 ms). Texture analysis of regions of in-
terest in MR images was applied to extract discriminant image features. From the 
grey level COM, the following features were calculated for four main directions 
(0°, 45°, 90° and 135°): angular second moment, contrast, sum of squares, cor-
relation, inverse difference momentum, sum average, sum variance, sum entropy, 
entropy and difference  variance. From the pixel RLM, the following features were 
extracted from four principal directions (0°, 45°, 90° and 135°): short-run empha-
sis, long-run emphasis, grey-level nonuniformity, run-length nonuniformity, and 
fraction (run percent). Such features entered a discriminant analysis. For COM 
features, the classification accuracy for semi-ripe, ripe, overripe and internal de-
fects class was 100, 93.13, 94.89 and 95 %, respectively. For RLM features, the 
corresponding accuracy was 95, 94.66, 83.95 and 87.5 %, respectively. When both 
type of features were combined, the classification accuracy increased. The model 
based on the 11 most significant features achieved an accuracy of 100, 98.47, 100 
and 95 %, respectively.

In a subsequent study, Khoshroo et al. (2011) proved the usefulness of texture 
features extracted from T1-weighthed MR images to predict a maturity parameter 
such as the total soluble solid (TSS) content. The experiments were performed at 
1.5 T with a 2D spin echo sequence (TR = 800 ms and TE = 18 ms). The texture 
features derived from COM and RLM were used as input in a multilayer perceptron 
neural network. The best architecture of the network contained 14 neurons in the 
hidden layer that satisfied the condition of preventing overtraining. The correlation 
coefficient between measured TSS and predicted TSS for the training data and test-
ing data were 0.93 and 0.90, respectively.

Zhang and McCarthy (2012) assessed the applicability of MRI to the characteri-
sation and detection of black heart in pomegranate. Experiments were conducted 
at 1 T. T2-weighted fast spin echo images were acquired for healthy and affected 
pomegranates (TEeff = 500 ms, TR = 8000 ms). Transverse relaxation time was mea-
sured using a Carr–Purcell–Meiboom–Gill sequence (TE = 1 ms and 8000 echoes). 
Image analysis consisted in the definition of a square region of interest (ROI) and 
the subsequent extraction of statistical features of the signal intensity, including 
mean, median, mode, standard deviation, skewness, kurtosis and coefficient of vari-
ation. Thereafter, a classification model was developed by applying a partial least 
square-discriminant analysis to the signal features.

The analysis of the signal in T2-weighted images and of the T2 relaxation 
distribution in arils provided valuable information for disorder identification. In 
the T2-weighted MR images, the arils with black heart showed lower signal than 
the healthy ones, which was an indicator of the water loss (Fig. 9.20). Such image 
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Fig. 9.20  Example MR images of a a healthy pomegranate and b a pomegranate with black heart. 
From Zhang and McCarthy (2012)

 

contrast was related to the change in cell integrity after infection and the subsequent 
decreasing of T2, which was confirmed by NMR relaxometry measurements. For se-
verely infected tissues, the voids were registered as regions with extremely low sig-
nal. T2 spectra revealed the presence of several subcelullar structures characterised 
by different T2 relaxation times. The assignment of the peaks to such structures was 
developed on the basis of the expected water mobility and water binding, which was 
reinforced by a paramagnetic ion tracer experiment. For healthy tissue, three peaks 
were found corresponding to cell wall, cytoplasm and vacuole, with increasing T2 
times, respectively. As for black heart tissue, these peaks were shifted to shorter T2 
values. In addition, cytoplasm and vacuole peaks tended to merge highlighting the 
effect of the damage on the membrane permeability. Moreover, a fourth component 
appeared which was assigned to extracellular water. The variation introduced in 
the image contrast as a result of the effect of the black heart in the tissue integrity 
provided high-discriminant image histogram features. The PLS-DA model achieved 
92 % accuracy in detecting the presence of the damage. Such performance together 
with the use of a low magnetic field strength revealed the great potential of the 
methodology.

Zhang and McCarthy (2013) investigated the capability of MRI to predict com-
mon indicators of fruit maturity and palatability in pomegranates, such as soluble 
solids content, total titratable acidity, pH and Brix/acid ratio. A 1 T MRI system 
was used to obtain six images with varying contribution to total signal intensity 
from PD, T1 and T2 relaxation rates, and diffusion rate. MR images showed enough 
contrast to distinguish the main structures, i.e. arils, seeds and rind. Such struc-
tures appeared with varying signal intensity depending on the image weightings, 
which was indicative of a proper contribution of the intrinsic NMR parameters to 
the image contrast. For each image, an ROI was selected that contained the internal 
structures of the sample and excluded the periphery. Then, statistical features of 
the signal intensity of the ROI were calculated, including mean, median, mode, 
variance, standard deviation, skewness, kurtosis, range and coefficient of variation. 
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PLS regression was applied to the 54 features of the 6 images in order to gen-
erate corresponding prediction models for the four chemical properties. The best 
performance was achieved for predicting titratable acidity, pH and soluble solids/
acidity levels, with R2 of 0.54, 0.6 and 0.63, respectively. In addition, the residual 
prediction deviation indicated that the models were satisfactory for sorting purpose, 
which requires rough assessment of fruit quality instead of accurate quantification, 
as stated by the authors. T2-weighted fast spin echo, diffusion weighted image and 
spin echo image with short TE and moderate TR were consistent in their important 
contribution to each model.

Freeze injury in citrus is characterised by the occurrence of both dehydration 
and hollows, which are well-known sources of image contrast when obtaining MR 
images. Hernández-Sánchez et al. (2004) studied the applicability of the MRI tech-
nique to identify freeze-injured oranges under on-line conditions. FLASH images 
(TR = 12.2 ms, TE = 3.8 ms and pulse angle = 10°) were obtained at 4.7 T while 
conveying the fruits at 0, 54 and 90 mm/s belt speeds. The affected tissue appeared 
as a region of hypointense signal as a result of the reduction in PD due to dehydra-
tion, and of the decrease in T2

* caused by the local field gradients at the interfaces 
between juicy and dehydrated structures. The lower mobility of the water in the 
central axis accounted for its registered hypointense signal. In order to perform 
an automatic image segmentation, authors developed an iterative process to obtain 
two adaptive signal thresholds, where the number of pixels comprising each seg-
mented region was computed at each step until convergence was reached. The first 
threshold separated the fruit from the background, and the second one segmented 
the healthy regions. Thresholds were addressed at each belt speed from undamaged 
fruits. The ratio between the signal hypointense region and the total fruit area in the 
sound samples was established as limit for discrimination. The threshold value in-
creased from 10 % under static conditions to 20 and to 30 % at 54 and 90 mm/s belt 
speed, respectively, due to image blurring. Loss of image quality was driven by the 
axial location of the field of view together with the sample motion.

The detection of seeds in citrus is a major challenge for the industry. MRI has 
been proposed since seeds possess a solid-like structure that confers noticeable dif-
ferences from the juicy pulp regarding different NMR weighting parameters. Such 
differences involve a straightforward contrast management and subsequent image 
processing. Hernández-Sánchez et al. (2005) investigated the detection of seeds 
under motion conditions by evaluating two different strategies. On the one hand, 
the acquisition of axial images requires ultrafast image sequences to avoid uncor-
rectable signal superimposing; on the other hand, the acquisition of coronal images 
requires the development of an algorithm to correct the motion artefacts caused 
by phase shift. In both strategies, acquisition conditions were the same with the 
above freeze study, only varying the field of view orientation. For the former, the 
results were similar, as the region containing the seeds and central axis appeared 
darker than the pulp. Likewise, the superimposition of signal arising from adja-
cent slices increased blurring artefacts. Despite the computation of a threshold and 
the extraction of morphological features from the hypointense region of interest, 
the discrimination of oranges with one single seed was not feasible. Therefore, 
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Fig. 9.21  Examples of seedless (a) and seed-containing (b) mandarins; upper line corresponds to 
red, green and blue (RGB) images; middle line to static magnetic resonance images, and bottom 
line to motion-corrected magnetic resonance images. From Hernández-Sánchez et al. (2006)

 

according to the alternative strategy an algorithm based on Fourier shift theorem 
was developed. Then, the correction of the motion artefacts was fully successful 
(Fig. 9.21).

In order to validate such results, a subsequent study was performed in mandarins 
(Hernández-Sánchez et al. 2006). The TR was shortened to 11 ms so that the total 
acquisition time was 703 ms. The morphological features extracted from the region 
containing the seeds and the central axis in dynamic images were not significantly 
different from those extracted from the static ones. The maximum radius and the 
perimeter of the seed-axis area, which showed significant differences between seed-
containing and seedless mandarins (by ANOVA analysis), entered a discriminant 
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analysis to classify conveyed fruits. The percentages of correct classification into 
the corresponding category were 92.5 and 79.5 % for seedless and seed-containing 
mandarins, respectively. These results need to be validated at lower magnetic field 
strength.

With the aim of improving the performance of the previous results, Barreiro 
et al. (2008) evaluated faster MRI sequences and more efficient segmentation pro-
cedures with stationary mandarins. The imaging experiments were performed at 
4.7 T with a FLASH sequence and a spiral–radial (COMSPIRA sequence), which 
significantly shortened the acquisition times to 484 and 240 ms, respectively. The 
image segmentation procedures were based on simple region thresholding, on 1D 
histogram variance, and on 2D histogram variance (2DHV). Morphological param-
eters were then computed from the signal hypointense region. 2DHV provided the 
most promising results as the corresponding linear classification function achieved 
100 % accuracy using radial–spiral sequence and 98.7 % accuracy with gradient 
echo images in discriminating mandarins with seeds.

The detection of internal freeze damage in pickling cucumbers has been studied 
using MRI (Kotwaliwale et al. 2012). Samples were imaged using a 9.4 T system 
at 0, 1, 3 and 6 days after inducing freeze injury. Relaxation times T1 and T2 were 
measured using a MEMS sequence (TE = 7.96 ms and TR from 0.05 to 2 s for T1; 
TR = 2 s with 32 echoes spaced 10 ms apart for T2). For quantitative analysis, T1 
and T2 relaxation maps were constructed. PD images were acquired using a spin 
echo sequence (TE = 7.96 ms and a TR = 2 s). High-resolution FSE images were also 
acquired (TR = 2000 ms, an echo train length of 8 and an echo spacing of 10 ms). 
Texture profile analysis of the control and of the freeze-damaged samples was also 
carried out. Images provided five contrasting regions. Those images with the high-
est contrast were used for defining masks. Simple thresholds were used to segment 
cucumber tissue from the background and for gel around the seeds. Thresholding 
and morphological operations were applied to seed segmentation. The subsurface 
rind was segmented by disk eroding. Finally, the flesh portion was segmented by 
subtracting all the other masks. Then, the mean voxel intensities in both the T2-
weighted and PD images were computed for the different anatomical components. 
It was found that mean voxel intensities for all the freeze-damaged regions were 
always higher than the control samples. Accordingly, T2 values were also higher. T2 
values were different between tissues and did not change significantly over the stor-
age period. Despite T2 and firmness values being significantly different for control 
and freeze-damaged tissues, there was no correlation between them.

As introduced by Taglienti et al. (2009), kiwifruit is prone to water loss with se-
vere tissue degradation before any external symptom, such as shrivel and shrinking, 
becomes visible. MRI is especially suitable to evaluate structural changes in kiwifruit 
along storage period. Hence, these authors imaged fruits along 35 days for samples 
stored at 20 °C; and along 65 days for samples stored at 0 °C, with several imaging 
sequences using a 7 T MRI system: GEFI (TE = 2.445 ms and TR = 60.0 ms), MSME 
(TE = 17.5 ms and the TR = 6000.0 ms), RARE (TE = 12.0 ms and TR = 4500.0 ms, 
and rare factor = 64), and GE3D (TE = 1.472 ms and TR = 60.0 ms). The T2-weighted 
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contrast of the MSME images highlighted five concentric regions: the intermediate 
was the brightest one corresponding to the tissue containing seeds (S3), which would 
have weakly bound water; the internally adjacent region was slightly darker (S4); the 
columnella appeared as the darkest region due to the strongly bound water within 
the highly fibrous structure (S5); the two outer regions, which correspond to peri-
carp, showed low-signal revealing lower water mobility (S1 and S2), being slightly 
higher than the most external one probably as a result of a different interaction be-
tween cells and water. The PD-weighted contrast of the GEFI images revealed a 
highly homogeneous water distribution. Here, two regions were identified in the 
pulp. The brightest comprising the previous S3 and S4 regions. Along the storage 
period, samples at 0 °C experienced only slight changes. For samples, storage at 
20 °C changes in the image contrast revealed a decrease in the fruit diameter and in 
the thickness of all regions. In addition, pericarp displayed a coarse contour, and the 
columnella experienced a morphological shrinking with increasing signal intensity, 
indicating higher amount and water mobility. The initial disintegration of the tissue 
observed by MRI corresponded to both a dramatic increase of ethylene production 
and a decrease of penetrometer force and firmness. In view of the contrast in GE3D 
images, authors suggested a possible migration process of water molecules from the 
inner zones towards the epicarp, which increased signal intensity; and an accumula-
tion of water due to an evapotranspiration slower than the migration.

MRI has been used to investigate the changes of main compounds in olives dur-
ing ripening and after processing (Brescia et al. 2007; Brescia and Sacco 2010). 
Authors proposed an alternative approach with a selective excitation pulse, the so-
called chemical shift imaging. This technique takes advantage of the differences in 
the resonance frequency between water and oil protons, so that by managing the 
pulse parameters, the resulting image will display the selected proton pool. The 
imaging experiments were performed at 4.7 T with a spin echo imaging sequence 
by applying a chemical shift selective excitation pulse and a slice-selective refo-
cusing pulse. The TR and TE were 8.2 ms and 2 s, respectively. This technique 
allowed monitoring the increase of oil content and the decrease of water content. 
Both compounds appeared concentrated around the endocarp, which authors related 
to the high porosity of this region. Water seemed to move from the inner mesocarp 
to outer mesocarp during ripening.
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Chapter 10
Microstructural Imaging of Chocolate 
Confectionery

Dérick Rousseau

10.1  Introduction

Chocolate making is a centuries-old process that relies heavily on the initial qual-
ity of the cocoa beans and their processing, ingredient mixing and refining as well 
as the meticulous control of cocoa butter (CB)/fat phase crystallisation. Perceived 
losses in quality frequently occur once packaged chocolate has left the factory floor. 
In the hands of the consumer, chocolate may be subjected to uncontrolled CB re-
crystallisation, often leading to loss of sensory quality. With this in mind, the focal 
point of this chapter is on the fat phase and on how its crystal and polymorphic sta-
bility is crucial for maintaining chocolate quality. Particular attention is paid to the 
repercussions of fat bloom on microstructure. The relationship between microstruc-
ture and two phenomena, migration and uncontrolled recrystallisation, is related to 
loss of shelf and sensory breakdown.

10.2  Background

Chocolate is defined as a solid-like mixture of CB and ground, roasted cacao seed, 
normally mixed with sugar, milk powder (if milk chocolate), emulsifier and vanilla 
processed to give a final product with a defined range of sensory and physical prop-
erties, including a smooth, melt-in-the-mouth texture, glossy surface and firm snap. 
Below 25 °C, it is solid and holds the other ingredients together, namely the sugar 
and cocoa powder, whereas at body temperature, it melts, enabling particles to flow 
past one another and form a smooth viscous suspension once in the mouth.
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There are three main types of chocolate: milk, white and dark (plain) chocolate, 
with notable differences in composition existing between them. Dark chocolate 
consists primarily of sugar, CB and cocoa liquor. Milk chocolate also consists of 
sugar, CB and cocoa liquor but with added milk solids. Finally, white chocolate is 
made up of sugar, CB and milk solids (Lonchampt and Hartel 2004). In all three 
cases, the CB may in part be replaced with milkfat and/or CB equivalents (CBEs). 
With the possibility of fats of different origins present in the chocolate, it is more 
appropriate to speak of the fat phase rather than of CB only.

From a colloidal perspective, the dry ingredients—the cocoa mass (butter and 
liquor), sugar particles and milk powder, if present—are distributed within a con-
tinuous fat phase typically containing soy lecithin or polyglycerol polyricinoleate (a 
castor oil derivative) as emulsifier. These ingredients, when mixed, must be ground 
so that most of the particles are  < 30 μm in diameter. The sensory attributes of 
chocolate are strongly dependent on the size and distribution of the particles in the 
chocolate matrix, and the polymorphic form and morphology of the fat phase.

CB is an important ingredient for chocolate and other confectionery products. It 
can amount to up to ~ 30 % (w/w) of chocolate and binds the other ingredients. CB 
exhibits brittleness below 20 °C, and begins softening at 30–32 °C if properly solidi-
fied. It is tasteless and shows sharp and complete melting near body temperature. It 
is nothing short of critical to the enjoyment of chocolate—it dictates its snap, gloss 
and sharp melting profile. However, it is also responsible for the development of fat 
bloom—the streaky, greyish coating sometimes seen on chocolate.

10.3  Fat Structure–Functionality Relationship

CB comprises three classes of triglycerides (TGs): saturated TGs, monounsaturated 
TGs and polyunsaturated TGs. The TG molecule consists of a glycerol backbone 
and three fatty acids, with the main fatty acids in CB being palmitic acid (saturated), 
oleic acid (monounsaturated) and stearic acid (saturated). Fat crystals consist of in-
teracting TGs arranged in an asymmetrical tuning fork geometry, which then stack 
into lamellae with the tuning forks butting end to end.

CB is polymorphic, meaning that even if its fatty acid composition and positional 
distribution remain constant, it can exist in different crystal forms, each with a dif-
ferent thermodynamic stability. The three primary polymorphic forms in food fats, 
in order of increasing thermodynamic stability, are alpha (α), beta prime (β′) and 
beta (β). Viewed on end, the α-form subcell is hexagonal, the β′-form orthorhombic, 
while the β-form is triclinic. Crystal subforms include sub-α, β′1, β′2, pseudo-β′, 
sub-β, β1 and β2 (Himawan et al. 2006), though new developments in the next 
few years will surely bring new subforms to light. Depending on the degree and 
rate of undercooling, fats may crystallise directly into most of these polymorphs. 
Polymorph-polymorph transformations usually occur via a solid–solid transition or 
by melt-mediation. X-ray diffraction, used to identify crystal polymorphs, is based 
on the determination of the long and short spacings of crystals, that is, the fatty acid 
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subcell arrangement and lamellar spacing. The α-form has a single short spacing 
near 4.15 Å, the β′-form spacings at 3.8 and 4.2 Å, while the β form does not cor-
respond to either of these forms and typically shows a single strong spacing at 4.6 Å 
(deMan 1992).

Each polymorph is associated with a different crystal morphology. α-crystals 
are the least stable and least densely packed and exist as small, fragile, transparent 
platelet crystals measuring ~ 5 μm in length. Given their lack of stability, α-crystals 
are not overly common, though they may exist in fats mixed with emulsifiers (Garti 
et al. 1998). No natural fats are stable in this form but almost all transform through 
it during a liquid–solid transition. Natural fats with a great compositional TG and 
fatty acid variety will exist as stable β′-crystals. In many cases, transformation from 
α to β′ is slower, and transformation to β is unlikely. β′-crystals are small, delicate 
needles measuring 1–2 μm in length. In native CB, the β′ form is generally transient. 
β-crystals have the highest melting point and a more compact crystal structure than 
the β′-form. Fats with little compositional variety such as CB are stable in this form. 
β-needles measuring upwards of 50 μm in length are possible.

Six polymorphs have been identified in CB (Wille and Lutton 1966), ranging 
from form I to form VI when using Roman nomenclature. The form V (β2) poly-
morph is the desired CB polymorph, as its melting point is above room temperature 
and slightly below body temperature. It provides chocolate products with snap (abil-
ity to break apart easily), good demoulding properties (contraction) and a good qual-
ity finish in terms of colour and gloss. From the processor’s perspective, the aim of 
the crystallisation regime employed during chocolate making, known as tempering, 
is to crystallise the fat phase into form V. Any other form will lead to inadequate 
organoleptic properties and/or a shortened shelf life, as bloom sets in early, often in 
days instead of months. In particular, presence of the form VI polymorph is undesir-
able, as it is closely associated with bloom formation. Given that this form is more 
thermodynamically stable, all CB-based fats eventually tend towards its formation.

CB is often mixed with other fats that are cheaper and/or retard fat bloom forma-
tion, namely CBEs and milkfat. CBEs are vegetable fats with similar chemical and 
physical characteristics to CB that can be used interchangeably with CB in any for-
mulation. The greatest single advantage of CBEs is their ability to inhibit fat bloom, 
especially in dark chocolate, which is more vulnerable to it. The shortage in CB 
supply, variation in CB quality at harvest and its price have largely driven CBE de-
velopment (Lipp et al. 2001). The EU Chocolate Directive 2000/36/EC adopted in 
2003 allows the use of up to 5 % of a compatible vegetable fat (Stewart and Kristott 
2004). These fats include illipé, palm oil, sal, shea, kokum gurgi and mango kernel 
(Wilson 1999). A CBE must have a similar melting and crystallisation behaviour as 
well as fatty acid and TG composition that do not result in eutectic formation with 
CB. Also, the appearance and bloom-free shelf life of CBE-containing products 
should rival, if not better, that of CB-based products (Lipp and Anklam 1998).

Milkfat may be added to dark, milk and white chocolate as a fat bloom inhibitor. 
It is generally compatible with CB but does affect its crystallisation kinetics and the 
temperatures of its polymorphic transitions. It tends to soften chocolate when added 
in large amounts to the fat phase.
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Milkfat is a mixture of more than 100,000 different TGs with a melting range 
between − 40 and + 40 °C. The presence of ~ 400 different fatty acids has been noted 
in milkfat (Deffense 1993). Such variety in composition is responsible for milkfat’s 
unique physical properties, such as the sharp drop in solid fat content between re-
frigerator and room temperatures (DeMan 1961). Contrary to CB, milkfat is β′ sta-
ble, a direct consequence of its compositional variety. Milkfat likely retards bloom 
formation by slowing down the form V → VI transition via disruption of the effec-
tive packing of CB TGs into bilayers.

10.4  Chocolate Making

The basic processing steps necessary to develop the correct texture, flavour and 
CB fat crystal habit are (i) bulk ingredient mixing, (ii) refining, (iii) conching, (iv) 
tempering and (v) cooling. Prior to this, the cocoa must be harvested and treated so 
as to provide the desired starting materials (Beckett 2008).

10.4.1  Ingredient Mixing and Refining

The first step in making chocolate is the blending of ingredients, notably sugar, 
cocoa powder, the emulsifier and, of course, CB. These ingredients are sequentially 
weighed and mixed into a paste. These ingredients are blended and finely ground, 
during which time more CB is added. The chocolate ingredients are usually milled 
on a roll refiner, whose goal is to reduce the solid particles so that most are < 30 μm 
in size. Chocolate with larger particles leaves a gritty texture in the mouth, whereas 
particles that are too small will yield a texture that is pasty.

10.4.2  Conching

A conche is a scraped-surface mixer that optimises flavour development and turns 
the chocolate mass into a flowable liquid. Through shear and longitudinal mix-
ing, acidic flavours and moisture in the cocoa mass are reduced. Upon entering the 
conche, not all sugar and cocoa particles will be coated with CB. Fat in the choco-
late will be released from the agglomerated chocolate mass and spread to cover 
these particles so that they can flow easily. The final chocolate mass should have 
a viscosity deemed optimal for the ensuing tempering. Conching length will also 
play an influential role on the final smoothness, taste and quality of the chocolate. 
High-quality-chocolate conching is lengthy (e.g. 72 h), whereas lesser chocolates 
are conched 4–6 h. Conching is still not well understood, and the industrial time/
temperature combinations used remain closely guarded secrets. Changes in conche 
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design and/or operating procedures may result in very different flavours and flow 
profiles. After the process is complete, the chocolate mass is stored at ~ 45–50 °C to 
ensure that no crystal or thermal memory remains.

10.4.3  Tempering

Using a well-defined temperature regime, the crystallisation behaviour of CB is con-
trolled to develop form V nuclei and seed crystals. If crystallisation of the fat phase 
is uncontrolled, the final product will not possess acceptable organoleptic properties. 
Its surface and interior may then consist of fat crystals varying in polymorph and 
size (with some crystals visible to the naked eye), yielding a chocolate that lacks 
desirable gloss, texture and melting properties. Rather than having a melt-in-your-
mouth character and a desirable snap, the chocolate may crumble and either be too 
soft or waxy in the mouth. In a typical tempering regime, the chocolate is initially 
maintained at 45–50 °C to fully melt all crystals and remove any crystal history. In 
the second stage, it is cooled to ~ 27 °C under agitation, which removes heat from 
the mixture and initiates crystallisation to promote the formation of unstable and 
stable crystal nuclei (i.e. forms II, IV and V). Afterwards, the chocolate is heated to 
~ 31 °C to melt unstable polymorphs and ensure that only form V crystals remain. 
During the last stage, crystal growth is promoted under agitation and shearing. The 
temperatures mentioned will vary depending on the formulation of the chocolate, the 
type of tempering equipment used and the final application of the chocolate (e.g. en-
robing vs moulded chocolate). This process can last from 10 to 12 min for moulded 
chocolates to 20–360 min for enrobing chocolates (Beckett 2008).

10.4.4  Moulding/Cooling/Storage

Chocolate is poured into preheated moulds that are vibrated to reduce air bubble 
formation. The chocolate sets in a cooling tunnel where temperature is meticulous-
ly controlled to ensure that no undue polymorphic transformations take place. As 
chocolate is very sensitive to temperature and humidity, subsequent storage is con-
trolled (15–17 °C and relative humidity (RH)  < 50 %).

10.5  Fat Bloom

This is the chief defect that afflicts chocolate confections. This physical imperfec-
tion makes the chocolate undesirable for consumers who expect a glossy surface 
and desirable colour. It is defined as the unwanted, uncontrolled recrystallisation or 
polymorphic transition of CB from form V crystals into form VI, normally caused 
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by the migration of lower-melting fats (e.g. in centre-filled products) and/or temper-
ature fluctuations during storage. In its mildest form, it appears as an overall dulling 
of the chocolate surface. In its extreme form, the appearance of the chocolate de-
teriorates significantly with the development of distinct white patches. This defect 
is primarily a surface phenomenon that results from crystals measuring > 5 µm in 
length that diffuse light, yielding a greyish, chalky appearance. Such topographical 
changes are also indicative of significant changes in the bulk properties of the choc-
olate. There are different mechanisms that are thought to lead to bloom formation.

Mechanism 1 is related to the uncontrolled form IV → V polymorphic transition 
during tempering. This is a now a rare cause of bloom formation, as CB tempering 
is highly controlled. Mechanism 2 may lead to fat bloom due to the solid state form 
V → VI polymorphic transition. Similar to mechanism 1, contraction, polymorph 
packing density and migration will influence the possibility of bloom formation. 
This highly time- and temperature-dependent conversion occurs in properly tem-
pered chocolate and may take months or years to manifest itself. In mechanism 3, the 
solid–liquid equilibrium in chocolate may impact the shelf life of the chocolate, par-
ticularly if it encounters temperature fluctuations. With slight temperature changes 
(e.g. ± 2–3 °C), smaller or less dense fat crystals with lower melting points may melt 
and recrystallise in an uncontrolled manner, resulting in bloom crystals. With larger 
temperature fluctuations, well-tempered form V crystals may melt outright and re-
crystallise without retempering, and so form VI crystals will be promoted at the ex-
pense of form V crystals. This highly temperature-dependent process usually occurs 
once the chocolate has left the chocolate factory. Finally, mechanism 4 is limited to 
filled chocolates where the composition and melting properties of the fat phase in 
a soft centre filling substantially differ from that of the chocolate exterior. For ex-
ample, chocolates with nut centres will bloom quite rapidly as the TGs in nuts (e.g. 
hazelnuts) are highly unsaturated and fully liquid at room temperature. The composi-
tional gradient existing between the chocolate shell and the filling fat will lead to an 
exchange of material, as the fat phases attempt to reach compositional equilibrium.

10.6  Mixing Behaviour

A number of the aforementioned mechanisms will be influenced by the mixing be-
haviour between CB and other fats. Monotectic behaviour occurs when the higher-
melting TGs of a fat are solubilised in liquid TGs. As a result, CB will be highly 
soluble in the TGs present in a filling fat, as they are normally liquid. Such behav-
iour is prevalent in mixed systems consisting of fats with widely different melting 
points and is considered unwanted.

In the chocolate itself, the phase behaviour of CB and other fats (i.e. milkfat, 
CBEs) must be understood and controlled to avoid bloom. If incompatibility be-
tween the TGs in the respective fats exists, rather than having an additive effect 
in terms of solid fat content (SFC), there will be a net lowering of the SFC when 
the fats are mixed. This is called a eutectic and may lead to bloom initiation, as the 
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higher liquid content will promote migration towards the surface of the chocolate, 
where uncontrolled crystallisation may occur.

10.7  Methods to Study the Microstructure of Chocolate

Many food companies are now realising the importance of microscopy-based ap-
proaches to optimise existing processes and to develop and control attributes in 
new food products, such as the spatial distribution of dispersed particulates, the 
morphology of crystals, droplet size distributions, etc. Microscopy techniques now 
used in both fundamental and applied research include polarised light microscopy to 
study fat crystal morphology and aggregation behaviour (Marangoni and McGauley 
2003), fluorescence microscopy to study lipid migration (Marty et al. 2005), scan-
ning electron microscopy (SEM) for the examination of crystal morphology and 
network structure (Kinta and Hatta 2006; Hicklin et al. 1985), magnetic resonance 
imaging to examine migration (Choi et al. 2007), atomic force microscopy (AFM) 
to investigate surface structure (Sonwai and Rousseau 2010; Smith and Dahlman 
2005; Hodge and Rousseau 2002), laser microscopy to study surface roughness 
(Altimiras et al. 2007; Quevedo et al. 2005), confocal laser scanning microscopy 
(CLSM) to delineate the spatial distribution of particulates in chocolate (Auty et al. 
2001; Dahlenborg et al. 2012) and X-ray tomography to assess structure in aerated 
confectionery products (Frisullo et al. 2010; Lim and Barigou 2004). Thus, from 
the standard light and electron microscopes of only a few decades ago, newer tech-
niques have emerged and are increasingly being used in confectionery research.

The following section describes some microscopy techniques that may be used 
to characterise the microstructure of chocolate, specifically AFM, environmental 
scanning electron microscopy (ESEM), CLSM and optical profilometry. Though 
other techniques are certainly seeing use (e.g. magnetic resonance imaging), the 
present chapter focuses on these four techniques.

10.7.1  Atomic Force Microscopy

AFM belongs to a family of versatile instruments called scanning probe micro-
scopes designed to measure the surface properties of materials. Its main use is to 
examine the surface morphology on a scale spanning from angstroms (e.g. carbon 
atoms) to ~ 100 µm (e.g. human hair). AFM has an effective magnification of range 
500 to 108 times and offers resolution comparable to that of a transmission electron 
microscope. Unlike this technique, however, AFM generates images by ‘feeling’ the 
surface of a sample, using a sharp tip akin to a stylus on a record player. The term 
‘atomic force’ results from its ability to measure forces in the range of interatomic 
forces in solids.
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The anatomy of an AFM consists of three fundamental elements. The tip consists 
of an extremely sharp spike mounted onto the end of a cantilever. Tips are usually 
made from silicon or silicon nitride using semiconductor fabrication methods. The 
sharpness of the spike will strongly dictate the resolving ability of an AFM. The tip 
apex may be as small as 1 nm. It is the cantilever that allows the tip to move up or 
down and feel the contours of a sample’s topography. Another important feature 
is the scanning mechanism, which controls the motion of the tip. The cantilever is 
controlled by a piezoelectric transducer capable of moving the tip at the atomic lev-
el in the x-, y- and z-. The third key element of an AFM is the detection mechanism. 
As an AFM tip scans the surface of a sample, its motion must be detected. The most 
common detection method is the optical lever system whereby a laser diode is fo-
cused onto the mirrored end of the cantilever. Deflections resulting from changes in 
tip–sample interactions change the reflection angle of the laser beam, and hence la-
ser intensity, which is monitored by a position-sensitive detector capable of detect-
ing angstrom-scale bending motions. The signal from the detector is converted to 
an image visible on a computer monitor where it can be digitally analysed. Besides 
imaging, sample–tip interactions are used to characterise force–distance relation-
ships that exist where force measurements in the pico-Newton range are possible.

As an AFM generally has a z-axis deflection limit of ~ 10 µm, rough samples 
(e.g. very bloomed chocolate) cannot be imaged.

10.7.2  Environmental Scanning Electron Microscopy

ESEM is a technique capable of imaging non-conductive materials in their natu-
ral state. Quite comparable to high-vacuum SEM in many respects, the technique 
provides for neutralisation of electron-induced charge build-up by the ionisation 
of water vapour in the sample chamber. With ESEM, samples are not coated, and 
imaging is more dependent on sample rather than coating characteristics. Similar to 
SEM, an ESEM has a large depth of field, allowing a large amount of a sample to 
be in focus at one time.

SEM, and now ESEM, are instruments that see heavy usage in many research 
fields, including food science. The use of ESEM for chocolate research, however, 
has been limited, with little literature mentioning the use of this technique. SEM, on 
the other hand, has been used for decades. For example, in the 1970s SEM was used 
to investigate the different polymorphs of CB (Jewell 1972). More recently, ESEM 
and X-ray photoelectric spectroscopy were used to show that bloom composition 
on poorly tempered and well-tempered chocolate differed (James and Smith 2009).

10.7.3  Confocal Laser Scanning Microscopy

This established method is seeing increasing use in the food science and technology 
arena. In brief, CLSM represents the union of a centuries-old technique with much 
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more recent technology. Together, imaging software, fluorescent probes, and com-
puter-controlled optical pathways have transformed the simple light microscope 
into a much more powerful technique. With CLSM, rather than using a lamp as 
with a conventional microscope, a laser source at a defined wavelength is focused 
by the objective lens onto a single point in the specimen plane. A subsequent X/Y 
raster scan of that plane produces an image. Through computer control, scans of a 
specific focal plane can be produced at set heights within the sample. This is one of 
the trademark features of CLSM—its capacity to obtain optical sections (‘z-slices’) 
of an image. By using image processing, sequential images can be assembled to 
yield 3-D representations of the structures studied. Reflected and fluorescent light 
(if the samples autofluoresce or if such stains are used) return via the illumination 
path and are focused at the confocal point located within a pinhole. Since the spot 
on the pinhole and the spot on the specimen are both located in the focal plane of the 
imaging lens, they are said to be confocal. These pinhole apertures limit the speci-
men focal plane to a confined volume of ~ 1 μm and block light from planes other 
than the focal plane. Relatively thick specimens (i.e. 100 μm) can thus be imaged 
by successively acquiring a series of thin sections ( < 1 μm) along the optical ( z) axis 
of the microscope.

10.7.4  Optical Profilometry

Though optical profilometry has been used in many fields to characterise the mi-
cron-scale topography of materials (e.g. microelectromechanical systems (MEMS), 
films, dermatology, concrete, etc.; Garbacz et al. 2006; Waits et al. 2005; Grove 
et al. 1989), very few published results describe its use for the study of food texture 
and topography. This technique provides rapid surface analysis by utilising light 
interferometry for high-resolution surface measurements (Wyant et al. 1984). In 
this technique, white light is focused on a sample using an interferometric lens 
that moves vertically through the focal plane. The light reflected from the surface 
recombines with a reference beam, and interference fringes are formed. The fringe 
pattern is captured on each pixel of a charge-coupled device (CCD) camera array 
and referenced to the vertical position of the lens, with the accompanying software 
generating a 2-D or 3-D profile. As it permits large scan sizes (e.g. ~ 3–4 mm2), big-
ger surface features or periodicities are less likely to be overlooked than with AFM. 
However, optical profilometry performance somewhat depends on the reflectivity 
of the sample surface.

10.8  The Microstructure of Chocolate

To the naked eye, the surface of properly tempered chocolate should appear very 
smooth and glossy. At a microstructural level, it is rough and heterogeneous. As 
shown, the use of multiple microscopy techniques permits in-depth characterisation 
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of this soft material. The following sections highlight the microstructure of choco-
late using AFM, CLSM, optical profilometry and ESEM.

10.8.1  Internal Microstructure of Chocolate

Chocolate is a multiphasic material whose internal structure is largely dictated 
by the crystallisation regime that the fat phase has undergone, the refining of the 
chocolate mass and, to a lesser extent, the conching that the dispersed particulates 
of sugar, cocoa and milk powder (if milk chocolate) have been subjected to. A 
simple means of assessing particle size in-situ is via CLSM. This technique often 
relies on fluorescent stains that contain fluorophores (the portion of the molecule 
responsible for fluorescence) for visualisation through differentiation of parti-
cles. Though very common in microbiology circles, the use of multiple stains 
sees comparatively little use in food science applications. Figure 10.1 shows the 
internal structure of milk chocolate recrystallised in the presence of two fluores-
cent stains, the oil-soluble Fluorol Yellow 088 and water-soluble Rhodamine B. 
Each possesses specific excitation and emission wavelengths, with the former 
preferentially partitioning towards more hydrophobic species, whereas the lat-
ter will be attracted to hydrophilic species within the chocolate. Clearly seen in 
the image is a network of individual particulates measuring 20–40 μm in length 
corresponding to the milk protein (blue), the fat network (yellow) and autofluo-
rescent cocoa solids (red), with the dark regions representing the nonfluorescent 
sugar crystals.

If there is a disadvantage to CLSM in the context of chocolate microstructural 
analysis, it is that stains must be used. Stain incorporation is most easily achieved 

Fig. 10.1  Image of chocolate 
dual-stained with Fluorol 
Yellow 088 and Rhodamine 
B. Size bar = 10 μm
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within melted chocolate that is then recrystallised. However, this process damages 
the innate spatial organisation of the structural elements generated during industrial 
chocolate making.

Of course, a clearer picture can be obtained by removing the fat phase and ex-
ploring the microstructure of the dispersed particulates in-situ. One approach is via 
solvent vapour extraction to remove sufficient CB from the chocolate for particulate 
network visualisation. Figure 10.2 shows the appearance of a defatted chocolate 
vis SEM. The backbone structure consisting of the dispersed particulates is clearly 
visible, with the sugar crystals being most obvious. These are surrounded by milk 
solids and cocoa powder particles, though it is difficult to differentiate between the 
two. In this regard, CLSM provides a distinct advantage over SEM given the speci-
ficity of the stains used.

10.8.2  The Surface Structure of Chocolate

To best understand the surface morphology of chocolate, a combined microscopy 
approach is best. In this section, AFM, optical profilometry and ESEM are used as 
complementary techniques to provide topographical information at different length 
scales. Figure 10.3 shows a 50 × 50 µm AFM scan of the surface structure of well-
tempered commercial milk chocolate. A complex topography is visible, comprising 
a finely mottled, yet irregular texture, interspersed with obvious pits or pores. Fur-
thermore, numerous embedded CB and sugar crystals are visible, partially covered 
by the continuous fat matrix.

Figure 10.4 shows a 20 × 20-μm AFM scan further exemplifying the presence of 
pores or pits on the surface of milk chocolate. A 2-D scan shows a pore at centre 
top (Fig. 10.4a) with the corresponding cross-sectional analysis revealing that it is 
2–2.5 µm in depth (Fig. 10.4b). The surrounding surface morphology for this sam-
ple is of uniform roughness with the surface generally being no different in the im-
mediate vicinity of the depression compared to the rest of the sample (Fig. 10.4c). 

Fig. 10.2  Milk chocolate 
internal structure where the 
fat phase has been removed 
with petroleum ether. The 
dispersed particulates 
are clearly visible. Size 
bar = 20 μm
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Fig. 10.4  Atomic force microscopy (AFM) images of milk chocolate surface showing fine-
textured surface. a 2-D scan. b Cross-sectional analysis of a pore. c 3-D profile. Scan size is 
20 × 20 µm

 

Fig. 10.3  Atomic force 
microscopy (AFM) images of 
milk chocolate surface show-
ing a fine-textured surface. 
Scan size is 50 × 50 µm
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However, an intriguing feature is the presence of distinct smooth zones. Extensive 
analysis has shown that these circular welled zones range in diameter from a few 
microns to upwards of 50 µm.

Optical profilometry yields microstructural information at a larger length scale. 
For example, Fig. 10.5a shows a 600 × 390 μm image of poorly tempered chocolate. 

10 Microstructural Imaging of Chocolate Confectionery

Fig. 10.5  Optical profilometry of the surface of poorly tempered chocolate. a 600 × 390-μm pro-
file. b Close-up of the smooth regions visible at the left of the top image (290 × 160 μm)
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There are a number of surface features visible, including jagged ridges, smooth 
‘valleys’, surface mounds and the possibility of surface pores. In this regard, the 
ability to provide a wide-scale perspective permits clear delineation of the variety 
of surface features present. Figure 10.5b shows a close-up of the smooth regions 
visible at the left of Fig. 10.5a (290 × 160 μm). These are thought to result from 
chocolate network contraction during cooling and the subsequent expulsion of low-
er-melting fat species through network imperfections, thereby resulting in ‘softer’ 
regions on the chocolate surface.

Finally, the surface of chocolate as imaged with ESEM (Fig. 10.6) shows a high-
ly porous topography where the dark areas correspond to pores with diameters up 
to ~ 10 μm. Overall, these results clearly indicate that the surface of chocolate is 
porous, which is contrary to previous research where it was stated that chocolate 
does not contain surface pores with diameters greater than 0.4 µm (Loisel et al. 
1997). Divergences in these results may be due to at least two factors: (i) the dif-
ferent techniques used (microscopy vs porosimetry) or (ii) chocolates of different 
origins and/or processed under dissimilar conditions. Numerous microscopy scans 
also indicate that pores likely number in the hundreds per cm2, with these being 
randomly distributed on the surface of milk chocolate.

We now consider how pores form. During chocolate manufacture, tempering 
ultimately results in the contraction of the chocolate and the possible generation of 
pores and hairline cracks. Too fast a cooling rate may introduce these attributes on 
the chocolate, which in turn, may promote bloom formation. Thus, homogeneous 
heat release, resulting from even cooling, may reduce temperature gradients within 
chocolate (e.g. between the cooling and air-exposed surfaces), delaying blooming. 
A second possibility is that these pores are in fact small air bubbles (Dahlenborg 
et al. 2012). Though there is no conclusive evidence against this, the great vari-
ability in morphology and locations (e.g. beside a crystal) does not lend itself to 
this hypothesis. Furthermore, the cavities are not hemispherical as one would likely 
expect with bubbles.

Fig. 10.6  Surface structure 
of plain chocolate as viewed 
using environmental scanning 
electron microscopy (ESEM). 
Note the presence of an 
extensive number of pores. 
Size bar = 100 μm
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By manually snapping chocolate in two, air bubbles are seen within chocolate. 
With the broken face exposed, ESEM shows numerous air bubbles ranging in diam-
eter from a few microns to ~ 0.5 mm (Fig. 10.7). These are likely the result of air in-
corporation in the chocolate during conching/mixing. Then, during moulding of the 
chocolate, as the CB solidifies, the air bubbles become entrapped within the matrix. 
Given their high internal pressure, they maintain their shape, as the fat phase crys-
tallises around them. Large air bubbles are generally considered a sensory defect.

10.8.3  Post-processing Changes in Chocolate Microstructure

Most adverse changes take place in chocolate during post-processing storage where 
the manufacturer has no control over what happens to the chocolate. Bloom forma-
tion is most often generated due to mechanisms 3 and 4 mentioned earlier. This sec-
tion is broken into three subsections: (i) the natural evolution in the microstructure 
of chocolate as a function of storage time, (ii) effects of temperature cycling, and 
(iii) impact of soft centre fillings on chocolate bloom.

10.8.3.1  Shelf Life of Chocolate

The shelf life of chocolate is dictated by when its organoleptic properties are no 
longer appealing to the consumer. Fat bloom is the leading cause of deterioration 
in chocolate. It leads to undesirable changes in appearance and is often associated 
with a slight hardening of the texture of the chocolate and an inappropriate melting 
profile, given form VI’s higher melting point. Figure 10.8 shows two views of the 
surface topography of milk chocolate stored 30 weeks at room temperature. These 
images substantially differ from Fig. 10.3 where a finely mottled surface is seen. 
Figure 10.8a shows the topography of chocolate with small ridges and valleys. An 

Fig. 10.7  Presence of air 
bubbles within chocolate. 
Note the large size distribu-
tion. Size bar = 250 μm
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intriguing feature is the formation of randomly distributed amorphous regions on 
the surface of the chocolate (as discussed earlier). The height image (Fig. 10.8b) 
shows that the amorphous zones protrude outwards from the surface of the choco-
late. Also visible are deep pits (in black), at least several microns in depth. In certain 
cases, surrounding these amorphous zones are crystals that appear to grow forth 
from them with time. Figure 10.9 shows such an example where an amorphous 
zone acts as a ‘nursery’ for crystal growth. Compared with Fig. 10.5, where smooth 

Fig. 10.9  Topography 
atomic force microscopy 
(AFM) scan of 30-week-old 
tempered chocolate showing 
evidence of crystal growth 
emanating from a welled 
zone. Scan size is 25 × 25 µm

 

Fig. 10.8  Topography (a) and height (b) atomic force microscopy (AFM) scans of 30-week-old 
tempered chocolate. Scan size is 25 × 25 µm
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welled zones are present, in Fig. 10.9 apparent solidification has taken place sug-
gesting that this chocolate is not fresh, hinting that these welled zones may serve as 
micro-scale shelf life indicators.

10.8.3.2  Temperature Cycling

In properly tempered and stored chocolate, visible fat bloom may take months or 
years to set in. Temperature cycling has been used to promote polymorphic tran-
sitions in crystal structures, often in pharmaceutical applications and, to a lesser 
extent, in food products. With respect to chocolate, this approach has been used 
to accelerate fat bloom onset and growth (Hachiya et al. 1989; Bricknell and Har-
tel 1998). By tailoring the temperature gradients to take into account the distinct 
melting points of CB’s key polymorphs, it is possible to determine how controlled 
recrystallisation and melting may significantly reorganise chocolate microstructure. 
The next section reports the influence of large temperature cycles on the surface 
microstructure of chocolate as observed via optical profilometry.

Larger temperature variations in storage temperatures (i.e. greater than 10 °C) 
can substantially accelerate the form V → VI polymorphic transition, particularly 
when such transitions and/or TG melting points are included within the temperature 
range of a fluctuation along with the repeated dissolution and (re)crystallisation of 
certain lipid species in the fat phase. Another element to consider is the exothermic 
nature of recrystallisation and associated polymorphic transitions, which may lique-
fy some of the surrounding fat around the crystals. Both scenarios can result in more 
liquid fat in the immediate periphery of existing crystals, leading to an acceleration 
of polymorphic transitions and evolution in microstructure.

Surface roughness, which may be considered an indicator of fat bloom forma-
tion, can be ascertained with techniques such as AFM and optical profilometry. The 
topography of a material such as chocolate can be described by numerous textural 
parameters, namely roughness, waviness (upon which roughness is superimposed), 
surface anisotropy (i.e. dominant direction or pattern in surface texture), atomic/
molecular roughness and unique errors (e.g. scratches, imperfections; Howell and 
Behrends 2006).

Figures 10.10 and 10.11 show the impact of temperature cycling to 34 °C, with 
this temperature chosen, as it is above the form V polymorph melting point. Visu-
ally, cycling to this temperature did not lead to immediate visual bloom, though 
significant effects on microstructure and fat phase melting behaviour were noted. 
As viewed with optical profilometry, the initial chocolate topography was lightly 
mottled and consisted of small asperities (Fig. 10.10). As a result of cycling to 
34 °C, the surface roughness of all samples increased, with the smallest rise seen 
after 1 cycle. Decomposition of the roughness into low- and high-frequency com-
ponents revealed a significant contribution of waviness (the low-frequency compo-
nent) to overall roughness (Fig. 10.11). Furthermore, with the fat phase fully mol-
ten, the backbone structure consisting of the dispersed particulates also contributed 
to overall roughness. Clearly, significant microstructural changes and deformation 
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take place within chocolate as a result of temperature fluctuations prior to the onset 
of visible surface fat bloom.

10.8.3.3  Influence of Microstructure of Diffusion of Soft Centre Fillings

The next section outlines the role of migrant fats in modifying the microstructure of 
chocolate. Initially, the ingress of hazelnut oil present within a simulated soft centre 
filling into a dark chocolate matrix stored at 26 °C is described. Subsequently, an 
example of the high-magnification morphology of fat bloom is shown, along with 
some mechanistic considerations regarding the transport mechanism of migration, 
crystallisation and bloom formation.

Fig. 10.11  Optical profilometry scan of milk chocolate temperature-cycled three times between 
20 and 34 °C. Top row: 2-D scans; bottom row: corresponding 3-D scans. Scan size is 288 × 219 μm

 

Fig. 10.10  Topography optical profilometry scan of properly tempered chocolate. Scan size is 
290 × 160 μm
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During the storage of filled confections, an exchange of TGs between the choco-
late and filling may result in softening of the chocolate and a hardening of the fill-
ing, a flattening of the taste and often the formation of surface fat bloom (Miquel 
et al. 2001; Miquel and Hall 2002; Ziegleder and Schwingshandl 1998). Accounting 
for these phenomena, it has been proposed that an insufficient number of metastable 
form V crystals formed during tempering may lead to liquid fat being pumped to 
the surface, particularly if there are cracks and crevices present. Furthermore, given 
that less stable crystals will have lower melting points, they will be more likely to 
separate from the crystal network and migrate to the surface. Such melting may 
occur via an increase in temperature or from the energy released during recrystal-
lisation of CB into a more stable polymorph. Liquid fat migration may also result 
from an increase in volume when CB melts, which forces liquid fat through pores 
and microfractures formed during crystallisation.

Mechanistically, diffusion has been the preferred theory to explain lipid migra-
tion in chocolate products (Miquel and Hall 2002; Ziegleder and Schwingshandl 
1998). Initially, diffusion was thought to result from the difference in liquid fat con-
tent between the filling and the coating but has now been ascribed to a concentration 
gradient of TGs within some regions of the product (Ghosh et al. 2002). The exact 
mechanism(s) of fat migration in chocolate products still remain poorly understood, 
though recent progress is certainly being made (Motwani et al. 2011; Van der Weeën 
et al. 2013; Galdámez et al. 2009).

Insights on the influence of migrants on chocolate microstructure may be ob-
tained via ESEM. Figure 10.12 demonstrates the influence of a filling fat on the 
surface and internal structure of a chocolate ‘shell’ with a filling fat composed of 
oil and icing sugar where microstructure was evaluated for 40 days. The surface of 
a fresh chocolate (Fig. 10.12a) is highly porous, with numerous pores present over 
the entire surface of the chocolate (similar to Fig. 10.6). After 40 days (Fig. 10.12b), 
the surface of the chocolate is fully covered in large crystals and was very soft and 
difficult to handle. These results demonstrated that the presence of a migrant fat 
substantially alters the crystallisation kinetics of the fat phase. A high-magnification 
view reveals the presence of a cone-like mound as well as a large individual crystal 
present on the surface of chocolate stored against a filling fat (Fig. 10.13). Cones 
observed were large, with some measuring over 100 μm in height. Similarly, sharp 
individual crystals protruded from the surface of the chocolate. Both of these may 
be considered defects that eventually lead to visible fat bloom once they attain a 
certain size, as they hamper the appearance and texture of the final product.

Previously, it was shown that chocolate is a particulate material with sugar crys-
tals, milk protein and cocoa solids interspersed within a continuous fat phase con-
sisting of crystalline and liquid fat (Figs. 10.1 and 10.2). In a soft-centre confection, 
the oil present in the filling will promote solubilisation of the CB/fat phase in the 
shell, thereby increasing the liquid oil content in the chocolate via an additive ef-
fect and through solid fat solubilisation. With increased fluidity, the lipid phase will 
be free to travel throughout the chocolate shell leading to a rearrangement of the 
network structure, not only in terms of solid crystal morphology and polymorphic 
behaviour but also in the spatial distribution of the cocoa and sugar particles. The 
cone-like structures almost certainly consist of a mixture of the filling fat and the fat 
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Fig. 10.13  Edge-on view 
showing crystal growth on 
the surface of chocolate 
stored 40 days at 26 °C. Note 
distinct morphologies. Size 
bar = 50 μm

 

Fig. 10.12  Environmental scanning electron microscopy (ESEM) showing effect on chocolate 
surface topography of a filling fat–hazelnut oil mixture after 40 days. a Tempered chocolate on day 
0. b Chocolate stored 40 days against filling. Size bar = 250 μm
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in the shell, notably CB. This is a result of lipid migration from the filling through 
the chocolate shell, which, as it travels, solubilises some of the hard fat phase. This 
fluid mixture will then appear at the surface of the chocolate and manifest itself as 
cones. By contrast, individual crystals will consist of CB that has undergone uncon-
trolled recrystallisation. In this context, particle size has been shown to influence 
the rate of oil migration and fat bloom development in chocolate shells (Dahlenborg 
et al. 2015). Using non-fat particles in the chocolate (sugar and cocoa particles) of 
15, 22 or 40 μm in size, the former showed higher rates of oil migration as well as 
the earliest development of surface fat bloom. This suggested that larger specific 
surface areas facilitated migration of filling oil, possibly due to a more heteroge-
neous and coarser crystal network with higher permeability.

10.9  Conclusion

Chocolate microstructure is integral to understanding and controlling chocolate’s 
desirable sensory attributes. It is also central to elucidating the complex phenom-
ena that lead to fat bloom initiation and propagation. In the future, new processing 
methods will continue to improve the way that chocolate is made, particularly as 
processors vie to ensure quality and minimise ‘post-factory’ deleterious changes 
such as bloom. In this context, the importance of microstructure should not be un-
derstated. Its role in ensuring top-quality chocolate will grow, particularly as pro-
cessors continue to realise its importance in the structure–functionality relationship 
of chocolate.
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Chapter 11
Physical-Bioimaging Characterization of Nuts

Yang Tao, Xin Chen and Lu Jiang

11.1  Introduction

There are many kinds of nuts. In industrial-scale processing of nut food grades, the 
major tasks are to separate the nutmeats from their shells and sort them into qual-
ity grades. The finished products, either nutmeats or shells, can be used for food or 
industrial materials. The nutmeats are found in value-added foods such as ice cream 
or baked goods, while nutshells, such as those of walnuts, are useful for industrial 
polishing particles. When commercializing nutmeats, nuts are often characterized, 
sorted, and graded by their quality. Quality evaluation by sizes is usually simple. 
However, assessment on food safety for biological and physical hazards of nut-
meats can be a challenge that goes beyond simple visual inspection.

Physical hazards include nut fragments, which are pieces of shells or foreign ma-
terials. Hard nuts and sharp fragments, such as walnut shell fragments, may pose a 
danger to teeth and a choking hazard for small children and the elderly. Mechanical 
and electronic methods are used for shell fragment removal. However, challenges 
exist in ensuring that the final nutmeat product is free of shell fragments. Imaging 
techniques are used to detect and sort out the fragments, though challenges still 
exist.

© Springer International Publishing Switzerland 2016
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11.2  Imaging Recognition of Physical Hazard in Nut 
Meats

Optical imaging techniques offer fast ways of high-throughput inspections by scan-
ning materials on a moving conveyor. For varieties where the nut meat and shell 
have distinctive color contrasts, traditional color or near-infrared (NIR) imaging 
methods can be used to differentiate the shell fragments from the meat stream. 
However, for some nuts such as black walnuts, the nut meat and interior shell has 
little or no difference to the naked eye, mostly because the chemical compositions 
of the nutmeat skin and the inner surface membrane of the shell in contact with the 
meat are similar. Therefore, imaging characterization of the nutmeat and inner shell 
in these circumstances poses greater difficulties.

In this section, we will introduce an imaging modality using hyperspectral flu-
orescence analysis to classify the nut and shell fragments of black walnuts. The 
problem domain on imaging detection of black walnut is believed to be more com-
plicated than most other nuts. Thus, the method herein may be applicable toward 
detecting other difficult-to-recognize nut categories or species.

11.2.1  Hyperspectral Fluorescent Imaging Analysis of Black 
Walnuts

Differentiating black walnut shell fragments from nutmeat is a challenging task 
even to the trained eye, because the two usually have very similar patterns in size, 
color, or texture. Figures 11.1 and 11.2 illustrate this similarity. Traditional optical 
imaging technologies (visible, infrared, backlighting, etc.) lack sufficient differen-

 

 

 

 

 

Light Meat  Inner Shell  Out Shell  Dark Meat  

Similar patterns, though hard to distinguish from one another based on visible information.

Fig. 11.1  Four categories (inner and outer shell fragments, light and dark meats) have very similar 
patterns in size, color, or texture. Notice the similar patterns in the circles. All sizes are random 
after cracking the shells
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tiable information to classify between walnut shell and meat, and therefore are not 
solutions for the aforementioned problem.

We developed a hyperspectral fluorescence imaging approach to address this 
challenging problem. Figure 11.3 gives the spectral responses to four walnut sam-
ple categories, i.e., light meat, dark meat, inner shell, and outer shell. In the lower 
spectral range, especially 425–470 nm, differences exist among all four categories, 
while in the higher spectral range of 560–695 nm, significant differences appeared 
between light meat and other samples.

 Fig. 11.2  Machine-cracked black walnuts. Left: cracked nuts, Right: nutmeat. Visual sorting is 
very eye-intensive. Machine-cracked black walnuts were ready to use, but the broken kernels 
quickly oxidized within weeks

 

Fig. 11.3  Fluorescent spectral responses of four sample categories, averaged over 5496 data sam-
ples, where each pixel is represented by a 79-dimensional vector
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11.2.2  Hyperspectral Detection Algorithms

Hyper-mixture model (HMM), Gaussian mixture model (GMM; Jiang et al. 2007b), 
and kernel function-based support vector machine (KF-SVM) classifiers were found 
effective as the base of our detection algorithm development. Here, we emphasized 
on the SVM approach for the object-based recognition (see results in 11.2.3 and 
11.2.4). For the reviewer’s convenience, this approach is briefly described herein.

The Kernel Function and Support Vector Machine (SVM) Classifiers The SVM 
classifier is expected to find the optimal hyperplane as a decision surface that cor-
rectly separates the sample data points from different classes (walnut shell and meat 
in this case), while maximizing the margins from the hyperplane to each class. 
The optimal hyperplane, h, that is searched in the input space can be defined by 
Eq. (11.1):

 (11.1)

where x is the sample set including walnut meat and shell pixels, called input vector 
of the sample, Ω  is the adaptable weight vector, b is the bias, and T is the transverse 
operator.

Suppose the input space vector xi
n∈ ℜ , i l= …1 2,  with its corresponding class 

label yi ∈ + −{ }1 1,  in the two-class case, when yi = 1 means the pixel belongs to 
meat category, otherwise when yi = − 1 means the pixel belongs to shell category, 
and l  is the number of total input pixels. If all data points can be separated by a 
hyperplane, Eq. (11.1) must subject to the following condition:

 (11.2)

According to Eqs. (11.1) and (11.2), the maximization problem was equal to solve 
the following problem:

 (11.3)

Further, we can derive the following equation by using Lagrange multiplier method:

 (11.4)
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If the data points from different classes are not separable by a single hyperplane, 
that is, Eq. (11.2) does not hold for all data points, we need to add a slack variable 
into Eq. (11.2) to solve the classification problem. According to Eqs. (11.2, 11.3 
and 11.4), the maximization problem above was equivalent to solve the following 
problem:

 (11.5)

Where ξi  is the slack variable, C  is a user-specified positive parameter, and Ω  is 
the weight vector.

To solve the maximization problem between walnut meats and walnut shells, 
a kernel function is introduced to the SVM (Jiang et al. 2007). The kernel func-
tion implicitly maps the input space, which may not be linearly separable, into an 
arbitrary high-dimensional feature space that can be linearly separable. Based on 
Eqs. (11.4) and (11.5), the maximization problem was equal to solve the following 
primal convex problem:

 (11.6)

By mapping function φ , the input vector xi  is mapped from the input space ℜn  into 
a higher dimensional feature space F . Thus, its corresponding dual problem is:

 (11.7)

Where e is the vector of all ones, Q is an l by l positive semi-definite matrix and 
can be defined as:

 (11.8)

where K x x x xi j i
T

j( , ) ( ) ( )≡ φ φ  is the kernel matrix calculated by a speci-
fied kernel function k x y( , ), and subject to Mercer’s condition, namely if for all 

2( ) 0and ( )d ,j j≠ < ∞∫x x x  then ' ' '( , ) ( ) ( )d d 0j j >∫∫ K x x x x x x . α  can be obtained 
by solving this dual problem.

Assuming the training vectors xi  were projected into a higher dimensional space 
by mapping ϕ , then the discriminant function of SVM was shown as follows:
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 (11.9)

In general, three common kernel functions (Table 11.1) are widely used for SVM in 
the literature. Here we chose the Gaussian kernel to classify walnut points by pixel, 
namely meats and shells.

where d  is the degree of freedom of polynomial kernel. σ  is a parameter related 
with the width of Gaussian kernel. κ  is the inner product coefficient in hyperbolic 
tangent function.

Based on the SVM of two categories, namely walnut meats and walnut shells, we 
can extend the SVM for four categories (light meat, dark meat, inner shell, and outer 
shell) to further improve classification accuracy by pixel. According to Eq. (11.9), 
we can construct the multi-class model as follows.

Suppose four categories exist in the sample set, namely light meat, dark meat, in-
ner shell, and outer shell, respectively; the extended discriminant function of SVM 
is shown in Eq. (11.10):

 (11.10)

Where j is the index number of category, that is, j = 1 for the light meat, j = 2 for 
the dark meat, j = 3 for the inner shell, and j = 4 for the outer shell, and M = 4, the 
number of total classes.

We need to convert the pixel-based classification results to object-based infor-
mation, so that the rejection mechanism can follow actionable instructions. Pixel-
based results (four categories) are transferred to object-based classification results 
(two categories, i.e., meat and shell) as follows.

To ensure the shell is not mistakenly classified as meat, we set two thresholds, 
Tup and Tdown , to create a buffer category, named “uncertain” class. According to 
statistics, we used the following formulas to obtain the final results:
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Table 11.1  Three common kernel functions

Kernel name Kernel equations

Polynomial kernel
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Suppose for an object in the image, n1 is the pixel number of light meat, n2 is 
the pixel number of dark meat, n3 is the pixel number of inner shell, and n4 is the 
pixel number of outer shell,

 (11.11)

Finally, an object can be classified into three categories, namely shell, meat, or 
uncertain object, where uncertain can be checked manually or re-scanned by the 
machine.

The task of image processing is shown in Fig. 11.4, which gives six major steps 
in the image analysis process including image acquisition, image registration, band 
combination, foreground extraction, pattern classification, and object location cal-
culation.

down
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Fig. 11.4  The flow of the image analysis process
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11.2.3  Typical Classification Results

Figure 11.5 shows the results over 2748 independent testing 79-dimensional fluo-
rescence spectra using Gaussian KF-SVM and principle component analysis-based 
Gaussian mixture model (PCA-GMM) (Jiang et al. 2007a, b). The high diagonal 
column indicates the four nut categories are mostly correctly classified. For cross-
validation, independent tests were conducted twice using a total of 5496 sample 
vectors. The PCA-GMM method performs slightly better with a 96.3 % pixel-based 
recognition rate. Under this confidence level, each fragment can be further classi-
fied object by object, yielding a potentially 100 % accuracy, as shown in Fig. 11.6c.

Nut meat   shellsNut meat   shells

pixel-based object-based 
recognition (100% ac-
curacy)

Color Code:  

Red – Light Meat;  

Green – Dark Meat;

Gray – Outer Shell

Blue – Inner Shell

Yellow – Meat 

Brown – Shell 

a b c

Fig. 11.6  Typical detection results. a Hyperspectral images; b Pixel-based recognition results;  
c Object-based recognition results
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Fig. 11.5  Our early results (2008). The experimental results over a total of 5496 79-dimensional 
data vectors: a KF-SVM model and b PCA-GMM model. The PCA-GMM model has an overall 
total 96.3 % pixel-based recognition rate

 



34311 Physical-Bioimaging Characterization of Nuts

A typical image recognition result is shown in Fig. 11.6. Figure 11.6a depicts the 
scanned hyperspectral image cube. Through hyperspectral image processing PCA-
GMM algorithms (Jiang et al. 2007b, 2010), the pixel-based classification result is 
shown in Fig. 11.6b, where each object’s pixels are categorized or colored (at the 
accuracy or confidence level shown in Fig. 11.5). The red and green pixels indicate 
light and dark nutmeat, respectively, while the gray and blue pixels represent outer 
and inner shells, respectively. By further classifying, based on the dominant pixels 
for each object (object-based) with decision rules (e.g., scattered pixels are likely to 
be errors, and concentrated pixels are solid objects, etc.), the shell and meat objects 
are correctly differentiated, as shown in Fig. 11.6c, where the left three columns 
are meats and the two right columns are shells, respectively. All the samples in 
Fig. 11.6c are correctly labeled (100 % accurate), which demonstrates the effective-
ness of hyperspectral imaging technology (Jiang et al. 2007a, b).

11.2.4  Hyperspectral Algorithm Adaptability to Nuts  
from Different Growing Regions

Cracked black walnuts and broken kernels became quickly oxidized within weeks. 
Consequently, the fluorescent characteristics may change accordingly. Addition-
ally, different varieties and nuts from different growing regions may have certain 
variations in chemical compositions and moisture differences due to the climate and 
growing conditions. The samples used included 20–40 lb bags of roughly a dozen 
representative wild and planted black walnut tree varieties from nut growers and 
growers’ associations from Eastern and Mid-Western regions (NY, PA, WV, OH, 
IN, MO, NE). Some of the samples were cracked by machine rollers, and others 
were whole walnuts. Both old and new crops were tested and fine-tuned in our 
detection algorithms to ensure that the imaging system under development is ap-
plicable to black walnuts of different cultivars and from different growing regions. 
Figures 11.7, 11.8, 11.9, 11.10, 11.11 and 11.12 show the hyperspectral imaging re-
sults of the nuts. The detailed algorithms can be seen in Jiang et al. (2007a, b, 2010).

Statistical analysis shows good detection results. The classification result of a 
batch test is shown in Fig. 11.11, which is improved over the earlier results shown 
in Fig. 11.12, both in accuracies of high detection rate for shells and high yield 
of meats. In Fig. 11.11, the detection of shell fragments is 100 % while recouping 
94.6 % of nutmeat. Out of the 462 pieces of nutmeat, 17 (3.7 %) were classified as 
shell and 8 (1.7 %) classified as uncertain, respectively.

Note that the results of both years of crops showed that there was no single shell 
classified as meat. This result is significant because the meat bin will be virtually 
shell free (0 % of shell fragment in the meat bin). The results have achieved the 
designed goal.
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 Pixel recognition Object recognition a b c d

Fig. 11.7  Typical recognition of nutmeats, where c is the pixel-based recognition and d is the 
final object recognition. The yellows here are correctly recognized as meats. Four meats (shown 
in purple) were classified as uncertain, and one meat (shown in brown) was incorrectly classified 
as shell. Color code: Red light meat, Green dark meat, Gray outer shell, Blue inner shell, Yellow 
meat, Brown shell, Purple uncertain
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Variety: Krick Krop

Pixel recognition Object recognition a b c d

Fig. 11.8  Typical recognition of shell fragments, where c is the pixel-based recognition and d is 
the final object recognition. Varieties: Top: Krick Krop; Bottom: Thomas Black. Color code: Red 
light meat, Green dark meat, Gray outer shell, Blue inner shell, Yellow meat, Brown shell, Purple 
uncertain
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Pixel-based Object-based
recognition 

a b c d

Fig. 11.9  Inspection of mixed shell fragments and nutmeat. Visual recognition is difficult. As seen 
in d object-based recognition, all shell fragments were correctly recognized (100 %) and all yellow 
objects are indicated correctly as nutmeats (shell fragment free). Four purple objects (from meats) 
were classified as uncertain. Color code: Red light meat, Green dark meat, Gray outer shell, Blue 
inner shell, Yellow meat, Brown shell, Purple uncertain
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Pixel-basedColor images (These 6
are actual meats, all
others are shells) 

Hyperspectral images Object-based
recognition

a b c d

Fig. 11.10  Inspection of meats embedded in shells. If the nutmeat is still embedded in shells after 
cracking, the object will be classified and rejected as shells. As seen in d object-based recognition, 
all meat-shell fragments were recognized as shells or uncertain, but should never be recognized 
as meat. At the bottom, five actual meats were correctly recognized, and one meat was incorrectly 
classified as shell. Color code: Red light meat, Green dark meat, Gray outer shell, Blue inner shell, 
Yellow meat, Brown shell, Purple uncertain
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11.3  Further Readings

Further readings on related fluorescent bioimaging characterization of nuts can be 
found in Zhu et al. 2007, Jiang et al. 2007a, and 2007b. Various hyperspectral im-
aging methods can be found in Jiang et al. 2010. A dark field imaging method and 
algorithms can be found in Jin et al. 2007 and 2008.

For biological substance analysis, researchers at the USDA Agricultural Re-
search Services have a comprehensive program involving raw peanuts that ensures 
the proper processing or destruction of any high aflatoxin raw peanuts (Pearson 
and Schatzki 1998). Nut processors are required to inspect their lots for harmful 
biological substances such as mold and aflatoxin. The USDA provides the FDA 
with a copy of the certificate of analysis and the name of the applicant for each lot 
found to exceed 25 ppb aflatoxin (FDA 2001). Inspection is carried out through lab 
analysis of random samples. However, 100 % inspection of all nut materials using 
optical and image processing techniques is preferred. Readers can explore those 
topics in literature.
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and 94.6 % for meat. The remaining 5.4 % of meat has been classified as shell (17 or 3.7 %) and 
uncertain (8 or 1.7 %). None of the shells were mistakenly classified as meat. The resulting meat 
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