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ABSTRACT

WHOLE GRAIN PASTA: A PHYSICOCHEMICAL AND SENSORY STUDY

Ryan West
University of Guelph, 2012

Co-advisors:
Professor Lisa Duizer
Professor Koushik Seetharaman

Whole grain is associated with rougher texture and off-flavours which has decreased
consumer acceptance. Pasta drying is also critical during production because of influence
on texture and quality. The effects of drying type and whole grain content (WGC) on
physicochemical and qualitative properties of pasta were investigated. Increasing WGC
lowered paste viscosity and increased cooking loss while low temperature drying
improved quality. The impact of these effects on pasta texture and flavour was further
explored. While bitterness, branniness, and surface roughness positively correlated with
WGC, drying type only affected firmness. Phenolic content, headspace, and textural
analysis corroborated this data. Change in pasta flavour upon addition of sodium-reduced
cheese sauce was also examined. Sodium not only enhances flavour of dishes, it also
suppresses bitterness. While flavours were uniquely affected upon sauce addition, sodium
content did not affect bitterness. Headspace analysis showed volatile concentration to
reduce, likely caused by a barrier created from the sauce.
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CHAPTER 1: General Introduction
Interest in whole grains has increased over the years because of their source for dietary
fibre and phytochemicals (Dewettinck et al., 2008). There is strong evidence that whole
grain products improve health and many organizations worldwide advocate their
consumption (Jones, 2006). However, these products differ in appearance, flavour, and
texture when compared to those made from refined flour, which often decreases consumer
acceptance.
While breads and crackers are often chosen to investigate the effect of whole grain, pasta
has not been studied extensively. Therefore, this thesis is designed to examine the impact
that whole grain has on pasta at both the physicochemical and sensory levels. The
information enclosed should be of importance to companies wishing to reformulate their
products and make fibre claims, while avoiding significant changes in quality. Pasta
processing and influences of whole grain on quality are explained in greater detail in
Chapter 2.
Drying may be considered the most important stage in pasta processing because of its
influence on the development of flavour, colour, and texture. Pasta quality has mostly been
explained by its protein content despite starch comprising more than half of its total
content by weight. It is widely known that drying affects pasting and thermal properties of
starch (Eliasson, 2004, BeMiller & Whistler, 2009, Varatharajan et al., 2010) so it is more
accurate to consider pasta quality as being determined by the combination of protein
coagulation and starch gelatinization. Furthermore, bran and germ particles can interfere
with protein, acting as physical barriers that prevent formation of a complete network. This
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ultimately reduces cooking quality and firmness of the pasta (D'Appolonia & Youngs,
1978, Zhang & Moore, 1997, Manthey & Schorno, 2002). Chapter 3 examines the effect
of both the drying and WGC on the pasting and physicochemical properties of starch
within pasta and how these factors impact final quality.
Food provides a complex and dynamic system for different types of reactions under
exposed heat because of many heat sensitive molecules. With whole grain products in
particular, phenolic acids seem to be mostly responsible for contributing to bitterness,
sourness, and astringency (Armbrister, 1995). Additional flavours may form by thermal
degradation of these acids. Model studies have also shown phenolic acids to prevent the
formation of Maillard aroma compounds (Arnoldi & Corain, 1996, D'Agostina et al., 1998,
Wang, 2000, Jiang & Peterson, 2010). The effects of drying and WGC on the sensory
properties of pasta are studied in greater detail in Chapter 4. Flavour and texture of pasta
are examined using both a trained panel and instrumental analysis.
Pasta is rarely if ever eaten without the addition of a sauce—for macaroni, it is most
usually paired with a cheese sauce—which introduces sodium to the dish. Currently, the
food industry is faced with the pressure of providing sodium-reduced products as
consumers have become aware of the association between a high sodium diet and
hypertension (Schroeder et al., 1988). The main problem with sodium-reduction is that
consumers can detect subtle changes in sodium content, which often leads to diminished
acceptance. Serving a macaroni and cheese dish with whole grain further adds to concern.
While sodium can mask bitterness and other negative flavours (Keast et al., 2001), this
may be compromised if a sodium-reduced cheese sauce is paired with whole grain
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macaroni. Chapter 5 investigates the change in flavour of whole grain macaroni from the
addition of a sodium-reduced cheese sauce using both sensory and headspace analysis.
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CHAPTER 2: Literature Review
2.1 Whole grain pasta
2.1.1 Nutritional benefits of a whole grain diet
The three main types of grain in the human diet are wheat, rice, and corn. To a lesser
extent, humans acquire grains from oats, barley, and rye (Liu, 2007). Wheat in particular is
one of the most important crops grown worldwide, with 600 million tonnes produced
annually (Lamacchia et al., 2010). Whole grain products, such as pasta, are excellent
sources of fibre, minerals (e.g., iron and magnesium), and phytochemicals (e.g., phenolic
compounds and carotenoids) (Manthey & Schorno, 2002, Liu, 2007).

Figure 2.1. Antioxidant activities of common vegetables, fruits, and
cereals (Slavin, 2003).
Consumption of whole grain has been linked to the reduced risk of diseases such as
cardiovascular disease, type II diabetes and even some cancers (Jones, 2006, Liu, 2007,
Vitaglione et al., 2008). It has also been shown to lower the risk of diseases initiated by
reactive oxygen species because of its antioxidant properties (Harborne & Williams,
2000). The antioxidant potential of whole grain reportedly rivals that of fruits and
vegetables on a per-serving basis (Figure 2.1) (Slavin, 2003). Phytochemicals specific to
4

whole grain may even complement those in fruits and vegetables if these foods are eaten in
combination (Liu, 2007).
Another nutritional benefit of whole grain is dietary fibre. The International Food
Information Council reported fibre to be an ingredient that consumers most associate with
providing health benefits beyond a regular diet. This gives manufacturers the incentive to
incorporate and claim fibre in their products (Mehta, 2005). Some of the health benefits
specifically associated with dietary fibre includes the reduced risk of heart disease,
diabetes, and cancer. Body weight can also be more easily managed by fibre consumption
through lowering the glycemic index of food (Liu, 2007). The dietary fibre found in whole
grain, such as inulin and resistant starch, is the part of the grain that cannot be metabolized
by digestive enzymes. Instead, it passes unchanged through the bowels where it ferments
with intestinal microflora, freeing bound phenolic acids in order to provide their
antioxidant properties. Dietary fibre also encourages the transit of undigested material
through the digestive tract (Slavin, 2003, Liu, 2007).
It has been recommended that adults consume approximately 6 ounces of grains daily, half
of which being whole grain. A 1 ounce serving of grains is equivalent to a half cup of
cooked pasta (USDA, 2011). Adults in the United States consume just one third of this
suggested intake however (Liu et al., 2003). In Canada, nearly one third of adults fail to
meet their five servings of grains per day (Pasut, 2005).
2.1.2 Molecular physiology of phenolic compounds in whole grain
Among all phytochemicals, it is the phenolic compounds that have received the most
attention because of their antioxidant properties. In general, phenolic compounds are
5

aromatic or polyaromatic structures possessing at least one hydroxyl group. Subclasses of
these compounds that are found in whole grain include phenolic acids, tannins, and
flavonoids (Figure 2.2) (Dykes & Rooney, 2007). Seventy-six percent of phenolic
compounds are bound naturally to other molecular bodies such as polysaccharides or
quinic acid ( Clifford, 2000, Frank et al., 2006, Liu, 2007, Li et al., 2008).

Figure 2.2. Classes and subclasses of phytochemicals in whole grain (Dykes &
Rooney, 2007).
Phenolic acids make up the majority of these phenolic compounds in wheat, with
approximately one dozen different acids reported to exist (Armbrister, 1995, Wu et al.,
1999, Liu, 2007). Botanically, they protect wheat in a variety of ways. They form
molecular barriers by crosslinking with carbohydrates and quenching destructive radicals.
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Phenolic acids also have astringent properties that deter animals and other pests from
consumption (Arnason et al., 1992).
Phenolic acids can be further divided into two subgroups: hydroxybenzoic and
hydroxycinnamic acids. The hydroxybenzoic acids are conjugated to lignans and tannins
whereas hydroxycinnamic acids are usually bound to cell wall components such as
cellulose and proteins (Liu, 2007). Ferulic acid, for example, is found as its ester bound to
the primary hydroxyl group of terminal arabinofuranosyl residues of xylans in durum
wheat (Smith et al., 1981, Lintas, 1988).

Figure 2.3. Cross-section of a wheat kernel
(Fares et al., 2010).
Ferulic and caffeic acid are some of the most abundant phenolic acids in wheat (Lintas,
1988, Onyeneho & Hettiarachchy, 1992, Abdel-Aal et al., 2001). These acids are mostly
found in the aleurone and pericarp layers of bran (Dykes & Rooney, 2007, Liu, 2007). In
fact, the majority of phytochemicals (i.e., 87 %) can be found in this outer bran layer and,
to a lesser extent, the germ (Figure 2.3). During processing of whole grain products (e.g.,
pasteurization, freezing, etc.), these bonds are hydrolyzed and acids are freed (Liu, 2007).
7

2.1.3 Impact of oven drying on texture development
In pasta production, dough is first formed by mixing flour or semolina with water. Pasta is
composed of 70 % carbohydrates, the majority of which is starch, and 12 % protein by
weight (García-Baños et al., 2004). The physical properties of proteins, such as gluten,
change in the presence of water and become more elastic-like (Dawe, 2001a). A protein
matrix encapsulating starch granules is created through the intermolecular bonding of
protein sheets and fibrils (Dexter & Matsuo, 1979, Dawe, 2001a). Once dough has been
formed, it is then extruded into the chosen pasta shape. It is important to maintain the
temperature of the dough between 40 and 45 °C during extrusion to prevent damage to this
gluten matrix. Water sheaths are used to regulate temperature (Dawe, 2001b). The final
steps in production include the trimming of pasta from any excessive or irregular dough
pieces and the drying of pasta (Dalbon et al., 1996). Gluten loses its hydration while
drying and irreversible protein-protein crosslinks are formed, allowing the extruded pasta
to permanently hold its shape (Dawe, 2001a).
Drying is perhaps one of the most critical stages during pasta production, not only because
of flavour, colour, and texture development but also for prevention from spoilage. To
obtain dried pasta that is hard, maintains its shape, and can be stored without ruin, the
moisture level must be reduced to 12-13 % where microbial growth is hindered (Walsh &
Gilles, 1977, Dawe, 2001a). Drying involves the transportation of internal water to the
exterior of the pasta, which creates a moisture gradient. Too large of a gradient caused by
extreme temperatures and rapid drying can generate cracks and voids in the dried pasta,
reducing its quality (Walsh & Gilles, 1977, Dawe, 2001a). After drying is complete, a
moisture gradient remains across the pasta. The time needed for this gradient to dissipate
8

and for moisture levels to equilibrate in pasta is estimated using equation 2.1, where size is
half of the sheet thickness (Johnston, 2001).
(2.1)
Traditionally, oven temperatures for drying pasta were set to 29-40 °C and took anywhere
between 24 and 60 hours, depending on the size and shape of the pasta, to dry to the
appropriate moisture level (Dexter et al., 1981). One of the problems encountered with this
low temperature-long time (LT-LT) drying profile was the risk of microbial contamination
from prolonged exposure under high humidity (Sensidoni et al., 1999). It was found that
using high temperature-short time (HT-ST) drying resulted in pasta with improved quality.
HT-ST drying increased pasta firmness, decreased stickiness, and reduced cooking loss
when compared against traditional pasta (Wyland & D'Appolonia, 1982, D'Egidio et al.,
1990, Novaro et al., 1993, Anese et al., 1999). Shorter drying times also reduced the risk
of contamination from bacteria and fungi (Walsh & Gilles, 1977, Dexter et al., 1981,
Aktan & Khan, 1992, Acquistucci, 1996, Dawe, 2001a). HT-ST drying conditions at
temperatures of 75 °C were first used commercially in 1974. Since then, temperatures have
increased to 90 °C and even higher, allowing short cut pasta to be dried within 2-3 hours
(Anese et al., 1999, Acquistucci, 2000, Kill, 2001).
Several publications have linked whole grain pasta with having poorer cooking quality and
a darkened appearance (Figure 2.4) (Kordonowy & Youngs, 1985, Sahlström et al., 1993,
Edwards et al., 1995). It is postulated that bran and germ particles from whole grain flour
have the potential to interfere with the gluten matrix in dough, weakening it and changing
its texture (D'Appolonia & Youngs, 1978, Zhang & Moore, 1997, Manthey & Schorno,
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2002). Cellulose from bran can also interfere with water migration during drying,
increasing retention within the pasta by trapping water molecules within the matrix
(Villeneuve & Gélinas, 2007). Increased amounts of fibre from whole grain produce
similar undesirable results in bread. Lowered loaf volume and poorer quality in texture are
two common features associated with bread containing fibre (Gómez et al., 2003).

Figure 2.4. Comparison between pasta made from
refined flour and 100 % whole grain flour.
Manthey and Schorno (2002) found that spaghetti made from whole grain durum was
firmer and had less cooking loss under HT-ST conditions. However, the mechanical
strength had decreased, suggested to be caused by an even greater contraction of gluten
upon bran particles, further accentuating their disruption upon the network. From this
study, they concluded that whole grain pasta would have improved quality if milder drying
conditions were used (e.g., 40 °C) (Manthey & Schorno, 2002).
2.1.4 Impact of oven drying on starch gelatinization and pasta quality
Wheat starch granules can be categorized into two groups according to their size
distribution. A-Type granules are lenticular in shape and have an average diameter of 1035 μm whereas B-type granules are spherical and have an average diameter of 1-10 μm
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(Peng et al., 1999, BeMiller & Whistler, 2009). Regardless of these morphological
differences, cross-sections show growth rings of alternating amorphous and crystalline
lamellae (Figure 2.5) (BeMiller & Whistler, 2009). Although not completely crystalline,
native granules exhibit birefringence (i.e., Maltese crosses) under polarized light
(Blanshard et al., 1986) and produce endothermic peaks in differential scanning
calorimetry (DSC), depicting some degree of molecular order (BeMiller & Whistler,
2009). Total crystallinity of native wheat starch granules ranges from 15-45 %, which can
be measured using x-ray diffraction (XRD). Therefore, it is most accurate to consider
native starch granules as semi-crystalline in structure (Zobel, 1988, Buléon et al., 1998).

Figure 2.5. Hierarchical structure of a starch granule (Lopez-Rubio & Gilbert,
2009).
Starch is composed of two polysaccharide chains: amylose (AM) and amylopectin (AMP).
AM, accounting for 20-30 % of starch, is a linear polymer containing (1→4)-linked α-Dglucosyl units while AMP, accounting for 70-80 % of this mass, contains this same
backbone with (1→6)-linked branch points (Figure 2.6). The branch points of AMP along
with AM make up the amorphous layers of the granule while the linear portions of AMP
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conform into packed left-handed double helices, making up the crystalline layers
(Eliasson, 2004, BeMiller & Whistler, 2009).

Figure 2.6. Molecular structure of amylose (A) and amylopectin (B) chains.
Upon heating in the presence of water, starch granules begin to swell and an irreversible
order→disorder transition of the lamellae occurs in a process called gelatinization
(Eliasson, 2004). After gelatinization, AM located in the amorphous layers is solubilized
and leaches out into the system (Hizukuri, 1991, Liu, 2005). Pasting properties can be
measured using rheological instruments such as the rapid visco analyzer (RVA) in order to
gain important information about the starch granule (BeMiller & Whistler, 2009).
DSC is also used to characterize starch and how gelatinization is affected from different
treatments by measuring values such as onset temperature (T1o) and standard enthalpy of
gelatinization (ΔH1). In the presence of fibre, it was shown that T1o increases while ΔH1
either decreases or does not change (Symons & Brennan, 2004, Hoover, 2010). This
delayed or restricted gelatinization is explained by the competition for water molecules, a
requirement for gelatinization, between starch and fibre. The unavailability of water in
starch requires higher T1o and less energy is therefore required to gelatinize (Symons &
Brennan, 2004). Reduced ΔH1 is also explained by the general reduction of starch content
by the presence of fibre (Santos et al., 2008).
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The hydrothermal treatment of wheat starch can change the polysaccharide chain
conformation and helicity in starch without incurring gelatinization or destruction of the
granule, as confirmed by XRD (Eliasson, 2004, BeMiller & Whistler, 2009, Varatharajan
et al., 2010). Often, the starch granule develops a cavity at its hilum and an increase in T1o
is observed. It is postulated that the energy generated from hydrothermal treatment causes
AMP double helices to become more closely packed and ordered within the crystalline
lamellae, generating more hydrogen bonds between the helices (Hoover, 2010). This
increase in hydrogen bonding is used to explain the higher temperature required to initiate
gelatinization.
One particular type of hydrothermal treatment, heat-moisture treatment, occurs under the
specific conditions of 90-110 °C and 18-27 % moisture over a period of 12-16 hours
(BeMiller & Whistler, 2009). With starch pasting, heat-moisture treatment increases
pasting temperature and thermal stability while decreasing peak viscosity (Figure 2.7).
Setback can either increase or decrease with this treatment (Hoover & Vasanthan, 1994,
Hoover, 2010). Starch pastes usually contain swollen granules of AMP suspended in a
solution of leached AM but hydrothermal treatment reduces swelling and solubility of
granules, which ultimately reduces the amount of AM that is leached (Sair, 1967, Kulp &
Lorenz, 1981, Hoover, 2010).
In the presence of lipids, amylose-lipid complexes (ALCs) form and are believed to also
reduce swelling and amylose leaching (AML) (Conde-Petit et al., 1997, Eliasson, 2004).
These lipid interactions affect starch properties such as pasting temperature, peak
viscosity, stability, and the retrogradation rate of pastes (BeMiller & Whistler, 2009).
Unlike other polysaccharides chains, AM chains already possess a natural twist, making
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helical ALC formation possible (Zobel, 1988). However, the true driving forces behind
complex formation are hydrophobic and van der Waals interactions between AM and lipid
(Godet et al., 1993, Eliasson, 2004).

Figure 2.7. Typical viscogram produced by an RVA and its
interpretation.
These well-defined ALCs form instantaneously but are also reversible. They are
essentially helical clathrate inclusion complexes that house compounds, such as polar
lipids or surfactants, inside of a hydrophobic tube (Godet et al., 1993, Eliasson, 2004). For
polar lipids, it is postulated that the lipid portion of the molecule is contained completely
within the inclusion complex in an all-trans conformation while the polar head group
remains outside due to steric and/or electrostatic repulsion. The helical conformation for
many polar lipid complexes contains six glucosyl residues per turn, two to three turns per
helix (Figure 2.8), but this can be altered to accommodate larger compounds (Godet et al.,
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1993). Branched chain alkyl compounds form complexes with seven residues per turn
(Takeo et al., 1973) while even larger compounds, such as polyaromatic species, allow
eight residues per turn (Yamashita & Monobe, 1971).

Figure 2.8. Lateral and anterior view of the amylose-lipid
complex (Buléon et al., 1998).
Starch has played a supporting role to protein in determining pasta quality despite being 70
% or greater in total content (BeMiller & Whistler, 2009). In freshly extruded pasta, starch
granules are completely encapsulated within the protein matrix and granules that are on the
surface are coated by a smooth protein film (Matsuo et al., 1978). Competition between
protein coagulation and starch gelatinization occurs during the cooking of pasta and this is
highly dictated by hydrothermal treatment. Reduced swelling of starch granules ensures
the successful and complete network formation of protein, resulting in firmer pasta
(Resmini & Pagani, 1983). This limited swelling and complete encapsulation of starch
granules is also used to explain the slow digestion of starch and low glycemic index of
pasta (Colonna et al., 1990). In contrast, when hydrothermal treatment is not as effective
and granule swelling is less restricted, protein network formation is less complete and
softer, stickier pasta is produced (Resmini & Pagani, 1983). This stickiness is a result of
starch escaping the protein network and adhering to the pasta surface (Cubbada, 1988).
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2.1.5 Impact of oven drying on flavour development
Food is an excellent system for chemistry to take place during processing because of many
degradative and thermal-sensitive molecules. Processed flavours are compounds that are
formed during the processing of foods [e.g., Maillard reaction (MR)] usually under high
temperature conditions, which are also not present prior to processing (Barnekow et al.,
2007). For example, heating food that is high in starch breaks its glycosidic bonds to
produce glucose, which imparts a sweet taste. Some basic cooking processes that have the
potential to cleave these bonds include boiling, baking, frying, and steaming (European
Food Information Council, 2010). Processed flavours can also form from the thermal
degradation of phenolic acids, such as the decarboxylation and oxidation of ferulic acid
(Figure 2.9) (Jiang & Peterson, 2010).

Figure 2.9. Thermal degradation of ferulic acid to produce processed flavours
(Jiang & Peterson, 2010).
MR (Figure 2.10) is a particular type of reaction that forms processed flavours and is
composed of three main stages. In pasta, optimal conditions for this reaction to take place
during HT-ST drying requires a water activity of 0.75-0.80 and a moisture content of 15 %
(Manthey & Twombly, 2006). The first stage of MR (i.e., the ‘early stage’) includes any
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heat induced reaction not considered to be browning but also not considered to be part of
the aroma scheme. During this stage, a non-enzymatic thermally induced condensation
occurs between the amino group of an amino acid and the carbonyl of a reducing sugar to
form a Schiff base (i.e., an imine) (Ledl & Schleicher, 1990). This imine cyclizes to form
an N-substituted glycosylamine that further rearranges into the Amadori product 1-amino1-deoxy-2-ketose (Sensidoni et al., 1999).

Figure 2.10. The liberation of flavour compounds through major pathways
during the Maillard reaction (Kerler et al., 2010).
The second stage (i.e., the ‘advanced stage’) liberates volatile organic compounds (VOCs)
from these Amadori products that are typically associated with aroma. The final stage (i.e.,
the ‘browning stage’) of MR produces insoluble browning polymers, such as melanoidins,
that contribute to colour (Sensidoni et al., 1999). Interestingly, these melanoidins have also
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been speculated to have antioxidant and antimutagenic properties (Anese et al., 1999,
Manzocco et al., 2001, Slavin, 2003, Amarowicz, 2009).

Figure 2.11. Maillard inhibition from phenolic acids (Jiang & Peterson, 2008).
Hydroxycinnamic acids have been reported to influence the formation of processed
flavours. Model studies using glucose and glycine in the presence of ferulic acid produced
non-volatile phenolic adducts that were resistant to further chemistry (Figure 2.11) (Jiang
& Peterson, 2008). Aside from their reactivity towards these oxopyrilium species, phenolic
acids can also suppress the generation of certain heteroaromatic compounds (e.g.,
dialkylpyrazines) by quenching their key radical intermediates (Arnoldi & Corain, 1996,
D'Agostina et al., 1998,Wang, 2000).
2.1.6 Impact of oven drying on colour development
Two main aspects that determine the quality of pasta are its cooking quality (i.e., cooking
loss, cooked weight, cooked volume, etc.) and its appearance. The appearance of pasta can
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be assessed by colour, number and size of specks, and surface texture (Feillet et al., 2000).
Durum has served a popular flour choice by manufacturers for producing pasta high in
yellow colour, although it would be considered undesirable in other grain products, such as
breads and baked goods (Miskelly, 1984). Eggs may be used when producing fresh pasta
in order to add to this colour as well as stabilize texture, enrich flavour, and provide added
nutrients (Kill, 2001, Chawan, 2008). The use of common wheat flour and farina over
durum semolina are now being seen much more often these days in the production of pasta
(Sinesio et al., 2008, Hirawan et al., 2010). In traditional pasta, the presence of brown
specks is suggested to come from the pericarp layer of bran that contaminated the pasta
flour. Black specks may come from either ergot or from black point, a fungal disease that
results in discolouration of the grain (Feillet et al., 2000). The particle size of flour has also
been linked to brightness. The smaller and finer the particles are, the brighter and lighter in
colour the flour appears (Miskelly, 1984).
It is ideal for manufacturers to produce whole grain pasta that is as close as possible in
colour to traditional pasta. White wheat is preferred over durum because its lower phenolic
content within the bran produces pasta that is much lighter in colour (Ransom et al., 2006,
Chawan, 2008). Carotenoids in whole grain flour such as lutein, zeaxanthin, and βcryptoxanthin also contribute to colour (Adom et al., 2003). Chawan (2008) recently
described a method to produce pasta from whole grain flour that is amber in colour. He
found that by adding a reducing agent during the milling process, such as sulphur dioxide,
cysteine, or glutathione, the desired colour for dough and ultimately pasta was obtained
(Chawan, 2008).
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Hard white wheat has more favourable appearance than red wheat when used in whole
grain products, while providing the same amount of fibre, although it is more susceptible
to weather damage. The cultivation and use of hard white wheat is relatively new to North
America in contrast to the rest of the world. Recently, Canadian producers have increased
their production of Canadian Western Hard White Wheat, which is used for leavened
breads and noodles, and Canadian Prairie Spring White Wheat, which is used for
flatbreads (Ransom et al., 2006).
The overall measure of pasta colour is the summation of a desirable yellow component, an
undesirable brown component, and a minor red component (Feillet et al., 2000). The
yellowness of pasta is produced by free polyunsaturated fatty acids, tocopherols, the
aforementioned carotenoids, and by the enzymatic products of polyphenol oxidases and
peroxidases (Dahle, 1965, Miskelly, 1984, Borrelli et al., 1999, Sensidoni et al., 1999).
Lipoxygenase, another enzyme found in wheat, is responsible for bleaching these yellow
pigments in the presence of oxygen and moisture. In order to retain colour, this heatsensitive enzyme is deactivated by heating to 70 °C or greater (Johnston, 2001).
In pasta, the red pigmentation is explained by MR products while the mechanism through
which brownness forms is lesser known (Feillet et al., 2000). Tyrosinase found in bran
may possibly contribute to brownness in whole grain. This enzyme catalyzes the
production of melanins through the oxidation of phenols into quinones, which are
susceptible to form darkly pigmented polymers and protein complexes (Fortmann &
Joiner, 1971, Miskelly, 1984).
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At large enough levels, pasta brownness has the potential to mask the desirable yellow
component (Feillet et al., 2000). When HT-ST conditions are used in drying pasta, nonenzymatic browning may occur. However, with LT-LT drying, this is usually not an issue
(Sensidoni et al., 1999). Breeders of wheat have also created new cultivars of durum over
the past few decades that have low browning potential to minimize this issue (Feillet et al.,
2000).
2.1.7 Consumer response to whole grain products
Consumers are most influenced by appearance when it comes to liking a particular pasta or
noodle. Some criteria for this acceptance include colour, brightness, the number and size
of specks within the noodle, and the colour contrast between these specks and the
background matrix (Hatcher & Symons, 2000). Humans have a tendency to exaggerate the
size and darkness of these specks, which severely influences their decision to purchase.
The discolouration of pasta over time is thought to occur by auto-oxidation and enzymatic
oxidation of phenolic compounds via polyphenol oxidases (Hatcher & Kruger, 1997).
Compared to their refined counterparts, whole grain products tend to be darker in colour,
rougher and heavier in texture, and can have unpleasant off-flavours, such as rancid and
‘cardboard-like’ (Arlotti et al., 2007). Bran can develop these off-flavours during milling
because lipids within the bran are at risk of enzymatic oxidation. Heat treating can destroy
or inactivate these enzymes but precaution must also be taken. Excessive exposure to heat
can scorch and darken the bran, generating toasted or burnt notes (Arlotti et al., 2007).
Despite the nutritional benefits that are associated with whole grain products, changes to
both flavour and texture have lowered acceptance in many consumers. Bitterness,
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sourness, and astringency of whole grain products vary depending on the composition of
phenolic acids (Armbrister, 1995). Some studies do suggest that the ideal pasta should be
slightly nutty and possess raw wheat, cooked wheat, and even some grainy and branny
notes (Hoskins & Hoskins, 1959, Cole, 1991). For the most part, these phenolic acids seem
to be an issue with many consumers because of their associated negative attributes
(Drewnowski, 1997). Fortunately for consumers who are more committed to a ‘healthy
eating’ lifestyle do not regard taste as a deterrent towards making their purchase (Tepper &
Trail, 1998).
2.2 Sodium-reduced cheese
2.2.1 Cheese sauces and the functions of sodium
Commercial cheese sauces are presently available in frozen, shelf-stable, and powdered
forms. Unlike pasta that has laws defining whether or not it can be considered whole grain,
there is no legal definition for cheese sauce (Childs et al., 2009). Cheese powders in
particular can be formulated from either cheese precursors or non-cheese precursors (e.g.,
simple powdered dairy ingredients) (Brandt, 2001). Cheese sauces that are low in acidity
(pH ~ 4.6) have a protein content between 1 and 5 % which adds both body and flavour to
the sauce (Jacobson & Schalow, 2005). In many commercial sauces, body and cling can
also be created through incorporating hydrocolloids or xanthan gum in their formulations
(Brandt, 2001, Sinesio et al., 2008).
Sodium, most usually in the form of sodium chloride, is added to food to increase flavour
while suppressing negative attributes such as bitter (Breslin & Beauchamp, 1997, Dötsch
et al., 2009). Previously, sodium-containing ingredients have shown to reduce the
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bitterness of quinine hydrochloride and caffeine (Breslin & Beauchamp, 1995). In the
production of cheese, sodium is added to assist in the development of flavour and texture
as well as control the development of microorganisms and enzymes needed for cheese
maturation (Figure 2.12) (Fitzgerald & Buckley, 1985, Guinee & O'Kennedy, 2007). An
osmotic gradient is created between the cytoplasmic phase of bacteria and the aqueous
phase of cheese when sodium has been added. This gradient causes bacteria to dehydrate,
leading to either bacteriostasis or death (Russell & Gould, 2003).

Figure 2.12. Functionality of sodium chloride (i.e., ‘salt’) in cheese
(Guinee, 2007).
In the presence of sodium, strong ionic forces are created causing protein to aggregate and
become inaccessible to proteolysis from rennin. For example, sodium controls the
proteolysis of β-casein, whose peptidic fragments have been attributed to the sourness of
many cheeses (Kelly et al., 1996, Cruz et al., 2011). During maturation, proteolysis not
only influences the texture of cheese by determining the degree of protein hydration
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(Guinee & O'Kennedy, 2007), but it also produces short peptide oligomers and free amino
acids that contribute to taste (Cruz et al., 2011, Katsiari et al., 2001).
Flavour analysis using gas chromatography-mass spectrometry has revealed over 180
voltaile compounds present in cheddar cheese alone. Some of these compounds include
thiols, organosulphides, aldehydes, methyl ketones, esters, lactones, and free fatty acids.
Free fatty acids are formed during the ripening stage of cheddar over a period of 3-18
months (Moskowitz & Noelck, 1987, Urbach, 1993). It has been determined that
methanethiol is an impact compound in cheddar that is most characteristic of a cheddar
aroma (Lindsay & Rippe, 1986).
2.2.2 Problems associated with a high sodium diet
Reasons for human consumption of sodium can be broken down into two categories. The
first category encompasses the physiological need for sodium intake in order to satisfy all
biochemical pathways (Denton, 1982, Dötsch et al., 2009). Some of these pathways are
involved in the urinary, central nervous, and endocrine systems (Morris et al., 2008,
Dötsch et al., 2009). Sodium is a major component of extracellular fluid which facilitates
the transportation of nutrients to different tissues of the body (Greeley, 1997). The daily
requirement of sodium for humans to carry out all of these physiological systems is
approximately 180-230 milligrams (World Health Organization, 2007). It is rather rare that
a person ever becomes sodium deficient in true definition (Institute of Medicine, 2010).
The second reason for sodium intake involves individuals who prefer its consumption
simply because of liking rather than biological demand (Denton, 1982). This desire for
consumption is suggested to be a learned behaviour, not predisposed. In some individuals,
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the constant wanting of sodium can even be described as an addiction (Dahl, 1972, Wise et
al., 2007). Nowadays, the daily intake of sodium chloride is approximately 3600
milligrams in women and 4800 milligrams in men. These values exceed the physiological
need by more than twenty times (Tobian, 1979, INTERSALT Cooperative Research
Group, 1988, Adshead, 1992, World Health Organization, 2007).
It is this overconsumption of sodium that has caused many adults worldwide to have
hypertension as well as other health problems. Someone is diagnosed with hypertension if
their blood pressure is greater than 140 mmHg/90 mmHg (Miller, 2003). It has been
estimated that 26 % of adults across the world have hypertension. This number is proposed
to increase to approximately 33 % by the year 2025 (Kearney et al., 2005). In Canada, 30
% of hypertension cases are linked to a high sodium diet (Joffres et al., 2007). The World
Health Organization recommends that humans consume no more than 2000 milligrams of
sodium per day (World Health Organization, 2007).
Seventy-five percent of sodium intake in Western countries comes from processed foods
(McGregor, 2007). The remaining 25 % of intake is from a combination of naturally
occurring salts in food and the addition of sodium during home-cooking (i.e., table salt)
(James et al., 1987). Food manufacturers are now being pressured by media and
government organizations to reformulate and provide low-sodium alternatives to
consumers (McGregor, 2007). For example, a 50 gram portion of cheddar cheese contains
around 311 milligrams of sodium, as is currently defined by Health Canada (Health
Canada, 2008). Before it can be claimed as ‘low in sodium’, the amount of sodium cannot
exceed 140 milligrams for the same portion size, which is a reduction of 55 % from the
current standard (FDA, 2011). With this nationwide effort to reduce sodium intake in
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pursuit, the aim is to gradually reduce levels so that palates can adapt without significant
detection (Fletcher, 2007, Dötsch et al., 2009).
2.2.3 Sodium-reduction strategies in cheese
Many sodium-reduced products have the reputation of being bland and unexciting in
flavour (Blais et al., 1986, Malherbe et al., 2003). Since sodium chloride is pivotal in the
development of flavour and texture in cheese, in addition to the control of bacterial
growth, reformulation to provide sodium-reduced options is impeded by drastic changes in
the sensory and functional properties (Fitzgerald & Buckley, 1985, McGregor, 2007).
Another drawback to reducing sodium is that the production costs are likely to increase;
sodium chloride is inexpensive in comparison to its replacers. It has been estimated that
replacing 20-30 % of sodium chloride with a substitute while maintaining perceived
saltiness can increase the total cost of raw materials by 30 % (Dötsch et al., 2009). Certain
types of sea salt have been successful in lowering the sodium content in food because it is
readily available for personal use and contains other minerals that also exhibit saltiness.
Sodium chloride makes up just 41 % of the total mass of sea salt (Institute of Medicine,
2010).
Potassium chloride is a popular alternative to sodium chloride for industry and has already
been used in many sodium-reduced products. From a nutritional standpoint, potassium
chloride is considered to be a great replacer because its intake has been linked to reducing
sodium-induced hypertension in humans (Geleijnse et al., 2003, Drake et al., 2011).
Despite this benefit, the use of potassium chloride in commercial products is limited by its
bitter and chalky tastes (Barnekow et al., 2007, Dötsch et al., 2009, Institute of Medicine,
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2010). Potassium chloride was shown to reduce the amount of sodium chloride in cheddar
cheese up to 25 % without a significant change in liking, however a residual sourness was
detected (Flatcher, 2011).
Since the partial or complete substitution of sodium chloride in cheese has a risk of
reducing palatability, another approach to lowering sodium content is through enhancing
perceived saltiness—and umami in some cases—with flavouring ingredients such as
monosodium glutamate, aged cheeses, tomatoes, mushrooms, vegetable extracts, and yeast
extracts (Marcus, 2005, Guinee, 2007, Marcus, 2007, Noordam & Meijer, 2007, Floury et
al., 2009). Yeast extracts are of particular use in more savoury-type applications because
they contain peptides, amino acids, and nucleotides that exhibit a noticeable umami taste
(Noordam & Meijer, 2007). When used in combination with potassium chloride, yeast
extract can also mask its bitterness (Shackelford, 1981). Sodium content can be reduced up
to 50 % simply by enhancing umami taste before acceptance significantly changes
(Marcus, 2007).
2.2.4 Consumer response to cheese sauce and sodium-reduction
Cheddar flavour of the sauce is the attribute most prominent in the macaroni and cheese
dish, although this flavour can be interpreted in different ways between individuals (Guan
et al., 2002, Childs et al., 2009). Beefy, brothy, and free fatty acid were individual
components of cheddar flavour that consumers most liked. With cheese sauces made from
dry powders, salty, malty, nutty, diacetyl, and sour were also flavours consumers liked.
Interestingly, appearance of the sauce was not a significant factor towards acceptance
(Childs et al., 2009).
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Preference towards saltiness is a driving factor in consumption (Barnekow et al., 2007).
For example, many cheese sauces are favoured for the saltiness they provide towards
dishes such as macaroni and cheese (Childs et al., 2009). Despite this liking of saltiness,
consumers still want choice (Johnson & Paulus, 2008). Their awareness of the health risks
associated with high sodium foods affects the likelihood of their consumption. The
demand for food suppliers to provide healthier alternatives that maintain the same salty
taste must be answered (Schroeder et al., 1988).
Lowering the sodium content in food can be easily recognized by consumers and their
preference diminishes quickly (Mattes, 1997). With cheese sauce, it has been shown that
the sodium level can be reduced by 18 % before consumers take notice (Drake et al.,
2011). Switching to a low-sodium diet initially generates dislike towards those new foods
but as time progresses and palates adapt, acceptance increases. Over time, the detection
threshold for sodium lowers and foods containing ‘regular’ levels of sodium are perceived
as too salty (Bertino et al., 1982, Beauchamp, 1991, Delwiche & O'Mahony, 1996).
2.3 Volatile organic compound analysis
2.3.1 The importance of flavour analysis
The five basic tastes that humans perceive are sweet, salty, sour, bitter, and umami. These
tastes are brought on by the chemical interaction of our taste receptors with non-volatile,
typically polar compounds (Baines, 2007). However, the true sensation of flavour is a
combination of both taste and smell. This is why it is important to analyze the VOCs
sensed retronasally by the olfactory receptors in order to best understand the flavours
associated with food (Linforth & Taylor, 1993, Baines, 2007). The summation of
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anywhere between a few to hundreds of VOCs—even at just trace levels—can contribute
to overall flavour (Seitz, 1995). Food also gives VOCs not associated with flavour so it is
important to be able to make this distinction. For example, hundreds of VOCs exist in
baked bread but only a small fraction actually contributes to what humans perceive as
typical bread aroma (Chang et al., 1995, Cho & Peterson, 2010).
In the early 1960s, chemists could only detect 600-700 VOCs in food but that number has
since increased to approximately 15 000 compounds because of improved methods with
much higher sensitivity (Baines, 2007, Barnekow et al., 2007). Less volatile and nonvolatile compounds that impart taste (e.g., umami) or a trigeminal sense (e.g., the burn
from spice) can also now be detected using methods such as liquid chromatography-mass
spectrometry and liquid chromatography-nuclear magnetic resonance (Barnekow et al.,
2007).
2.3.2 Solid-phase microextraction
Nowadays, there are many different options to consider when performing flavour analysis.
Before any type of analysis begins, it is important to remember that flavour compounds
may be present in just trace amounts, they may be reactive with other compounds, and
they can be integrated with complex matrices in food (Harmon, 2002).
An ideal method for VOC analysis should be solventless, relatively quick, inexpensive,
sensitive, and be used on a variety of different samples (Self, 2005). Solid-phase
microextraction (SPME) fits all of these criteria. This technique was first described by
Belardi and Pawliszyn (1989) when they were trying to extract organic compounds from
water samples (Belardi & Pawliszyn, 1989). Since then, SPME applications have used
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samples from soil, water, and air in addition to many studies on food (Djozan & Assadi,
1997, Roberts et al., 2000, Ruiz et al., 2003, Plessas et al., 2008, Beleggia et al., 2009,
Mwatseteza & Torto, 2010).
SPME uses a fibre coated in a stationary phase that is protected within a metal sheath
(Figure 2.13). This sheath pierces the septum of the vial containing the analyte of interest,
which is when the fibre becomes exposed to adsorb the VOCs. After adsorption, the fibre
is retracted back inside the sheath and removed from the vial. The fibre is then exposed to
the inlet of a gas chromatograph to desorb the VOCs and commence resolution on the
column (Self, 2005).

Figure 2.13. Depiction of the SPME syringe (Self, 2005).
Two equilibra to acknowledge when using SPME are that between sample and its
headspace and that between headspace and exposed fibre (Roberts et al., 2000). The most
common fibre used in SPME is polydimethylsiloxane, which is stable and can be reused
for multiple injections. This type of fibre is best used when analyzing non-polar VOCs in
particular (Roberts et al., 2000). Other factors to take into consideration when using SPME
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include temperature during adsorption, duration of fibre exposure, and the amount of
analyte present (Zhang & Pawliszyn, 1993). Modifications to SPME have included stir bar
sorptive extraction (Baltussen et al., 1999, Hayasaka et al., 2003, Salinas et al., 2004) and
headspace sorptive extraction (Maeda et al., 2008).
SPME has been criticized in the past for not giving a true representation of headspace
analysis since there can be moderate to strong selectivity towards compounds based on
type of fibre (Marsili, 2002). Individuals who criticize this method insist static headspace,
solvent extraction, and simultaneous distillation extraction as superior methods with more
accurate VOC representation since they do not exhibit any bias (Roberts et al., 2000,
Marsili, 2002). These methods are not without their own set of problems however. They
are time consuming and risk VOC loss upon work up (Harmon, 2002, Maeda et al., 2008).
There is also the possibility of other non-volatile components co-extracting by solvent
extraction, making it difficult to assess which compounds contribute to aroma and which
do not (Roberts et al., 2000).
2.3.3 Selected ion flow tube-mass spectrometry
Headspace analysis, whether it is static, dynamic, or using SPME, is often done on food
that is intact. However, this may not be a good representation of what humans sense as
they chew their food. During mastication, food is chewed at a certain oral temperature and
enzymes present in the saliva break down food components to form new molecules. Food
is also macerated into smaller particles with increased surface area (Linforth & Taylor,
1993). Two alternative methods to SPME that take into account these factors are selected
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ion flow tube-mass spectrometry (SIFT-MS) and in-nose atmospheric pressure ionization
mass spectrometry (Taylor et al., 2000, Phan et al., 2008).
For SIFT-MS, real-time breath analysis can be performed quickly and with great
sensitivity. Any chromatographic method would require large sample volumes to be preconcentrated before injection onto the column which prevents real-time analysis (Phillips
& Greenberg, 1992, Smith & Špaňel, 2005). SIFT-MS is a form of direct mass
spectrometry that does not rely on chromatographic separation but instead employs soft
chemical ionization in order to identify compounds at concentrations as low as parts per
trillion by volume (Figure 2.14). This soft ionization reduces compound fragmentation
unlike the more commonly used electron impact ionization, allowing analysis without
compound resolution or standard calibrations (Syft Technologies, 2009).

Figure 2.14 Diagram of a SIFT-MS (Syft Technologies, 2009).
The three main reagent ions used in SIFT-MS are the hydronium (H3O+), nitrosonium
(NO+) and dioxygenyl (O2+) ions, formed using a microwave on air and water. These ions
are isolated by a quadrupole mass filter and enter a flow tube alongside the sample of
interest. Ion-molecule reactions (e.g., proton transfer, charge transfer, association, etc.)
occur between the two components as they are carried downstream via carrier gas. Once
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the end of the flow tube has been reached, newly formed product ions as well as unreacted
reagent ions pass through another quadrupole mass filter where a particle multiplier
measures the count rate at specific masses. VOCs should produce unique chemical
fingerprints with reagent ions, eliminating the possibility of confounding data from
isobaric or isomeric compounds. Reacting three different reagent ions increases the
specificity and accuracy of compound identification. With known rate constants and
branching ratios provided in an electronic library, concentrations can be calculated (Syft
Technolgies, 2009).
If breath analysis cannot be sampled directly onto the SIFT-MS, collapsible bags may be
used as an alternative for breath collection. Headspace analysis of food can also be
performed using containers sealed with septa that are pierced by a needle connected to the
sample inlet, which is the method used within this thesis to capture volatiles. Compound
concentration can be calculated from the mean concentration of the headspace over a given
time (Smith & Špaňel, 2005).
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CHAPTER 3: The effect of drying and whole grain on the pasting, physicochemical,
and qualitative properties of pasta

Abstract
Drying is one of the most important stages in pasta production because of its
influence on texture and colour. Whole grain pasta has been associated with greater
cooking loss and softer texture. The objective of this research was to examine the impact
of the drying profile and WGC on pasting and physicochemical properties of starch in
macaroni and see how the qualitative properties of macaroni are affected. A dryingflour
interaction was detected in pasting properties of the samples with differences observed in
peak viscosity, peak time, and final viscosity in whole grain following drying. Hot stage
microscopy showed restricted granule swelling following treatment, reducing AML, which
partly governs viscosity. DSC showed a significant increase in ALC formation upon
treatment, which can also reduce leaching. While the interaction between these treatment
effects was significant for cooking loss, firmness and adhesiveness measured
instrumentally, differences between drying conditions for either textural attribute could not
be detected using a trained panel.
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3.1 Introduction
Flavour, colour, and texture development of pasta are influenced by the unit operation of
oven drying. Gluten loses its hydration property and irreversible crosslinks are formed,
allowing pasta to hold its shape. Too large of a moisture gradient from extreme drying
temperatures can produce cracks, reducing quality (Walsh & Gilles, 1977, Dawe, 2001a).
Starch has mostly played a supporting role to protein in determining quality despite
comprising 70 % or more of total content in pasta (BeMiller & Whistler, 2009).
Hydrothermal treatment of starch can change short-range chain conformation without
incurring gelatinization or granule destruction (Eliasson, 2004, BeMiller & Whistler, 2009,
Varatharajan et al., 2010). AMP double helices become more densely packed and order
increases within the crystalline lamellae (Hoover, 2010). ALCs can also form and are
thought to reduce granule swelling and AML (Conde-Petit et al., 1997, Eliasson, 2004).
These helical clathrate inclusion complexes house polar lipids or surfactants inside of a
hydrophobic core (Godet et al., 1993, Eliasson, 2004).
Competition between protein coagulation and starch gelatinization during cooking is
predetermined by hydrothermal treatment (i.e., the temperature profile of pasta drying).
Reduced granule swelling ensures complete protein network formation, which results in
firmer pasta. When hydrothermal treatment is less effective and granule swelling is
unhindered, the protein network cannot form completely and AML increases, producing
softer, stickier pasta (Resmini & Pagani, 1983).
Bran from whole grain can also interfere with network formation in pasta, causing textural
changes and reduced cooking quality (D'Appolonia & Youngs, 1978, Zhang & Moore,
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1997, Manthey & Schorno, 2002). Consumers associate dietary fibre with providing health
benefits beyond a regular diet so manufacturers are faced with the challenge of
incorporating whole grain into their products while maintaining consumer acceptance
(Mehta, 2005).
The objective of this research was to determine the effect of both the drying profile and
WGC on the pasting and physicochemical properties of starch within pasta and how these
factors impact final quality. While drying condition had an impact on cooking loss as well
as instrumental firmness and adhesiveness, these differences could not be discerned in
human subjects.
3.2 Materials and methods
3.2.1 Pasta processing
Canadian Western Hard White Wheat flours [refined and whole grain; protein content
(N5.7) of 14.9 ± 0.0 and 15.4 ± 0.1 %, respectively]3.1 were supplied by Kraft
Mississauga Mill (Mississauga, Canada) and manufactured into pasta by the University of
Milan (Milan, Italy). LT-LT and HT-ST drying profiles are provided in Figure 3.1 and
were used to ultimately produce four samples: LT-LT refined, LT-LT whole grain, HT-ST
refined, and HT-ST whole grain. The moisture content of the dried pasta ranged from 9.3 ±
0.0 to 10.4 ± 0.2 %.3.2 A portion of these samples was ground to provide powdered
uncooked pasta for analysis.

3.1
3.2

Further characterization of refined and whole grain flours is provided in Appendix A, Table A.1
Full moisture content analysis is provided in Appendix B, Table B.1
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Figure 3.1. Profiles of LT-LT and HT-ST drying conditions.
3.2.2 Pasting properties
An RVA-4 (Newport Scientific, Warriewood, Australia) was used to measure the pasting
properties of flour and ground uncooked pasta matrices in duplicate according to AACC
Approved Method 76-21.01. Samples were equilibrated at 50 °C for 1 min, heated to 95
°C at 6 °C/min, held at 95 °C for 5 min, cooled to 50 °C at 6 °C/min, and held at 50 °C for
2 min. The speed was 960 rpm for the first 10 s then 160 rpm for the remainder of the test.
3.2.3 Hot stage microscopy
Suspensions were created by adding 10 mg of either flour or ground uncooked pasta to 1
ml water (Patel & Seetharaman, 2006). The suspension was transferred onto a slide,
covered with a coverslip, and sealed using nail polish. The slide was placed on an LTS 350
hot stage (Linkam Scientific Instruments, Surrey, England) and observed under 20
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magnification using an Olympus BH series microscope (Olympus Optical Co. Ltd.,
Shinjuku-ku, Tokyo, Japan) during heating. The TMS 93 temperature control (Linkam
Scientific Instruments, Surrey, England) was set to ramp from 50 to 80 °C at a rate of 12
°C/min. At each 5 °C interval, the temperature was held for 30 s to optimize the image
focus before capture and ensure thermal equilibration of the hot stage. The images were
captured using Scion Image for Windows (Scion Corporation, Frederick, MD) and the
mean granule image areas (n = 10) were calculated using ImageJ 1.45s (National Institutes
of Health, USA).
3.2.4 Differential scanning calorimetry
Thermal properties of starches within flour and ground uncooked pasta were measured in
duplicate using a Q100 series DSC (TA Instruments, New Castle, DE) and software
Thermal Advantage v3.2 (TA Instruments, New Castle, DE). Water was added to each
sample (3:1::water:sample, by weight), sealed in a hermetic alodined pan (TA Instruments,
New Castle, DE), reweighed, and kept overnight before analysis. An empty pan was used
as a reference for all runs. Nitrogen gas was used to prevent water condensation. After
equilibrating the sample at 20 °C for 1 min, the temperature was increased to 120 °C at 10
°C/min. Values for T1o, temperature range of gelatinization (T1c-T1o), ΔH1, and standard
enthalpy of ALC melting (ΔH2) were obtained using Universal Analysis 2000 Version
4.7A (TA Instruments, New Castle, DE). Enthalpy values were corrected for starch content
obtained using AACC Approved Method 76.13 (HT-ST refined: 81.2 ± 2.3 %; LT-LT
refined: 80.9 ± 2.0 %; HT-ST whole grain: 72.2 ± 0.4 %; LT-LT whole grain: 71.1 ± 0.8
%).
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3.2.5 Wide angle x-ray crystallography
XRD was performed using a diffractometer (Rigaku-Denki, Co., Tokyo, Japan) and
software XG control v1.1.2 (Rigaku-Denki, Co., Tokyo, Japan). Samples were packed
tightly into a 11 inch square well of a quartz plate. The diffractometer was set to target
voltage 40 kV, current 44 mA, scanning range 3-35°, scan speed 1°/min, divergence slit
width 0.5°, scatter slit width 0.5°, sampling width 0.02°, and receiving slit width 0.3 nm.
The diffractograms were smoothed and analyzed using Jade v6.5 (Material Data Inc.,
Livermore, CA). Gaussian curves for peaks at ~ 15°, 17°, 18°, 20°, and 23° 2θ were fitted
on a 4th order polynomial background curve. ALC/total crystalline region ratio was
determined by dividing the peak area at 20° 2θ by the total area of peaks.
3.2.6 Fourier transformed infrared spectroscopy
Fourier transformed infrared spectroscopy (FTIR) of the samples were obtained in
triplicate using an IRPrestige-21 spectrophotometer (Shimadzu Corporation, Kyoto, Japan)
equipped with a deuterated L-alanine doped triglycine sulphate detector using an
attenuated total reflectance accessory (Pike Technologies, Madison, Wisconsin) with
diamond crystal. The spectra were obtained after pressing the sample on the diamond
using a resolution of 4 cm-1 and scan range of 600-4000 cm-1. One hundred scans were
recorded against an empty cell as the background. Sample spectra were averaged, baseline
corrected, and deconvoluted using OPUS v6.5 (Bruker Optics, Billerica, MA). The degrees
of single and double helical orders were determined by calculating the area ratio of
~1153/1078 and ~1022/1078 cm-1, respectively (Bernazzani et al., 2000).

39

3.2.7 Cooking quality
Five pieces of pasta were cooked in 300 ml distilled water for 5 min in triplicate. The
cooking water was evaporated overnight in an oven set to 85 °C and the remaining residue
weighed. The cooked sample was dried overnight in a vacuum oven (70 °C, 70 mmHg) to
obtain a dry mass. The quality parameters were calculated as follows (Pınarlı et al., 2004):
(3.1)

(3.2)

(3.3)

3.2.8 Sensory analysis
Descriptive analysis was performed on cooked pasta served at room temperature. Ethics
approval was obtained from the University of Guelph Research Ethics Board (REB#
09MY20). Twelve panelists who gave written consent3.3 were trained for 18 hourly
sessions on flavour and texture attributes of the pasta (this will be further discussed in
Chapter 4), however only firmness and adhesiveness to teeth are presented here. One
hundred fifty grams of uncooked pasta was added to 1500 ml boiling water (tap, unsalted)
and stirred periodically. After 5 min, the pasta was strained, rinsed under tap water for 30
seconds, and spread onto a rack to allow cooling to room temperature. For testing, each
sample was labelled with a random three digit blinding code. Samples (8 pieces of pasta
per cup) were presented in random order to the panelists with a 1 min break between each

3.3

Consent form is provided in Appendix C.1
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sample. All samples were evaluated at room temperature in triplicate. Under red light, the
panelists were instructed to bite the pasta in half and evaluate the attributes based on that
half. Between samples, unsalted crackers and a glass of filtered water served at room
temperature were provided to cleanse the palate. The samples were evaluated on a 15 cm
line scale using the program Compusense Five © 2008 (Compusense, Guelph, ON).3.4
3.2.9 Textural analysis
Pasta was cooked according to the method described in section 3.2.8. Using a TA.XTPlus
texture analyzer (Stable Micro Systems, Ltd., Surrey, England) and software Texture
Exponent 32 (Texture Technologies Corporation, Scarsdale, NY), twenty pieces of cooked
pasta cooled to room temperature were placed into a Kramer shear cell with sample
dimensions 524 (lwh) over five replicates. Firmness (peak) and adhesiveness
(negative area) values were obtained using a 50 kg load cell (Mandeville, 2009). The
height of the probe was calibrated to 110 mm. The test speed was set to 200 mm/s and the
distance of compression was set to 112 mm.
3.2.10 Statistical analysis
Three-way Analysis of Variances (ANOVAs) from a model using replicates, flour, and
drying as variables plus a dryingflour interaction variable were performed using SAS 9.2
for Windows (SAS Institute, Inc., Cary, North Carolina). For sensory analysis, four-way
ANOVAs were performed with an additional judge variable to detect differences between
panelists. Interaction variables showing no significance were removed from models and
degrees of freedom were added back to error. The data was analyzed as a randomized
3.4

Test questions created using Compusense are provided in Appendix D.1
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complete block design with specific differences among the means for drying main effect
determined using Tukey’s Honestly Significant Difference (HSD) test (p ≤ 0.05).
3.3 Results and discussion
3.3.1 Pasting properties3.5,3.6
Table 3.1. Statistical significance of flour, drying main effects and their interactions
from ANOVA.
Significance of main effects and interactiona
Property
Parameter
Flour
Drying
Dryingflour
***
***
***
Peak viscosity (cP)
**
***
*
Peak time (min)
Pasting
***
***
***
Pasting temp (°C)
***
**
***
Final viscosity (cP)
**
**
**
T1o (°C)
**
***
NS
T1c-T1o (°C)
Thermal
*
NS
NS
ΔH1 (J/g, db)
NS
**
NS
ΔH2 (J/g, db)
***
***
**
Cooking loss (%)
***
NS
NS
Cooking quality Water content (%)
**
NS
NS
Mass increase (%)
***
NS
NS
Firmness
Sensory
***
NS
NS
Adhesiveness
***
**
***
Firmness (kg)
Textural analysis
***
NS
**
Adhesiveness (kg·s)
a

NS, *, **, *** = Not significant, significant at p ≤ 0.05, 0.01, or 0.001, respectively

Dryingflour interaction was significant for the pasting properties of flour and pasta
samples (Table 3.1). Peak viscosity of flour was lower than for pasta in refined samples
but the reverse was true for whole grain (Table 3.2). This trend was also observed for final
viscosity of the pastes. At each drying condition, viscosity reduced in the presence of bran.
This viscosity is a result of leached polymers from starch granules that interact through
3.5
3.6

Viscograms of flour and pasta are provided in Appendix E.1, Figures E.1.1 and E.1.2
ANOVA for pasting properties of flour and pasta are provided in Appendix F.1, Table F.1.1
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hydrogen bonding, forming a lattice network (BeMiller & Whistler, 2009). The bran
fraction possibly reduced these non-covalent interactions, lowering viscosity. Viscosity is
also dependent on granule swelling, which can be restricted following hydrothermal
treatment (Sair, 1967, Kulp & Lorenz, 1981, Hoover, 2010).
Table 3.2. Means and standard deviations of
significant dryingflour interactions.
Property
Parameter
Drying
Flour
Peak viscosity (cP) HT-ST
LT-LT
Flour
Peak time (min)
HT-ST
LT-LT
Pastinga
Flour
Pasting temp (°C) HT-ST
LT-LT
Flour
Final viscosity (cP) HT-ST
LT-LT
Flour
a
Thermal
T1o (°C)
HT-ST
LT-LT
Flour
b
Cooking quality
Cooking loss (%) HT-ST
LT-LT
Flour
Firmness (kg)
HT-ST
LT-LT
Textural analysisc
Flour
Adhesiveness (kg·s) HT-ST
LT-LT
a

n = 2 (reps); F0.05,2,5
n = 3 (reps); F0.05,1,6
c
n = 5 (reps); F0.05,1,12
b
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sample properties with
Refined Whole grain
3660±18
3174±18
3763±15
2251±40
3818±17
2106±93
6.2±0.0
6.2±0.0
5.9±0.0
5.6±0.0
5.8±0.0
5.6±0.0
60.8±0.4
74.6±0.1
73.0±0.0
75.3±0.1
73.0±0.1
75.2±0.0
3494±30
3222±61
3821±54
2520±41
3815±4
2419±49
57.3±1.1
57.7±0.6
57.5±0.7
62.0±0.7
56.7±0.1
62.1±0.1
4.2±0.2
7.1±0.3
3.5±0.4
4.0±0.3
38.1±1.2
22.9±0.6
37.8±1.0
26.8±1.5
-13.8±1.4
-8.7±1.1
-13.0±0.9
-10.8±0.6

The changes in granule swelling were monitored on a hot stage microscope. The average
change in granule area of A-type granules is shown in Figure 3.2. In both refined and
whole grain samples, swelling was restricted following hydrothermal treatment (i.e.,
drying temperatures). However, both peak and final viscosity reduced in just whole grain
samples (Table 3.2). In refined samples, viscosities were observed to increase following
treatment.

Figure 3.2. Average change in image area of A-type starch granules for refined
(A) and whole grain (B).
Peak time appeared to be similar between the flours, but they deviated following
hydrothermal treatment (Table 3.2). Peak time decreased more in whole grain samples
compared to refined samples. AML was likely reduced in pasta due to restricted swelling,
offering fewer opportunities for non-covalent interactions and, as a result, shorter times
were needed to reach maximum association. Since interaction was also interrupted by
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bran, the time needed to reach maximum association should reduce as well. The
combination of both effects in whole grain pasta may explain the interaction that was
observed for peak time.
Whole grain flour and pasta had higher pasting temperatures compared to the
corresponding refined samples (Table 3.2). However, the differences in pasta from refined
or whole grain were smaller, compared to those observed in the flour. Lower effective
water concentration caused by fibre in whole grain flour likely delayed the pasting profile.
Starch pastes have been shown to increase in pasting temperature upon hydrothermal
treatment due to increased short-range helical order (Hoover & Vasanthan, 1994, Hoover,
2010). Therefore, it is also likely that during the drying profile, bran reduced the amount of
available water and restricted the mobility of the helices to achieve a higher order when
dried into pasta.
3.3.2 Thermal properties3.7,3.8
An interaction between flour and drying type was observed across the samples for T1o,
while it was not significant for T1c-T1o, ΔH1, and ΔH2 (Table 3.1). Drying, in general, had
a greater impact on T1o for whole grain than it did for refined (Table 3.2). Additionally, T1o
was higher in whole grain than refined at each drying level. This delay in T1o is likely
explained by the competition for water between starch and fibre from whole grain. A
decrease in effective concentration of water would increase the temperature required to
melt the crystallites in the granule. In general, fibre increases T1o, while decreasing T1c-T1o
(Symons & Brennan, 2004). The combination of both lower effective concentration of
3.7
3.8

Thermograms of flour and pasta are provided in Appendix E.1, Figures E.1.3 and E.1.4
ANOVA for thermal properties of flour and pasta are provided in Appendix F.1, Table F.1.2
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water due to fibre and higher helical order following heat treatment may be responsible for
dryingflour interaction that was observed. This increase in T1o from native to processed
starches also corresponds to the increase in pasting temperature, although it should be
noted that these parameters are not equivalent (Jin-song, 2008).
Table 3.3. Means and standard deviations of sample properties
with significant flour main effect.
Property
Parameter
Refined Whole grain
13.4±1.8
11.0±2.1
T1c-T1o (°C)
Thermala
9.7±0.6
8.7±0.6
ΔH1 (J/g, db)
54.1±1.2
Water content (%) 50.2±0.5
Cooking qualityb
91.7±3.7
Mass increase (%) 84.0±2.3
12.0±1.2
3.0±2.0
Firmness
Sensoryc
11.6±1.2
2.5±1.5
Adhesiveness
a

n = 6 (2 reps*3 drying levels); F0.05,1,7
n = 6 (3 reps*2 drying levels); F0.05,1,7
c
n = 72 (3 reps*12 judges*2 drying levels); F 0.05,1,128
b

The main effect of flour was significant (Table 3.3), while drying did not have a
significant effect for ΔH1. ΔH1 has been reported to either decrease or remain unchanged
when fibre is added to the system (Symons & Brennan, 2004, Hoover, 2010). It was
observed that ΔH1 of refined samples was significantly higher than whole grain. Lower
effective water concentration caused by bran may have reduced mobility to achieve higher
helical order during drying, possibly explaining reduced ΔH1.
Table 3.4. Means and standard deviations of sample
properties with significant drying main effect.
Property Parameter
Flour
HT-ST
LT-LT
T1c-T1o (°C) 14.5a±1.1 11.4b±2.0 10.6b±1.3
Thermala
ΔH2 (J/g, db) 1.6b±0.3 2.4a±0.4 2.6a±0.2
a

n = 4 (2 reps*2 flour levels); F0.05,2,7; Means within a row with the same
letter are not significantly different (p ≤ 0.05)

The main effect of drying was significant for ΔH2 (Table 3.4) while no differences were
observed in type of flour. Tukey’s HSD test shows that the means of either dried pasta
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were significantly higher than the mean of flour, however, there was no significant
difference specifically between drying condition (i.e., HT-ST and LT-LT). These increases
in ALC content in pasta likely correspond to the reduced leaching of AM and lower peak
viscosities of the dried pasta. Additionally, the ratio of ALC peak area at approximately
20° 2θ to the total crystalline area (Figure 3.3) was observed to increase from flour to
pasta. In the refined samples, this ratio increased from 0.218 in flour to 0.290 and 0.276 in
HT-ST and LT-LT dried pasta, respectively. In whole grain, it increased from 0.368 in
flour to 0.374 and 0.392 in HT-ST and LT-LT dried pasta, respectively.

Figure 3.3. XRD of flour, HT-ST and LT-LT pasta for refined (A) and
whole grain (B).
3.3.3 Fourier transformed infrared spectroscopy3.9
Values for single and double helical order obtained from FTIR spectra are provided in
Table 3.5. The degree of single helical order appeared to increase from flour to dried pasta
3.9

FTIR spectra of flour and pasta are provided in Appendix E.1, Figures E.1.5 and E.1.6
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and, more specifically, from HT-ST to LT-LT, in both refined and whole grain. This data
supports the trends observed both in DSC and XRD that hydrothermal treatment results in
more ALCs.
Table 3.5. Single and double helical order of
starch within flour and pasta (HT-ST, LT-LT)
for refined and whole grain samples.
Helical order Drying Refined Whole grain
0.09
1.21
Flour
0.53
1.83
Single
HT-ST
1.20
3.79
LT-LT
3.37
5.68
Flour
1.10
10.15
Double
HT-ST
1.25
8.75
LT-LT
Hydrothermal treatment can disrupt double helical order (Hoover, 2010) and, despite the
main effect of drying not being significant for ΔH1, a decrease in value was still observed
in the refined samples in FTIR. On the contrary, an increase in double helical order was
observed in whole grain. Aromatic stretches occur in the same region as the absorbances
for these single and double helices so perhaps the presence of phenolic compounds within
whole grain is confounding the data interpretation.
3.3.4 Cooking quality3.10
Cooking loss of the pasta exhibited a significant interaction between drying and whole
grain content while pasta water content and mass increase did not (Table 3.1). While
cooking loss was higher in HT-ST dried pasta, differences between drying type were
greater in whole grain pasta than in refined (Table 3.2). Bran likely interfered with
network formation of protein, thus decreasing starch encapsulation and allowing more
3.10

ANOVA for qualitative properties of pasta are provided in Appendix F.1, Table F.1.3
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AML in the boiling water. Although differences between drying type was not clearly
observed by hot stage microscopy (Figure 3.2), a discrepancy in methodology is that
microscopy uses powdered sample whereas pasta with an intact protein network, which
likely controls swelling, was used to measure cooking loss.
The presence of fibre had a significant effect on water content in cooked pasta while
drying condition had no impact. The mean water content of whole grain pasta was
significantly higher than the mean of refined pasta (Table 3.3). This increase in water
content may be explained by not only the ability of fibre to absorb water itself, but also by
an increase in the water holding capacity of granules due to a disrupted protein network.
For mass increase of cooked pasta, the significance of treatment effects was the same. The
mean mass increase of whole grain pasta was also significantly higher than refined,
suggesting that mass increase is directly proportional to water content and that fibre can
have a considerable impact on both values.
3.3.5 Sensory and textural analysis3.11,3.12
A trained panel revealed that flour type was significant for perceived firmness of cooked
pasta while drying condition was not (Table 3.1). The mean for whole grain pasta was
significantly lower than refined (Table 3.3), which is likely the result of a discontinuous,
weaker protein matrix caused by bran (Bruinsma et al., 1978).3.13 This data was also
verified instrumentally, which showed significance in a dryingflour interaction. While
mechanical firmness generally decreased in the presence of bran, the difference between
drying condition was greater in whole grain pasta compared to refined pasta (Table 3.2).
3.11

Firmness/adhesiveness profiles of pasta are provided in Appendix E.1, Figure E.1.7
ANOVA for sensory and textural analysis of pasta are provided in Appendix F.1, Figures F.1.4 and F.1.5
3.13
Fluorescence microscopy depicting bran interruption on gluten is shown in Appendix G, Figure G.1
3.12
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Other researchers have reported that pasta firmness increased using HT-ST drying
conditions (Wyland & D'Appolonia, 1982, D'Egidio et al., 1990, Novaro et al., 1993,
Anese et al., 1999). While this was true for refined pasta, firmness was lowered in whole
grain pasta. Manthey and Schorno (2002) had also found that mechanical strength of
whole grain spaghetti decreased when dried under HT-ST conditions and suggested it was
due to a greater contraction of the gluten matrix upon the bran particles, accentuating their
disruption.
For perceived adhesiveness by a trained panel, flour type was again significant while
drying condition was not (Table 3.1). The mean of refined pasta was significantly higher
than the mean of whole grain pasta. Instrumental analysis for adhesiveness corroborated
the panel data and showed a significant interaction between treatment effects.
Adhesiveness decreased in the presence of bran at both drying levels but differences
between drying were greater in whole grain pasta (Table 3.2). The greater adhesiveness of
whole grain pasta dried under LT-LT conditions may be from poorer granule
encapsulation compared to HT-ST dried pasta, increasing the amount of leachates that
adhere to the surface of the pasta. It is clear that with both firmness and adhesiveness, the
greater sensitivity in the texture analyzer can detect subtle differences from drying type
that the human subjects cannot recognize.
3.4 Conclusions
Peak and final viscosity of the pastes reduce following drying treatments, which are
heavily influenced by AML. Hot stage microscopy confirmed reduced swelling of starch
granules following drying, which should limit AML. Differences between refined and
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whole grain samples are attributed to the bran lowering the interaction between leached
AM chains in the paste. ΔH2 increases upon drying, whose complexes are known to
restrict granule swelling and delay gelatinization by preventing starch-water interactions.
Both FTIR and XRD show an increase in single helical order.
Cooking loss increases under HT-ST drying conditions and also in the presence of bran.
The loss of starch into the cooking water, which is associated with an incomplete protein
network, can have a negative effect on both firmness and adhesiveness of pasta. However,
drying type did not lead to significant perception in human subjects.
Nutritionally, pasta is a preferred source for grains because of its low glycemic index. This
slow digestion of starch is also explained by the complete encapsulation of starch within
the protein matrix. Whole grain pasta comes with the added benefit of providing both
dietary fibre and phenolics to a variety of dishes. This data may hopefully provide pasta
manufacturers—especially those using whole grain—with insight on the effect of
processing on the molecular level with starch and the qualitative properties of their final
product.
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CHAPTER 4: The effect of drying and whole grain content on flavour and texture of
pasta

Abstract
Despite the nutritional benefits associated with whole grain products such as added fibre
and antioxidants, changes to flavour and texture have lowered acceptance from consumers.
Whole grain pasta tends to be bitter and branny in flavour and rougher in texture compared
to pasta made from traditional refined flour. The objective of this research was to examine
the impact of drying temperature and WGC on the flavour and texture of pasta and to
support this data by instrumental analysis. Descriptive analysis showed pasta with
increased WGC rated more intense in bitterness, branniness, wheatiness, surface
roughness, and graininess. Pasta with lower WGC rated more intense in sweetness,
starchiness, firmness, adhesiveness to teeth and cohesiveness of mass. Drying conditions
did not have a significant effect on sensory perception except for firmness where LT-LT
drying produced firmer pasta than HT-ST drying. Phenolic acid content, headspace
analysis, and textural analysis supported this data, revealing significant dryingflour
interaction across several chemical and physical attributes.
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4.1 Introduction
Consumption of whole grain products, such as pasta, has been linked to the reduced risks
of cardiovascular disease, type II diabetes, and cancer (Liu, 2007). Nutritional benefits
include dietary fibre, minerals, and phytochemicals. Of all phytochemicals, it is the
phenolics—including phenolic acids, tannins, and flavonoids—that have received the most
attention because of their antioxidant properties (Dykes & Rooney, 2007).
Despite these benefits, changes to sensory profiles have lowered acceptability in the
products for many consumers. Whole grain products tend to be darker in colour, rougher
and heavier in texture, and can develop off-flavours over time. Phenolic acids particularly
seem to be an issue because they are associated with having bitterness, sourness, and
astringency (Armbrister, 1995).
In pasta production, drying is perhaps the most critical stage because of its impact on
texture and flavour development. Thermal processing facilitates the migration of internal
water to the pasta exterior. Mishandling, through extreme temperatures or rapid drying,
can generate cracks thus, reducing quality. Milder drying temperatures pose their own
risks, including the potential for microbial contamination from prolonged exposure to high
humidity (Walsh & Gilles, 1977, Dawe, 2001a).
At the macromolecular level, pasta is essentially a large protein network formed by
irreversible protein-protein crosslinks through thermal dehydration, which encapsulates
starch granules (Dawe, 2001a). Bran from whole grain flour can interfere with water
migration during this step, increasing water retention within the pasta (Villeneuve &
Gélinas, 2007). Bran and germ particles also disrupt the continuity of the protein network,
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resulting in weaker, less firm pasta (D'Appolonia & Youngs, 1978, Zhang & Moore, 1997,
Manthey & Schorno, 2002).
Cereal products are excellent systems for chemical reactions during thermal processing
because of many labile and heat sensitive molecules. Processed flavours are developed
under high temperatures and are not present prior to this treatment (Manthey & Schorno,
2002). Flavours may develop through the thermal degradation of phenolic acids, such as
the decarboxylation and oxidation of ferulic acid (Jiang & Peterson, 2010). Many phenolic
acids, including ferulic acid, are found as the ester derivative, bound to arabinoxylans
within bran. Thermal processing can hydrolyze these bonds, freeing the acids and allowing
further chemistry to take place (Lintas, 1988).
The MR is a particular kind of reaction that involves a non-enzymatic, thermally induced
condensation between an amino acid and sugar molecule (Ledl & Schleicher, 1990).
Further rearrangement of this condensate produces VOCs responsible for aroma
(Sensidoni et al., 1999). Model MRs in the presence of ferulic acid prevent liberation of
these aroma compounds by producing inert non-volatile adducts with Maillard
intermediates (Jiang & Peterson, 2008). Phenolic acids may also suppress the generation of
certain heteroaromatic aroma compounds by reducing radical intermediates (Arnoldi &
Corain, 1996, D'Agostina et al., 1998, Wang, 2000).
Consumers associate dietary fibre with providing health benefits beyond that of a regular
diet and food manufacturers are incorporating whole grain into their products at the
challenge and risk of compromising flavour and texture. The objective of this research is
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to examine the impact of drying and WGC on the flavour and texture of pasta and to
support this data by instrumental analysis.
4.2 Materials and methods
4.2.1 Pasta preparation
Canadian Western Hard White Wheat flours [protein content (N5.7) for refined and
whole grain flours were 14.9 ± 0.0 and 15.4 ± 0.1 %, respectively] 4.1 were supplied by
Kraft Mississauga Mill (Mississauga, Canada) and manufactured into macaroni by the
University of Milan (Milan, Italy). LT-LT and HT-ST drying conditions were used (Figure
3.1) to produce eight samples from four different whole grain flour blends: LT-LT (0%,
25%, 75%, 100%) and HT-ST (0%, 25%, 75%, 100%). The moisture content of the dried
pasta ranged from 9.3 ± 0.0 to 10.8 ± 0.3 %.4.2
Although total mass of uncooked pasta and total volume of cooking water changed to fit
the needs of each experiment in order to obtain cooked pasta, their proportion to each other
remained constant. One part of uncooked pasta was added to 10 parts boiling water (tap,
unsalted) and stirred periodically. After 5 min, the pasta was strained, rinsed under tap
water for 30 seconds, and spread onto an oven roaster to allow even cooling.
4.2.2 Sensory analysis
Descriptive analysis was performed on cooked pasta served at room temperature. Ethics
approval was obtained from the University of Guelph Research Ethics Board (REB#

4.1
4.2

Further characterization of refined and whole grain flours is provided in Appendix A, Table A.1
Full moisture content analysis is provided in Appendix B, Table B.1
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09MY20). Twelve panelists who gave written consent4.3 were trained for 18 hourly
sessions on various flavour and texture attributes of the pasta. For testing, each sample was
labelled with a random three digit blinding code. Samples were divided into two sets
served on separate days [Set 1: LT-LT (0%, 25%) and HT-ST (0%, 25%); Set 2: LT-LT
(75%, 100%) and HT-ST (75%, 100%)] in order to prevent fatigue from the panelists.
These sets were not randomized in order to reduce any visual differences between four
samples served each day.4.4 Eight pieces of each sample treatment were presented to
participants for evaluation. Each treatment was presented in random order to the panelists,
with a 1 min break between each sample. All samples were evaluated at room temperature
in triplicate. Under red light, the panelists were instructed to bite the macaroni in half and
evaluate the attributes based on that half. Between samples, unsalted crackers and a glass
of filtered water served at room temperature were provided to cleanse the palate. The
samples were evaluated on a 15 cm line scale using the program Compusense Five © 2008
(Compusense, Guelph, ON).4.5
4.2.3 Extraction of free and bound phenolics
Extracts of cooked pasta were prepared in triplicate according to (Abdel-Aal et al., 2001).
An 80% methanol solution (5 ml) was added to ground freeze dried samples (500 mg) and
flushed with nitrogen gas. Following agitation for 30 min at 1800 rpm on an IKA shaker,
the samples were centrifuged for 10 min at 8000 rpm. The supernatant was removed and
pellet was re-suspended in another portion of methanol solution. Repeating agitation and
centrifugation, the supernatants were combined to obtain the free phenolic extract.
4.3

Consent form is provided in Appendix C.1
L*a*b* colour values and images of cooked macaroni are provided in Appendix H, Table H.1 and Figure
H.1
4.5
Test questions created using Compusense are provided in Appendix D.1
4.4
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The pellet was re-suspended in hexane (15 ml) and agitated for 5 min. After centrifugation
for 10 min, the supernatant was discarded and the pellet was agitated for 60 min in 2 M
sodium hydroxide (5 ml) under nitrogen to saponify phenolate esters. The suspension was
then acidified to pH 2 using 2 M hydrochloric acid and centrifuged for 15 min. The
supernatant was removed and deionized water (10 ml) was added to the pellet for washing.
After 3 min of agitation, the sample was centrifuged again for 10 min and the supernatants
were combined. The phenolics were liquid extracted from this supernatant three times
using a 1:1 mixture of diethyl ether/ethyl acetate (10 ml). The pooled organic phase was
filtered through glass wool, condensed under a stream of nitrogen gas, and reconstituted in
deionized water (2 ml) to obtain the bound phenolic extract.
4.2.4 Determination of total antioxidant activity of extracts
Total antioxidant activity (TAA) of the extracts was determined in triplicate using a
modified Folin-Ciocalteu method (Gao et al., 2002). To a 10% solution (v/v) of FolinCiocalteu reagent (750 μl) was added the extract (100 μl). After 5 min, 6% sodium
carbonate solution (w/w, 750 μl) was added and the mixture stood for 90 min in the dark
for colour to develop. The samples were centrifuged for 5 min at 8000 rpm and absorbance
of the supernatant was measured at 725 nm. Ferulic acid was used as the standard and
results are expressed as milligrams of ferulic acid equivalents per 60 g serving of cooked
pasta.
4.2.5 Determination of phenolic acid composition of extracts
An Agilent Series 1100 HPLC equipped with a diode array detector and a Supelcosil LC18 column (Sigma-Aldrich, Oakville, ON) was used for determining the composition of
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phenolic acids within the free and bound extracts in triplicate. While the bound phenolic
extract prepared from section 4.2.3 was used as is, the free phenolic extract was condensed
under a stream of nitrogen gas and reconstituted in deionized water (1 ml). Detection was
performed at five different wavelengths (i.e., 260, 275, 300, 320, and 330 nm) in which a
phenolic acid was quantified at its maximum absorption wavelength. Over 33 min, a
gradient elution using 6% formic acid in water and 6% formic acid in acetonitrile was used
at a flow rate of 1 ml/min. Various phenolic acid standards obtained from Sigma-Aldrich
(Oakville, ON) were run to determine retention times and maximum absorption
wavelength.4.6
4.2.6 Selected ion flow tube-mass spectrometry
Cooked pasta (30 g) was placed into 1 L glass jars fixed with septa and incubated for 120
min at 50 °C. After incubation, the jars were cooled for 30 min until they reached room
temperature. Headspace analysis was measured using SIFT-MS (Voice200®, Syft
Technologies, Christchurch, New Zealand) with another jar containing the room air in
which the samples were prepared and jarred serving as a blank. A full mass scan was
performed with H3O+, NO+, or O2+ as reagent ions, scan range 15-200 m/z, scan step 1.0
m/z, time limit 100 ms, carrier gas helium pressure 250 kPa, arm temperature 120 °C, and
flow tube pressure 122.0 ± 1.3 mTorr. Triplicate analyses were conducted for each sample.
Quantitation of VOCs identified from the full mass scan was performed using selected ion
mode with time limit 100 ms, count limit 10 000, ambient background time 30 s, and scan
time 60 s.

4.6

List of standards and their linear regressions are provided in Appendix I, Table I.1
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4.2.7 Textural analysis
Using a TA.XTPlus texture analyzer (Stable Micro Systems, Ltd., Surrey, England) and
software Texture Exponent 32 (Texture Technologies Corporation, Scarsdale, NY), twenty
pieces of cooked macaroni cooled to room temperature were placed into a Kramer shear
cell with sample dimensions 524 (lwh). Five replicates of testing were conducted.
Firmness (peak of curve) and adhesiveness (negative area of curve) values were obtained
using a 50 kg load cell (Mandeville, 2009). The height of the probe was calibrated to 110
mm. The test speed was set to 200 mm/s and the distance of compression was set to 112
mm.
4.2.8 Statistical analysis
ANOVAs with variables replicates, judges (for sensory analysis), and drying and flour
treatment effects plus interaction between treatment effects were performed using SAS 9.2
for Windows (SAS Institute, Inc., Cary, North Carolina). Specific differences among the
means of each main effect were determined using Tukey’s HSD test (p ≤ 0.05).
4.3 Results and discussion
4.3.1 Taste and flavour of whole grain pasta4.7,4.8,4.9
The effect of WGC on perceived taste and flavour is provided in Table 4.1. Drying
conditions did not have a significant impact on these attributes. Bitterness (the taste on the
tongue stimulated by caffeine and other bitter compounds) significantly increased at each
cumulative level of whole grain, while sweetness (the taste on the tongue stimulated by
4.7

ANOVA for sensory analysis is provided in Appendix F.2, Table F.2.1
ANOVA for phenolic extract composition is provided in Appendix F.2, Table F.2.2
4.9
ANOVA for headspace analysis is provided in Appendix F.2, Table F.2.3
4.8
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sucrose and other sugars) decreased. Bitterness of whole grain products is associated with
phenolic acid content (Liu, 2007). Free phenolic acids are located within the outer layers
of bran while bound acids are covalently linked to cell walls. While microbial enzymes
can cleave these bonds in the colon, thermal processing may also free acids (Liu, 2007).
Table 4.1. Means and standard deviations of sensory attributes with
significant flour main effect.
Whole grain contenta
Attributes
0%
25%
75%
100%
1.3d±1.0 4.2c±2.0 10.6b±1.7 11.8a±1.5
Bitter
11.4a±1.7 8.8b±1.7 3.3c±2.0 2.3d±2.0
Sweet
0.7d±0.8 4.9c±1.7 10.7b±1.6 11.8a±1.4
Branny
1.8c±1.1 4.9b±1.8 9.9a±1.8 10.2a±1.8
Wheaty
12.1a±1.2 9.2b±1.5 3.0c±1.4 2.1d±1.2
Starchy
0.9d±0.7 4.0c±1.7 11.0b±1.6 12.3a±1.3
Surface roughness
12.0a±1.2 9.9b±1.4 3.2c±1.7 3.0c±2.0
Firmness
Adhesiveness to teeth 11.6a±1.2 9.5b±1.7 3.0c±1.6 2.5c±1.5
Cohesiveness of mass 11.7a±1.3 9.4b±1.5 3.2c±1.4 2.3d±1.2
1.0d±0.6 4.2c±1.7 11.0b±1.5 12.1a±1.3
Graininess
a

n = 72 (3 reps*12 judges*2 drying levels); F 0.05,3,270; Means with the same letter are
not significantly different (p ≤ 0.05)

TAA of the free phenolic extract showed a significant dryingflour interaction (Table 4.2).
For both HT-ST and LT-LT dried pasta, TAA increased as WGC increased since phenolics
are mostly associated with the bran. At each level of flour, TAA was greater for LT-LT
dried pasta with the difference from corresponding HT-ST dried pasta widening as WGC
increased.
Both flour and drying main effects were significant for TAA. TAA increased upon
cumulative levels of whole grain (Table 4.3) because of increased bran content. TAA was
also significantly higher in LT-LT dried pasta than in HT-ST (Table 4.4). Although
thermal processing can hydrolyze phenolate esters, this decrease in TAA in HT-ST dried
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Table 4.2. Means and standard deviations of taste- and flavour-associated compounds and textural analysis with significant
dryingflour interactions.
Whole grain content
Test
Compound
Drying
0%
25%
75%
100%
HT-ST 17.52±0.44 19.70±0.67 24.37±0.40 26.93±0.21
Total antioxidant activity
LT-LT 18.28±0.25 20.49±0.26 25.44±0.47 29.87±1.30
HT-ST 0.40±0.01 0.94±0.06 1.36±0.23 1.99±0.07
Protocatechuic acid
LT-LT 0.12±0.06 0.40±0.16 1.24±0.02 1.51±0.14
ndc
nd
0.02±0.00 0.03±0.00
HT-ST
Free phenolic (mg/60 g serving)a
p-Hydroxybenzoic acid
nd
nd
0.02±0.00 0.03±0.00
LT-LT
HT-ST 0.86±0.02 1.38±0.06 2.44±0.02 2.88±0.09
Syringic acid
LT-LT 0.96±0.04 1.46±0.01 2.70±0.05 3.36±0.11
nd
0.04±0.00 0.08±0.00 0.15±0.01
HT-ST
Ferulic acid
nd
0.04±0.00 0.12±0.01 0.24±0.01
LT-LT
nd
nd
nd
0.29±0.00
HT-ST
Bound phenolic (mg/60 g serving)a m-Hydroxybenzoic acid
nd
nd
0.30±0.02
0.28±0.02
LT-LT
4.9±2.0
8.5±3.7
11.3±0.5
10.4±3.2
HT-ST
(E,E)-2,4-Decadienal
4.3±0.8
14.9±2.0
29.5±7.5
17.8±5.2
LT-LT
Headspace aroma (ppbv)a
3.2±0.4
7.8±1.2
10.2±0.1
11.3±0.8
HT-ST
Furan
3.0±0.3
5.5±0.9
8.3±0.4
8.7±1.1
LT-LT
32.5±0.4
26.7±0.7
22.9±0.6
HT-ST 38.1±1.2
Firmness (kg)
37.1±1.0
27.9±1.3
26.8±1.5
LT-LT 37.8±1.0
b
Textural analysis
-13.8±1.4
-10.9±1.1
-10.6±0.9
-8.7±1.1
HT-ST
Adhesiveness (kg·s)
-13.7±0.7
-11.5±1.3
-10.8±0.6
LT-LT -13.0±0.9
a

n = 3 (reps); F0.05,3,14
n = 5 (reps); F0.05,3,28
c
nd = not detectable
b
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Table 4.3. Means and standard deviations of taste- and flavour-associated compounds with significant flour main effect.
Whole grain contenta
Test
Compound
0%
25%
75%
100%
b
nd
0.04c±0.00
0.07b±0.00
0.09a±0.00
Free phenolic (mg/60 g serving)
Vanillic acid
7.11c±0.78
15.39b±0.23
18.39a±1.06
Total antioxidant activity 2.47d±0.21
0.02b±0.02
0.05b±0.01
0.12a±0.03
0.13a±0.03
p-Hydroxybenzoic acid
nd
0.10c±0.02
0.21b±0.04
0.26a±0.05
Vanillic acid
Bound phenolic (mg/60 g serving)
nd
0.05b±0.05
0.18b±0.04
0.36a±0.16
Syringic acid
nd
0.07b±0.09
0.39a±0.14
0.48a±0.19
p-Coumaric acid
2.22d±0.60
7.56c±3.22
20.67b±4.88
25.55a±6.93
Ferulic acid
15.2c±2.6
17.1bc±4.4
21.4ab±2.8
23.5a±3.6
1-Pentanol
1.3b±0.5
2.2b±0.7
3.5a±0.7
3.9a±1.1
2,6-Dimethylpyrazine
31.4c±2.9
53.5b±6.4
84.6a±7.9
83.6a±7.8
2-Pentylfuran
32.4d±5.6
75.3c±13.0
174.6b±11.6
222.5a±41.1
2-Propoxyethanol
23.0c±4.9
29.6bc±7.2
39.6a±8.0
34.6ab±8.8
3-Carene
9.2d±1.3
17.3c±2.5
38.0b±2.8
45.5a±5.6
4-Vinylpyridine
2.4c±0.6
3.7b±0.7
5.4a±0.6
5.4a±1.0
(E)-2-Hexenal
7.4c±1.1
12.1b±1.9
22.7a±2.8
23.8a±3.4
Headspace aroma (ppbv)
(E)-2-Nonenal
19.7c±2.8
34.3b±4.5
45.4a±2.5
46.8a±5.9
(E)-3-Hexen-1-ol
79.1d±14.3
124.1c±24.7
145.4b±10.8
184.9a±15.8
Acetaldehyde
21.1c±3.9
31.8b±5.1
39.1b±6.7
57.2a±12.2
Ethyl acetate
7.7c±0.6
11.7b±1.7
17.5a±1.9
19.9a±2.8
Heptanal
654.6c±100.6 765.8bc±143.7 941.1a±133.9 902.4ab±164.3
Hexanal
31.5c±3.5
47.2b±4.2
88.8a±11.9
95.4a±13.3
p-Hydroxybenzaldehyde
66.5d±8.7
184.1c±26.1
439.4b±20.1
564.5a±66.8
Valeraldehyde
a
b

n = 6 (3 reps*2 drying levels); F0.05,3,17; Means with the same letter are not significantly different (p ≤ 0.05)
nd = not detectable

62

pasta from the bound phenolic extract did not yield higher TAA for free phenolic extract
(Table 4.2), suggesting that the harsher conditions of HT-ST drying destroyed antioxidant
species rather than transferring this TAA from bound to free extract.
Table 4.4. Means and standard deviations of taste- and flavour-associated
compounds with significant drying main effect.
Drying typea
Test
Compound
HT-ST
LT-LT
Bound phenolic
Total antioxidant activity 10.53±6.59 11.15±6.74
(mg/60 g serving)
27.4±6.4
36.0±10.1
3-Carene
3.8±1.4
4.6±1.5
(E)-2-Hexenal
15.5±6.7
17.5±8.3
(E)-2-Nonenal
Headspace aroma
124.6±44.7 142.1±39.4
Acetaldehyde
(ppbv)
33.6±13.4
41.0±16.6
Ethyl acetate
771.1±132.8 860.9±201.4
Hexanal
331.0±220.7 296.2±196.6
Valeraldehyde
a

n = 12 (3 reps*4 flour levels); F0.05,1,17

The direct interpretation of TAA as measured by the Folin-Ciocalteu method to phenolic
acid content is compromised by non-phenolic antioxidants and other reductants (i.e.,
ascorbic acid, simple sugars, etc.) that give false positives (Medina, 2011). Phenolic acid
composition can be determined specifically and with higher accuracy through
chromatography of the extracts. Free protocatechuic, p-hydroxybenzoic, syringic, and
ferulic acid and bound m-hydroxybenzoic acid all showed significant dryingflour
interactions (Table 4.2). Free p-hydroxybenzoic and ferulic acids were undetected at lower
levels of whole grain but became measurable after bran content increased. Bound mhydroxybenzoic acid was also not detectable at lower levels of whole grain. However at
75% whole grain, this acid was detected in only LT-LT dried pasta. At 100% whole grain,
concentrations of this acid were similar at both drying levels.
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Acid concentration was higher in the LT-LT dried pasta with the difference from
corresponding HT-ST dried pasta widening as WGC increased for free syringic and ferulic
acid. The reverse was true for free protocatechuic acid, where HT-ST drying gave higher
concentrations with differences from corresponding LT-LT dried pasta widening upon
increasing WGC. This demonstrates that phenolic acids have different susceptibilities to
thermal processing, whose aromatic substituents influence chemical pathways.
Free and bound acid concentrations that were significantly affected by WGC are reported
in Table 4.3. These acids neither possessed an interaction nor significant drying main
effect. All acids increased upon increasing WGC, again likely due to their strong
affiliation with bran. Bound ferulic and p-hydroxybenzoic acids were present at every
level of whole grain while the remaining acids were only detectable once bran was present
(i.e., 25% whole grain or higher). Bound ferulic acid was most abundant of all acids
measured by chromatography. Whole grain products are rich in ferulic acid, which is
found mostly in the bran portion (Abdel-Aal et al., 2001, Liu, 2007). The main effect of
drying was never solely responsible for a significant change in phenolic acid concentration
unlike TAA of the bound phenolic extract. This further demonstrates the limitations of the
Folin-Ciocalteu method to accurately relate TAA to phenolic acids content.
Sensory analysis showed that branny (a grainy aromatic with a light, dusty impression) and
wheaty (a light aromatic associated with many wheat-based cereals) flavour significantly
increased in pasta with increasing WGC while starchy (aromatics associated with wheat
starch) flavour decreased (Table 4.1). Bran replaces what would otherwise be starch in
whole grain products, causing a dilution effect to total starch content. These two
components should then be inversely proportional: as bran content increases, starch
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content decreases. Panelists confirmed this relationship by rating branny and starchy
intensities inversely to each other.
Table 4.5. Aroma and taste descriptions of volatiles identified from SIFT-MS.
Compound
Description
Reference
Oil, chicken fat odour.
(Burdock, 2010)
(E,E)-2,4-Decadienal
(U.S. National Library of
Ethereal odour.
Furan
Medicine, 2006)
Fusel-like, sweet odour. Burning
(Burdock, 2010)
1-Pentanol
taste.
Earthy, potato-like odour.
(Burdock, 2010)
2,6-Dimethylpyrazine
Metallic, fruity odour.
(Burdock, 2010)
2-Pentylfuran
(U.S. National Library of
Mild ethereal odour.
2-Propoxyethanol
Medicine, 2006)
Sweet, pungent, turpentine-like
(Burdock, 2010)
3-Carene
odour.
(U.S. National Library of
Pungent, unpleasant odour.
4-Vinylpyridine
Medicine, 2006)
Apple, green odour.
(Acree & Arn, 2004)
(E)-2-Hexenal
Orris, fat, cucumber odour.
(Acree & Arn, 2004)
(E)-2-Nonenal
Grassy-green, herbaceous, leafy
(Burdock, 2010)
(E)-3-Hexen-1-ol
odour.
Pungent, ethereal odour.
(Burdock, 2010)
Acetaldehyde
Ethereal, brandy-like odour.
(Burdock, 2010)
Ethyl acetate
Fatty, harsh, pungent odour. Fatty
(Burdock, 2010)
Heptanal
taste.
Fatty, green, grassy odour and taste.
(Burdock, 2010)
Hexanal
Sweet, woody, balsamic odour.
p-Hydroxy(Burdock, 2010)
Vanillic, nutty odour.
benzaldehyde
Acrid, pungent odour. Warm, nut(Burdock, 2010)
Valeraldehyde
like, slightly fruity taste.

SIFT-MS was used to elucidate and quantify VOCs present in the headspace of cooked
pasta, whose aroma descriptions are provided in Table 4.5. Headspace analysis of food is
of use because the compounds that are identified may be responsible for flavour perception
during retronasal olfaction. Unlike some extraction techniques that show compound bias
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based on chemical properties, SIFT-MS samples directly and gives a truer representation
of headspace content with simple quantification.
VOCs (E,E)-2,4-decadienal and furan both have significant dryingflour interactions
(Table 4.2). For (E,E)-2,4-decadienal, concentrations were higher in LT-LT dried pasta at
every level of whole grain except 0%, where concentrations were more similar.
Interestingly, dienal concentration peaked at 75% whole grain with both drying types, not
100%. Perhaps at some point between 75% and 100% whole grain, a threshold to effective
dienal inhibition by some component of bran (e.g., phenolic adducts) may have been
reached. For furan, its concentration was similar between HT-ST and LT-LT drying at 0%
whole grain. However, as bran content had increased, HT-ST dried pasta began to produce
more furan at each flour level, either suggesting that the higher temperature of HT-ST
drying was better suited for furan synthesis or that the longer time of LT-LT drying
facilitated more effective furan inhibition.
Additional VOCs are reported in Tables 4.3 and 4.4 where the main effects of flour and
drying are significant, respectively. Some compounds significantly affected by flour type
include

(E)-2-hexenal,

(E)-3-hexen-1-ol,

2,6-dimethylpyrazine,

and

p-

hydroxybenzaldehyde (Table 4.3). The aroma descriptions of these compounds include
grassy, herbaceous, earthy, and woody notes (Table 4.5) which in some combination may
be responsible for the increased branny or wheaty flavours perceived upon higher levels of
whole grain (Table 4.1). (E)-2-Hexenal and (E)-3-hexen-1-ol are derived from hexanal
which has been linked to thermally induced fatty acid oxidation (Gardner, 1996). Whole
grain products are higher in fat due to increased germ content, possibly explaining the
increase in formation of these compounds upon increasing level of whole grain (Table
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4.3). 2-Pentylfuran is generated from fatty acid oxidation as well but goes through a
radical intermediate, as does 2,6-dimethylpyrazine, in order to cyclize (Gardner, 1996).
Both of these heteroaromatics increased significantly upon cumulative levels of whole
grain (Table 4.3) despite the risk of inhibition through radical intermediates reduction by
phenolic acids, as has been shown to occur in reaction models (Arnoldi & Corain, 1996,
D'Agostina et al., 1998, Wang, 2000).
Despite drying type significantly impacting concentration of several VOCs (Table 4.4),
taste and flavour attributes were not perceived to be different,. Although the SIFT-MS can
reproducibly measure differences in concentrations up to a hundred parts per trillion, these
differences must be below detectable difference thresholds in humans. One improvement
to this flavour analysis can be from direct breath of which the SIFT-MS is fully capable of
doing. Interaction with saliva, smaller particle size from maceration, and oral temperature
all could possibly affect the VOC profiles (Linforth & Taylor, 1993). Additional work is
also being performed to identify specific adducts through gas chromatography-tandem
mass spectrometry in order to solve the ambiguity of the fate of Maillard products in the
presence of phenolic acids (unpublished data).
4.3.2 Texture of whole grain pasta4.10,4.11
All of the textural attributes were significantly affected by WGC (Table 4.1) while
firmness (the force that is required to bite completely through the pasta during the first
bite) was the only attribute of all tested to be affected by drying (F0.05,1,270 = 5.97, p =
0.0152), where LT-LT dried pasta (mean = 7.2 ± 4.2) rated as more firm than HT-ST dried
4.10
4.11

Firmness/adhesiveness profiles are provided in Appendix E.2, Figure E.2.1
ANOVA for textural analysis is provided in Appendix F.2, Table F.2.4
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pasta (mean = 6.8 ± 4.4). Firmness significantly decreased upon increasing WGC which is
likely caused by a more discontinuous, weaker protein matrix instigated by bran and germ
particles (Bruinsma et al., 1978).4.12 This data was also corroborated instrumentally and
exhibited a significant dryingflour interaction for mechanical firmness (Table 4.2). While
mechanical firmness decreased with increasing WGC, HT-ST drying also produced less
firm pasta at all levels of whole grain except for refined flour, which corresponds to the
drying values from humans. Although firmness generally increases upon HT-ST drying in
refined pasta, Manthey and Schorno (2002) found that mechanical strength of whole grain
spaghetti decreased using these conditions, suggesting it was due to a greater contraction
of the gluten matrix upon the bran particles and further accentuating disruption (Anese et
al., 1999). This data shows that a drying condition that may be best for one flour type may
not be true for all types and therefore optimization is necessary for each flour type.
Surface roughness (the degree of abrasiveness on the surface of the pasta) and graininess
(the degree of pasta particles felt on the mouth surface) significantly increased in intensity
at each cumulating level of whole grain while cohesiveness of mass (the degree to which
the pasta holds together after mastication) decreased (Table 4.1). Bran particles, which are
physically larger than all other particles in whole grain flour, were noticeably detected as
the panelists were instructed to slide their tongue across the surface of the pasta. As WGC
increases, so should the amount of bran particles, which in turn would produce a rougher
surface for the tongue to recognize. For graininess, which was defined as the number of
particles felt on the mouth surface, intensity increased significantly at each increasing level
of whole grain (Table 4.1). The particles perceived by the panelists following ingestion

4.12

Fluorescence microscopy depicting bran interruption on gluten is shown in Appendix G, Figure G.1
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were most likely the larger bran particles. Cohesiveness of mass was determined by the
ability for the pasta to form a bolus following chewing. Starch molecules form
intermolecular bonds, which is the reason why they form viscous pastes. These
interactions are reduced in the presence of bran particles that act as roadblocks, which may
also explain why the ability to form a bolus quickly diminished at higher levels of whole
grain (Table 4.1).
The intensity of the perceived adhesiveness to teeth (the force that is required to separate
the molars after a single chew down) decreased upon increasing WGC as well (Table 4.1).
Instrumental analysis confirmed this data (Table 4.2), showing a significant interaction
between drying and whole grain content. Adhesiveness decreased upon increasing WGC
under both drying conditions with the exception of LT-LT (25%). Carbohydrate polymers
that leach from starch during cooking adhere to the surface of the pasta, resulting in
stickiness. The amount of leachate depends heavily on starch swelling and encapsulation
by protein, which is significantly affected by drying. Previously, it was reported that HTST drying reduced stickiness in addition to improving firmness in refined pasta (Anese et
al., 1999). This trend was observed with the samples except for 0% whole grain pasta
where LT-LT had improved adhesiveness (Table 4.2). Despite these differences for both
firmness and adhesiveness as measured instrumentally, it is important to realize that drying
condition was still not a significant factor in human perception.
4.4 Conclusions
Bitterness, branniness, and wheatiness in pasta were positively correlated with WGC while
the reverse was observed for sweetness and starchiness. Both phenolic acids and aroma
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compounds generally increased with increasing WGC, some of which may be responsible
for these tastes and flavours. For texture, surface roughness and graininess had increased
in intensity with increasing WGC while firmness, adhesiveness to teeth, and cohesiveness
of mass were reduced. Interestingly, drying condition did not impact these attributes
except for firmness where LT-LT drying produced firmer pasta. Textural analysis
corroborated the sensory data, showing a dryingflour interaction to exist where LT-LT
dried pasta measured more firm than HT-ST dried pasta at all each flour blend but 0%.
This infers that quality of pasta made with varying blends of whole grain flour cannot be
predetermined by drying type but requires independent optimizations instead.
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CHAPTER 5: Descriptive analysis of whole grain macaroni and its masking using a
sodium-reduced cheese sauce

Abstract
Despite whole grain products being excellent sources for nutrients, their bitterness and
other off-flavours have lowered acceptance in consumers. Pairing whole grain macaroni
with a sodium-reduced cheese sauce may further compromise consumer acceptance. The
objective of this research was to examine the change in flavour of whole grain macaroni
via sensory and headspace analysis following the addition of a sodium-reduced cheese
sauce. Descriptive analysis showed that macaroni increased in branniness, wheatiness, and
bitterness upon increasing WGC whereas starchiness and sweetness had decreased.
Although each attribute was uniquely affected by the addition of sauce, sauce type was not
significant suggesting that sodium-reduction in whole grain macaroni and cheese did not
impact its bitterness or branniness. SIFT-MS was used to identify and quantify VOCs
associated with macaroni and to measure any changes following addition of sauce. While
concentration was positively correlated to WGC, compounds specific to macaroni reduced
after addition of sauce, likely caused by a physical barrier created by the sauce, which
suppressed compound volatility.
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5.1 Introduction
Whole grain products are excellent sources for fibre, minerals, and antioxidants.
Consumption of whole grain may reduce the risk of diseases such as cardiovascular
disease, type II diabetes, and some cancers (Liu, 2007). The antioxidant potential of whole
grain even rivals that of fruits and vegetables on a per-serving basis (Slavin, 2003).
Some drawbacks to these products include darker colours, rougher and heavier textures,
and the development of unpleasant off-flavours over time. Phenolic acids are also
responsible for the bitter, sour, and astringent properties of whole grain (Armbrister,
1995). Despite these problems, consumers associate dietary fibre with providing health
benefits beyond a regular diet so manufacturers are challenged with incorporating whole
grain while maintaining acceptance (Mehta, 2005).
Another demand that the food industry faces is the option of sodium-reduced products for
consumers. The daily intake of sodium chloride is approximately 3600 milligrams in
women and 4800 milligrams in men, far exceeding the physiological need by more than
twenty times (World Health Organization, 2007). Seventy-five percent of total sodium
intake in Western countries comes from processed foods (McGregor, 2007). Increased
consumer awareness of the health risks associated with a high sodium diet, such as
hypertension, impacts purchases that are made (Schroeder et al., 1988). In addition to the
pressure applied by media and government organizations, this has pushed many food
companies towards revising current formulations of their products (McGregor, 2007).
Preference for salty taste has traditionally factored into the consumption of high sodium
products. For example, cheese sauces are largely favoured for the saltiness they add to
72

many dishes (Childs et al., 2009). The desire of sodium is a learned behaviour rather than
predisposed and craving sodium may even be described as an addiction in some
individuals (Dahl, 1972, Wise et al., 2007). Consumers are quick to recognize changes in
sodium content of foods, sometimes leading to diminished acceptance. It was previously
demonstrated that sodium could be reduced in cheese sauce by approximately 18% before
differences were observed (Drake et al., 2011). The current strategic plan of the food
industry is to gradually reduce sodium over several years so that palates may adapt without
detection (Dötsch et al., 2009).
One concern with serving whole grain macaroni is its potential for bitterness and other offflavours. Although healthy, this dish may be even further compromised if paired with a
sodium-reduced cheese sauce. Sodium-reduced foods have two potential issues: the lack of
a desirable salty taste and reduced masking of negative attributes, such as bitterness, as has
been shown in many model systems (Keast et al., 2001). The objective of this research is
to examine the change in flavour of whole grain macaroni from the addition of a sodiumreduced cheese sauce using sensory and headspace analysis.
5.2 Materials and methods
5.2.1 Macaroni preparation
Canadian Western Hard White Wheat flours [protein content (N5.7) for refined and
whole grain flours were 14.9 ± 0.0 and 15.4 ± 0.1 %, respectively] 5.1 were supplied by
Kraft Mississauga Mill (Mississauga, Canada) and manufactured into macaroni by the

5.1

Further characterization of refined and whole grain flours is provided in Appendix A, Table A.1
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University of Milan (Milan, Italy) at whole grain levels 0%, 25%, 75%, and 100%. The
moisture content of the dried macaroni ranged from 10.1 ± 0.0 to 10.8 ± 0.3 %.5.2
For cooking of the macaroni, although total mass of uncooked macaroni and cooking water
changed to fit the needs of each experiment, their proportion to each other remained
constant. One part of uncooked macaroni was added to 10 parts boiling water (tap,
unsalted) and stirred periodically. After 5 min, the macaroni was strained, rinsed under tap
water for 30 seconds, and spread onto an oven roaster to allow even cooling.
5.2.2 Macaroni and cheese preparation
Commercial and sodium-reduced cheese sauce powders were supplied by Kraft Cheese
Operations (Ingleside, Canada). In a double boiler, 75 g of powder and 94 g 1% partly
skimmed milk (Beatrice, Parmalat Canada, Inc., Toronto, Canada) were added to 70 g of
melted unsalted butter (Gay Lea, Missisauga, Canada) and stirred until a smooth sauce was
obtained. The sodium content of commercial and sodium-reduced sauces were 3.1 ± 0.1
and 2.6 ± 0.1 %, respectively. The fat content of the sauces were 24.3 ± 0.4 and 19.5 ± 0.7
%, respectively. The protein content (N5.7) of the sauces were 5.1 ± 0.1 and 6.0 ± 0.1 %,
respectively.
Although total mass of macaroni and cheese sauce changed to fit the needs of each
experiment, their relative proportion remained the same. Five parts cooked macaroni was
added to two parts cheese sauce by weight and mixed until evenly coated. The macaroni
and cheese samples were placed in a slow cooker set to warm (55 °C) and filled with an
inch of water so as not to dry out the samples.
5.2

Full moisture content analysis is provided in Appendix B, Table B.1
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5.2.3 Sensory analysis
Descriptive analysis was performed on cooked macaroni without sauce, cheese sauce
without macaroni, and macaroni and cheese sauce combined. Ethics approval was obtained
from the University of Guelph Research Ethics Board (REB# 09MY20). Panelists who
gave written consent5.3 were trained on flavour attributes as described in Table 5.1. For
testing, each sample was labelled with a random three digit blinding code. Samples were
presented in random order to the panelists with a 1 min break between each sample. The
samples were evaluated on a 15 cm line scale using the program Compusense Five © 2008
(Compusense, Guelph, Canada).5.4 Testing was completed under red light.
Table 5.1. Flavour and taste attribute definitions and rating scale used in descriptive
analysis.
Attribute
Definition
Rating scale
0=Not branny
A grainy aromatic with a light, dusty impression
Branny
15=Very branny
A light aromatic associated with many wheat0=Not wheaty
Wheaty
based cereals
15=Very wheaty
0=Not starchy
Aromatics associated with wheat starch
Starchy
15=Very starchy
The taste on the tongue stimulated by caffeine and
0=Not bitter
Bitter
other bitter compounds
15=Very bitter
The taste on the tongue stimulated by sucrose and
0=Not sweet
Sweet
other sugars
15=Very sweet
0=Low salt
The taste on the tongue stimulated by sodium salt
Salty
15=High salt
0=Not sour
The taste on the tongue stimulated by acids
Sour
15=Very sour
0=Not buttery
The fatty, mild flavour of melted butter
Buttery
15=Very buttery
0=Not cheddary
Aromatics associated with processed cheddar
Cheddar
15=Very cheddary
Aromatics associated with butyric acid, aged Italian 0=Low fatty acid
Free fatty acid
cheese, or rancid butter
15=High fatty acid

5.3
5.4

Consent forms are provided in Appendices C.1 and C.2
Test questions created using Compusense are provided in Appendices D.1, D.2, and D.3
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For macaroni, eight individual pieces of macaroni were served at room temperature.
Panelists (n = 12) were trained for 18 hourly sessions and testing was performed in
triplicate. Between samples, Premium Plus crackers (unsalted) and a glass of filtered water
served at room temperature were provided to cleanse the palate. The panelists were
instructed to bite the macaroni in half and to make their evaluation on that half.
For cheese sauce, 6 g of each sample was served at 55 °C. Panelists (n = 10) were trained
for 8 hourly sessions and testing was performed in triplicate. Between samples, sliced
apples and a glass of filtered water served at room temperature were provided to cleanse
the palate. The panelists were instructed to coat the tip of a spoon with cheese sauce and to
make their evaluation on that amount so as not to overload their palates with sauce.
For macaroni and cheese, eight individual pieces of macaroni coated with cheese sauce
were served per cup at 55 °C. Panelists (n = 9) were trained for 11 hourly sessions and
testing was performed in triplicate. Samples were divided into two sets [Set 1: macaroni
(0% or 25% whole grain) and cheese (commercial or sodium-reduced sauce) and Set 2:
macaroni (75% or 100% whole grain) and cheese (commercial or sodium-reduced sauce)]
to avoid fatigue in the panelists. These sets were not randomized in order to reduce visible
differences within the macaroni served each day.5.5 Between samples, sliced apples and a
glass of filtered water served at room temperature were provided to cleanse the palate. The
panelists were instructed to bite the cheese coated macaroni in half and to make their
evaluation on that half.

5.5

L*a*b* colour values and images of cooked macaroni are provided in Appendix H, Table H.1 and Figure
H.1
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5.2.4 Selected ion flow tube-mass spectrometry
Cooked macaroni (30 g) or macaroni and cheese (30 g and 12 g, respectively) were placed
into 1 L glass jars fixed with septa and incubated for 120 min at 50 °C. After incubation,
the jars were cooled for 30 min until room temperature was reached. Headspace analysis
was measured by SIFT-MS (Voice200®, Syft Technologies, Christchurch, New Zealand)
with another jar containing the room air in which the samples were prepared and jarred
serving as a blank. A full mass scan was performed with H3O+, NO+, or O2+ as reagent
ions, scan range 15-200 m/z, scan step 1.0 m/z, time limit 100 ms, carrier gas helium
pressure 250 kPa, arm temperature 120 °C, and flow tube pressure 122.0 ± 1.3 mTorr.
Testing of all samples was completed in triplicate. Quantitation of VOCs identified from
the full mass scan was performed using selected ion mode with time limit 100 ms, count
limit 10 000, ambient background time 30 s, and scan time 60 s. Concentrations are
reported in parts per billion by volume (ppbv).
5.2.5 Statistical analysis
ANOVAs with variables replicates, judges (for sensory analysis), macaroni, and sauce
treatment effects was performed using SAS 9.2 for Windows (SAS Institute, Inc., Cary,
North Carolina). Specific differences among the means for macaroni effect were
determined using Tukey’s HSD test (p ≤ 0.05). Significant differences in flavour
intensities and VOC concentrations between macaroni without sauce (control) and with
sauce were determined using Dunnett’s test (p ≤ 0.05).
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5.3 Results and discussion
5.3.1 Sensory analysis of macaroni, cheese sauce, macaroni and cheese5.6
The effect of WGC on the samples is provided in Table 5.2. Flavour and taste attributes of
macaroni—branny, wheaty, starchy, bitter, and sweet—were compared directly against the
macaroni and cheese dish. The change in attribute intensity of macaroni upon addition of
sauce was significant for all attributes at all levels of whole grain according to Dunnett’s
test except for starchiness at 75% and 100% whole grain. Likewise, the effect of sauce
type on the samples is provided in Table 5.3. Attributes of the sauces—salty, sour, buttery,
cheddar, free fatty acid, and sweet—were compared against the macaroni and cheese dish
as well. The change in attribute intensity of sauce upon addition of macaroni was
significant for all attributes for both sauce types according to Dunnett’s test except for
sweetness of the commercial cheese sauce. Although the objective was to examine how
flavour of macaroni is affected by addition of cheese sauce, it was still important to train
and test the panelists on attributes associated with sauce in order to prevent any sensory
dumping effect.
As WGC increased in macaroni, branniness and wheatiness significantly increased while
starchiness decreased (Table 5.2). Bran dilutes starch in whole grain products, and thus
these two components should rate opposite to each other in intensities. This dilution effect
was confirmed by the panelists who rated increasing branniness but decreasing starchiness
upon increasing whole grain levels.

5.6

ANOVA for sensory analysis of macaroni, cheese, macaroni and cheese are provided in Appendix F.3,
Tables F.3.1, F.3.2, and F.3.3
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Table 5.2. Means and standard deviations of flavour and taste attributes of macaroni, macaroni and cheese based on whole grain content.
Branny
Wheaty
Starchy
Bitter
Sweet
Whole grain content

Ma

MCb

M

MC

0%

0.9c±0.9

1.2d±0.8

1.9c±1.3

3.4c±1.9

25%

5.1b±1.6

5.6c±2.0

5.1b±1.8

75%

10.9a±1.6 9.0b±1.8

9.9a±1.8

100%

M

MC

M

MC

M

MC

12.0a±1.2 10.0a±1.3

1.4d±1.1

3.8c±2.0

11.4a±1.7

8.8a±1.7

8.2b±2.0

9.2b±1.4

6.1b±1.9

4.2c±2.0

6.1b±1.7

8.7b±1.8

7.6b±1.2

10.6a±1.4

2.9c±1.3

2.9c±1.4

10.8b±1.7 8.0a±1.9

3.3c±2.0

6.6c±1.5

11.6a±1.5 9.8a±1.7

10.2a±1.7 11.3a±1.5

2.1d±1.1

2.3c±1.2

11.7a±1.6

2.5c±2.1

6.0c±1.8

Salty

Sour

Buttery

8.7a±2.1

Cheddar

Free fatty acid

Whole grain content

M

MC

M

MC

M

MC

M

MC

M

MC

0%

-

6.4a±1.9

-

5.0a±1.7

-

6.1a±1.4

-

7.4a±2.2

-

5.2a±1.7

25%

-

6.5a±1.6

-

5.0a±1.2

-

5.8a±1.4

-

7.1a±2.3

-

5.3a±1.5

75%

-

7.0a±1.6

-

5.5a±1.1

-

5.7a±1.5

-

6.9a±2.0

-

5.0a±1.3

100%

-

7.0a±1.8

-

5.3a±1.4

-

5.6a±1.4

-

6.8a±2.1

-

5.1a±1.6

a

M = Macaroni; n = 36 (3 reps*12 judges); F 0.05,3,127; Means within a column with the same letter are not significantly different using Tukey’s HSD test (p ≤
0.05).
b
MC = Macaroni and cheese; n = 54 (3 reps*9 judges*2 sauce levels); F0.05,3,201; Means within a column with the same letter are not significantly different
using Tukey’s HSD test (p ≤ 0.05).
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Table 5.3. Means and standard deviations of flavour and taste attributes of cheese sauce, macaroni and cheese
based on sauce type.
Branny
Wheaty
Starchy
Bitter
Sweet
a
b
C
MC
C
C
C
C
Cheese sauce
MC
MC
MC
MC
6.3±3.7
8.3±3.5
5.4±3.5
6.5±2.6 7.6±1.2 7.2±1.9
Commercial
6.5±3.7
8.4±3.6
5.2±3.4
6.8±2.8 8.6±0.7 7.3±1.8
Sodium-reduced
Salty
Sour
Buttery
Cheddar
Free fatty acid
C
C
C
C
C
Cheese sauce
MC
MC
MC
MC
MC
11.5±1.1 6.9±1.8 9.6±1.8 5.2±1.2 8.5±1.1 5.8±1.3 10.0±1.3 8.0±1.9 7.0±1.1 5.1±1.4
Commercial
Sodium-reduced 9.8±1.0 6.5±1.7 8.4±1.3 5.2±1.5 7.9±1.1 5.8±1.5 6.9±1.5 6.1±2.0 7.7±1.3 5.2±1.6
a

C = cheese sauce; n = 30 (3 reps*10 judges); F 0.05,1,47.
MC = macaroni and cheese; n = 108 (3 reps*9 judges*4 macaroni levels); F0.05,1,201.

b

80

When combined with cheese sauce, the effect of whole grain remained significant.
Branniness and wheatiness noticeably increased in the macaroni and cheese dish upon
increasing levels of whole grain while starchiness decreased (Table 5.2). While the
branniness of 75% and 100% whole grain macaroni reduced upon addition of sauce, 0%
and 25% whole grain increased. On the contrary, starchiness decreased upon addition of
sauce for 0% and 25% whole grain macaroni while remained unchanged for 75% and
100%. Interestingly, macaroni and cheese was significantly wheatier at all levels of whole
grain macaroni compared to corresponding samples without sauce, suggesting that sodium
from the sauce enhanced whatever compounds were contributing to this wheaty flavour.
Differences in serving temperature between macaroni with sauce and without sauce may
also have contributed to significant differences in these flavours since temperature can
affect perception (Drake et al., 2005, Ross & Weller, 2008). The type of cheese sauce used
in macaroni and cheese did not significantly affect branniness, wheatiness, or starchiness
of the dish (Table 5.3), which is useful information for those concerned about how
reducing sodium might affect the flavour the macaroni.
Bitterness significantly increased at each cumulative level of whole grain for macaroni as
well (Table 5.2). The bitterness of whole grain products has mostly been associated to
phenolic acids located within the outer layers of bran (Hahn et al., 1983). An increase in
phenolic content in these samples upon addition of whole grain was confirmed by TAA
and compositional analysis by chromatography in Chapter 4. Upon addition of sauce, 75%
and 100% whole grain macaroni decreased in bitterness while 0% and 25% increased
(Table 5.2). Although the panelists did not detect bitterness when either sauce was tested
separately, perhaps their high sodium content nature self-masked any inherent bitterness
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[i.e., bitter peptides associated with cheese and other dairy products (Broadbent et al.,
1998)]. Self-masking was then reduced when the sauce was added to either 0% or 25%
whole grain macaroni since the sodium was flavouring both macaroni and cheese sauce.
The sodium-reduced cheese sauce appeared to be as effective at altering bitterness in the
macaroni as commercial sauce (Table 5.3) despite having a 16 % reduction in sodium.
When tested individually, macaroni and cheese sauce both had a detectable sweetness.
Macaroni significantly decreased in this sweetness upon increasing levels of whole grain
(Table 5.2). For cheese sauces, the sodium-reduced sauce was significantly sweeter than
commercial (Table 5.3). When combined, the effect of sauce was no longer significant and
the macaroni and cheese dish was perceivably as sweet with either sauce. WGC on the
sweetness in the macaroni and cheese dish remained significant, decreasing upon higher
levels of whole grain (Table 5.2). Similar to bitterness, sweetness significantly reduced for
0% and 25% whole grain macaroni upon addition of sauce while the opposite was
observed for 75% and 100%.
When tested without macaroni, the cheese sauces were significantly different with all
attributes (Table 5.3). In addition to being recognizably saltier, the commercial sauce was
more sour, more buttery, and had more cheddar flavour while the sodium-reduced sauce
was sweeter and had higher free fatty acid flavour. Once combined with macaroni, the
dishes were indistinguishable for sweetness, sourness, butteriness, and free fatty acid
flavours between either sauces. Saltiness and cheddar flavour remained perceivably higher
when the commercial sauce was used in the macaroni and cheese dish although intensities
were less compared to the sauces alone (Table 5.3). A previous time-intensity study on
cheese showed that saltiness could reduce if nose clips were implemented, suggesting that
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saltiness may be influenced by aroma (Pionnier et al., 2004). Perhaps the additional VOCs
of a macaroni and cheese dish compared to just cheese sauce affected this saltiness. WGC
did not significantly affect saltiness, sourness, butteriness, cheddar flavour, or free fatty
acid flavour of the macaroni and cheese dish (Table 5.2), showing the versatility and
robustness of the cheese sauces in maintaining their flavour against several flour types.
5.3.2 Headspace analysis of macaroni, macaroni and cheese5.7
SIFT-MS was used to identify and quantify compounds present in the headspace of cooked
macaroni. The aroma descriptions of these compounds are provided in Table 5.4.
Concentration changes of these VOCs were then tracked after addition of cheese sauce.
Headspace analysis of food is important because consumer acceptability has been shown
to be highly influenced by the aroma of products (Zhou et al., 1999).
Table 5.4. Aroma and taste descriptions of volatiles identified from SIFT-MS.
Compound

Description

Reference

1-Pentanol

Fusel-like, sweet odour. Burning taste.

(Burdock, 2010)

2,6-Dimethylpyrazine

Earthy, potato-like odour.

2-Propoxyethanol

Mild ethereal odour.

3-Carene

Sweet, pungent, turpentine-like odour.

4-Vinylpyridine

Pungent, unpleasant odour.

(E)-2-Hexenal

Apple, green odour.

(Burdock, 2010)
(U.S. National Library of
Medicine, 2006)
(Burdock, 2010)
(U.S. National Library of
Medicine, 2006)
(Acree & Arn, 2004)

(E)-3-Hexen-1-ol

Grassy-green, herbaceous, leafy odour.

(Burdock, 2010)

(E,E)-2,4-Decadienal

Oil, chicken fat odour.

Furan
Heptanal

(Burdock, 2010)
(U.S. National Library of
Ethereal odour.
Medicine, 2006)
Fatty, harsh, pungent odour. Fatty taste.
(Burdock, 2010)

Vanillic acid

Vanilla-like odour and taste.

(Burdock, 2010)

Ethyl acetate

Ethereal, brandy-like odour.

(Burdock, 2010)

5.7

ANOVA for headspace analysis of macaroni, macaroni and cheese are provided in Appendix F.3, Tables
F.3.4 and F.3.5
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Most

of

the

VOCs

identified

from

the

macaroni—2,6-dimethylpyrazine,

2-

propoxyethanol, 3-carene, 4-vinylpyridine, (E)-2-hexenal, (E)-3-hexen-1-ol, furan,
heptanal, and ethyl acetate—were significantly affected by WGC (Table 5.5). The general
trend observed was that concentrations increased as WGC increased, however the rates at
which concentrations increased had differed between compounds. For example, 4vinylpyridine increased significantly upon increasing levels of whole grain according to
Tukey’s HSD test, unlike 2,6-dimethylpyrazine, 3-carene and furan which appeared to
plateau after a certain level of whole grain was reached.
(E)-2-Hexenal, (E)-3-hexen-1-ol, and 2,6-dimethylpyrazine may be responsible for the
increased branny or wheaty flavours perceived in macaroni upon higher levels of whole
grain (Table 5.2) because of the grassy, herbaceous, and earthy aromas that they possess
(Table 5.4). Whole grains are higher in fat due to increased germ content. (E)-2-Hexenal
and (E)-3-hexen-1-ol are derived from thermally induced oxidation of fatty acids (Gardner,
1996), which may explain the increase in concentration of these compounds upon
increasing level of whole grain (Table 5.5).
Upon addition of cheese sauce, most of the VOCs decreased in concentration (Table 5.4).
The significance of these changes in concentrations was determined using Dunnett’s test as
illustrated in Figure 5.1. The decrease in concentration of these compounds may possibly
be caused by a physical barrier created from the cheese sauce, which coats the macaroni
and reduces compound volatility. This was particularly true for 2-propoxyethanol in 75%
and 100% whole grain macaroni. Concentrations were significantly reduced by
approximately 80 and 120 ppbv, respectively, upon the addition of sauce. Ethyl acetate
was the only compound to increase in concentration after addition of sauce. Separate
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Table 5.5. Changes in aroma compounds of macaroni when combined with cheese sauce with ANOVA.
1-Pentanol
2,6-Dimethylpyrazine
2-Propoxyethanol
3-Carene
Ma
MCb
Whole grain content
M
MC
M
MC
M
MC
14.6a±2.8 6.4b±1.5 1.4b±0.7
0.5b±0.3
31.2c±6.3
29.7d±3.0
20.7b±3.4
1.4a±0.7
0% (ppbv)
18.2a±5.7 8.1a±1.4 2.4ab±0.9 1.0ab±0.4 73.2c±14.1
59.8c±8.1 26.2ab±6.8
1.4a±0.5
25% (ppbv)
19.2a±1.7 9.1a±1.5
3.4a±0.6
1.4a±0.4 167.6b±9.1
83.3b±8.3
33.6a±2.0
0.4b±0.5
75% (ppbv)
23.0a±2.5 8.9a±0.8
3.8a±0.7
1.4a±0.2 224.3a±33.2 104.3a±10.9 29.2ab±5.3
0.0b±0.0
100% (ppbv)
4-Vinylpyridine
(E)-2-Hexenal
(E)-3-Hexen-1-ol
(E,E)-2,4-Decadienal
Whole grain content
M
MC
M
MC
M
MC
M
MC
8.5d±1.7
7.6d±0.9
2.0b±0.5
1.5b±0.2
20.4b±3.3
9.0c±0.8
4.9a±2.0
0.2b±0.3
0% (ppbv)
17.9c±2.5 13.3c±2.0 3.4ab±0.8 2.3a±0.5
36.0a±6.4
19.9b±2.2
8.5a±3.7
1.3a±0.3
25% (ppbv)
37.1b±1.0 17.9b±2.1 5.1a±0.3
2.5a±0.4
45.9a±2.2
24.7a±3.0
11.3a±0.5
1.5a±0.6
75% (ppbv)
46.3a±4.0 23.3a±2.6 4.9a±1.0
2.1a±0.4
48.1a±7.6
24.5a±3.0
10.4a±3.2
1.0ab±0.8
100% (ppbv)
Furan
Heptanal
Vanillic acid
Ethyl acetate
Whole grain content
M
MC
M
MC
M
MC
M
MC
3.2c±0.4 2.7c±0.9
7.5c±0.4
3.3b±0.4
2.0a±1.3
0.4a±0.3
18.2c±1.9 109.6b±15.5
0% (ppbv)
7.8b±1.2 6.0b±0.6 12.3b±2.4 4.3a±0.7
2.2a±1.0
0.4a±0.3
29.4b±5.3 186.9a±21.0
25% (ppbv)
10.2a±0.1 6.9b±0.8 17.6a±1.0 4.4a±0.9
3.2a±0.3
0.8a±0.4
33.9b±3.4 184.4a±21.6
75% (ppbv)
11.3a±0.8 8.3a±0.9 18.0a±1.5 4.4a±0.7
2.9a±1.2
0.3a±0.2
52.7a±3.5 182.7a±11.5
100% (ppbv)
a

M = Macaroni; n = 3 (reps); F0.05,3,6; Means within a column with the same letter are not significantly different using Tukey’s HSD test (p ≤ 0.05).
MC = Macaroni and cheese; n = 6 (3 reps*2 sauce levels); F 0.05,3,17; Means within a column with the same letter are not significantly different using
Tukey’s HSD test (p ≤ 0.05).
b
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Figure 5.1. Change in mean volatile concentrations of whole grain macaroni
upon addition of cheese sauce and 95% confidence intervals as determined by
Dunnett’s test (p ≤ 0.05).
headspace analysis of both commercial and sodium-reduced sauces determined the
presence of ethyl acetate at 167.3 ± 29.4 and 141.9 ± 18.8 ppbv, respectively, most likely
responsible to these for these findings.5.8 The main effect of cheese sauce was only
significant for the volatility of 1-pentanol (F0.05,1,17 = 11.31, p = 0.0037), (E)-2-hexenal
(F0.05,1,17 = 5.95, p = 0.0260), and heptanal (F0.05,1,17 = 23.05, p = 0.0002) in macaroni and
cheese where concentrations were significantly lower when the sodium-reduced cheese

5.8

Headspace analysis of cheese sauces (without macaroni) is provided in Appendix J, Table J.1
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sauce was used. However, either concentration differences are under the detectable limit or
these compounds do not contribute to branny, wheaty, or starchy flavour since sauce type
did not affect these attributes in the macaroni and cheese dish (Table 5.3).
Chemical analysis may be improved through direct breath, which incorporates saliva, oral
temperature, and maceration, rather than static headspace. The general reduction of
compound concentration upon addition of sauce may not be as pronounced when the
macaroni and cheese is being macerated compared to static headspace analysis in a jar.
Ongoing work is also currently underway which uses an electronic tongue to obtain data
that can be correlated to tastes specifically, such as bitter and sour. Tastes are not as
closely associated to VOCs as are flavours so SIFT-MS may not the best instrument to
corroborate taste perception. Another attractive feature that the electronic tongue has is its
ability to quantify bitterness suppression by sodium salts. This could be used to confirm if
bitterness masking of macaroni from sauce is determined specifically by it sodium content
and what the limits to sodium-reduction are before taste is compromised.
5.4 Conclusions
Macaroni increased in branniness, wheatiness, and bitterness while decreasing in
starchiness and sweetness upon increasing WGC. Although the addition of sauce changed
the intensities of these attributes, no significant differences were observed when either
commercial or sodium-reduced sauce was used. This should be of particular interest to
those concerned with the masking ability of sodium-reduced products to bitterness.
Replacing commercial sauces with sodium-reduced sauce in the macaroni and cheese dish
significantly reduced saltiness and cheddar flavour of the dish despite all sauce attributes
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testing differently in the sauces without macaroni. SIFT-MS identified several key VOCs
associated with macaroni and many increased significantly upon increasing levels of
whole grain which may also explain the increase in branniness and wheatiness. All of
these compounds except ethyl acetate reduced upon the addition of cheese sauce, which
may be caused by a physical barrier created by the sauce through which the compounds
must pass in order to volatilize. This paper hopefully demonstrates how SIFT-MS can be a
quick and effective tool to support sensory work.
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CHAPTER 6: General Conclusions
The intention behind this research was to investigate the impact of different factors, mainly
the effect of WGC, on pasta. Whole grain products are generally rougher in texture and
can develop off-flavours over time, which can reduce consumer acceptance (Arlotti et al.,
2007). Less than one third of Canadian adults meet their minimum daily intake of five
servings of grain likely because of this (Pasut, 2005). However, consumers most associate
fibre with providing health benefits that exceed a regular diet (Mehta, 2005). Since whole
grain is an excellent source for obtaining fibre, in addition to other nutrients (e.g.,
phytochemicals, minerals), food companies are challenged with developing whole grain
products to make claims but are also appealing to the senses (Manthey & Schorno, 2002,
Liu, 2007).
Both pasting and physicochemical properties of pasta were examined in Chapter 3 in order
to determine the impact that drying and WGC had and how this affects quality. A
dryingflour interaction was observed for the pasting properties where peak and final
viscosities decreased from native to processed starches, most likely the result of reduced
AML. A decrease in A-type granule swelling from native to processed starches confirmed
this using hot stage microscopy. ALCs increased in starches upon processed, which also
restrict swelling and delay gelatinization. Both FTIR and XRD confirmed an increase in
single helical order.
Cooking loss was greater when HT-ST drying was used as well as in the presence of bran.
This loss can have a negative effect on both firmness and adhesiveness of the pasta. The
effects of drying and WGC on texture in addition to flavour were explored in greater detail
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in Chapter 4. While WGC significantly affected all textural attributes that were tested,
only firmness was affected by drying type. HT-ST dried pasta was less firm than LT-LT
dried pasta, coinciding with the greater cooking loss that was observed in Chapter 3. The
decrease in firmness and adhesiveness to teeth upon increasing WGC was the result of a
discontinuous protein matrix produced by bran and germ particles. This was confirmed by
both trained panel and instrumental analysis, the latter of which exhibited a significant
interaction between treatment effects.
The increase in surface roughness and graininess upon increasing WGC was also caused
by bran particles, which are noticeably larger than other particles present in dough.
Cohesiveness of mass had also decreased upon increasing WGC. Bran prevented
intermolecular bonding between starch molecules which would otherwise lead to the
formation of a bolus following chewing.
Bitterness is mostly associated to phenolic acid content which showed a positive
correlation to WGC. While the phenolic extracts had some significant interaction between
treatment effects, drying did not impact any perceived taste or flavour of the pasta.
Branny, wheaty, and bitter notes increased upon increasing WGC while starchy and sweet
notes decreased. Since bran occupies starch space in whole grain products, starch content
decreases. In essence, branniness and starchiness should be inversely related, which was
confirmed by the panelists.
SIFT-MS was used to identify and quantify VOCs present in the headspace of the pasta in
order to relate some of this data back to sensory. While a couple VOCs [i.e., (E,E)-2,4decadienal and furan] had a significant interaction between treatment effects, the main
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effect of WGC was significant for all. (E)-2-Hexenal, (E)-3-hexen-1-ol, 2,6dimethylpyrazine, and p-hydroxybenzaldehyde in particular are noted for having grassy,
herbaceous, and woody aromas which may contribute to the perceived branniness and
wheatiness of the pasta upon increasing levels of whole grain. Although drying was
observed to significantly impact a few VOCs, these differences did not contribute to any
perceivable differences in taste or flavour of the pasta.
Flavour of the pasta was further explored in Chapter 5 where change in perceived flavour
and headspace content of whole grain macaroni upon addition of a sodium-reduced cheese
sauce was investigated. When sauce was added, the effect of whole grain remained
significant. Branniness and wheatiness continued to increase in the macaroni and cheese
dish upon increasing levels of whole grain while starchiness decreased. Most interestingly,
the differences in sodium content between commercial and sodium-reduced sauces used
did not alter branny, wheaty, or starchy notes of the dish. Bitterness and sweetness were
also similar between the dishes containing different sauces. Only saltiness and cheddar
flavour of the dish changed significantly depending on the type of sauce used.
Headspace analysis using SIFT-MS revealed that most of the VOCs significantly
decreased in concentration upon addition of cheese sauce. This decrease was likely the
result of a physical barrier created from the sauce coating the pasta, which reduced
compound volatility. Differences in volatility of the dish caused by type of cheese sauce
used was significant for only a few compounds [i.e., 1-pentanol, (E)-2-hexenal, and
heptanal]. However, these differences did not affect the perceived branniness, wheatiness,
or starchiness of the dish.
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The information that this thesis provides should be of most use to not only companies
reformulating their products to incorporate whole grain, but also to those attempting to
develop sodium-reduced options. In addition, the convenience and efficiency that SIFTMS provides to further characterize samples and related data back to sensory has been
demonstrated.
A few proposed ideas that expand upon the enclosed research for future work include:
1) Maillard-phenolic adduct identification by gas chromatography-tandem mass
spectrometry. While these adducts have been determined in model studies
(Jiang & Peterson, 2008), there is little data using actual food systems. Positive
identification would eliminate ambiguity and explain differences observed in
Maillard products upon incorporation of whole grain.
2) Using direct breath with the SIFT-MS instead of headspace analysis. Saliva,
increased oral temperature, and larger food surface area from maceration may
impact VOC profiles (Linforth & Taylor, 1993). Direct breath analysis would
then be best when using chemical analysis to relate to sensory data.
3) Using an electronic tongue to quantify bitterness suppression. Since tastes are
not usually associated with VOCs, headspace analysis may not be most ideal to
support taste perception. The electronic tongue not only measures basic tastes
(i.e., bitter, salty, etc.), but it can also quantify the suppression of bitterness
from sodium salts (Takagi et al., 2001), which would be highly applicable for
the research within.
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APPENDICES
APPENDIX A: General properties of refined and whole grain flour
Table A.1. Moisture, protein, fat, ash, damaged starch, gluten peak
properties, farinograph properties, and particle size distribution of
refined and whole grain flour.
Flour typea
Refined
Whole grain
b
Moisture content (%)
14.9 ± 0.4
12.6 ± 0.6
Proteinc (%, db)
14.9 ± 0.0
15.4 ± 0.1
d
Fat (%, db)
0.8 ± 0.2
1.6 ± 0.0
Ashe (%, db)
0.6 ± 0.0
1.9 ± 0.0
Damaged starchf (%, as is)
5.7 ± 0.3
6.0 ± 0.2
g
Gluten peak time (s)
1.7 ± 0.1
0.6 ± 0.1
Gluten peak torqueg (BU)
53.0 ± 0.4
70.9 ± 1.3
Dough consistencyh (BU)
508.5 ± 7.8 515.0 ± 11.3
Water absorptionh (corrected for 500 BU)
60.5 ± 0.2
70.5 ± 0.3
h
Water absorption (correct for 14.0%)
61.5 ± 0.2
68.9 ± 0.3
Dough development timeh (min)
6.5 ± 0.0
4.0 ± 0.4
i
Particle size distribution (%) > 1410 μm
0.0 ± 0.0
0.0 ± 0.0
10.0 ± 0.0
1410-355 μm 0.6 ± 0.3
0.2 ± 0.1
4.4 ± 0.1
354-251 μm
73.4 ± 3.4
250-181 μm 90.2 ± 0.1
0.3 ± 0.1
0.9 ± 0.2
180-150 μm
1.9 ± 0.2
2.7 ± 0.7
149-107 μm
7.0 ± 0.5
8.6 ± 3.0
≤ 106 μm
a

n = 2 (reps)
Ohaus MB45 balance, 180 °C for 2 min
c
Leco (Dumas) FP-528, N5.7, calibrated to ethylenediaminetetraacetic acid standard
d
Soxhlet fat extractor, constant extraction with petroleum ether for 5 h
e
AACC Method 08-01, Fisher Scientific Isotemp® Muffle Furnace, 590 °C for 5 h
f
Megazyme Method K-SDAM 05/11
g
Brabender® Gluten Peak Test, 8.5 g sample, 9.5 g 0.5 M CaCl2, 1900 rpm for 10 min at 35
°C, BU = Brabender Units
h
Brabender® Farinograph, 50.0 g mixer, 60 rpm for 20 min at 30 °C, BU = Brabender Units
i
RO-TAP RX-29, 100 g for 5 min
b
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APPENDIX B: Moisture content
Table B.1. Moisture content of dried pasta.
Whole grain contenta

a

Dimension

Drying

Moisture content (%)

LT-LT
HT-ST

0%
(refined)
9.31±0.05
10.39±0.21

n = 2 (reps), moisture balance, 130 °C for 2 min
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25%

75%

9.78±0.52
10.44±0.06

10.33±0.03
10.76±0.30

100%
(whole grain)
9.74±0.39
10.11±0.03

APPENDIX C: Consent forms for sensory analysis
C.1 Consent form for macaroni panel
CONSENT TO PARTICIPATE IN RESEARCH
Trained panel evaluation of whole grain macaroni.
You are asked to participate in a research study conducted by Ryan West, Lisa Duizer (coadvisor), and Koushik Seetharaman (co-advisor) from the Department of Food Science at
the University of Guelph.
We are looking for people who are interested in being trained taste testers to help Ryan
West with a study of the tastes and flavours of whole grain macaroni. This Master thesis is
funded by the ACCELERATE Mathematics of Information Technology and Complex
Systems program.
If you have any questions or concerns about the research, please feel free to contact Lisa
Duizer: Faculty member in the Department of Food Science. Phone: 519-824-4120 ext
53410.
PURPOSE OF THE STUDY
The purpose of this research is to develop a trained panel for the evaluation of flavours and
tastes in whole grain macaroni.
PROCEDURES
If you volunteer to participate in this study, we would ask you to do the following things:
Pre-screening questionnaire:
You will be provided with a questionnaire regarding your knowledge of food flavours. At
the top of each questionnaire is space for you to enter your contact information and
availability. The remainder of the questionnaire contains information regarding your food
habits and your knowledge of food flavours. During the trained panel you will be
describing the tastes and flavours of whole grain macaroni. Your answers to the food
habits and food flavours sections will assist us in knowing how well you can complete the
training.
Sensory screening:
Once we have confirmed that you will not suffer any adverse reactions to any of the
products you will be testing, we will invite you to attend a few tasting sessions.
During each tasting session you will be testing samples that differ in attributes commonly
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found in pasta. Some attributes you will be tested on include whole grain flavour,
sweetness, graininess, and firmness of the pasta. You will be tested on your ability to
differentiate between the strength of tastes/flavours/textures in these products.
Based on your scores, we will be selecting individuals who are good at identifying
differences between products and can repeatedly find these differences. We are also
looking for people who are available to attend all training and testing sessions.
Training:
You will be trained to evaluate selected food products for perception of various taste and
flavour characteristics as well as flavour intensities.
The training process is expected to take several weeks of approximately one hour. These
sessions will be held five days per week (Monday-Friday). The time for the sessions will
be confirmed with you after screening has taken place.
Training involves meeting as a group to taste and describe the tastes/flavours of pasta. We
will work with you to define those descriptors and then teach you how to evaluate various
pastas for those descriptors. The final stages of the training involve you practicing making
your evaluations in a sensory booth using a computer to input your responses.
You will be provided with an ingredient list of the food products that you will be tasting.
Please let us know if you are allergic to any of the ingredients or if you feel uncomfortable
eating any of the products. You will not receive a large amount of any of the food products
but if you feel that you are getting full, you can stop eating at any point during training.
Testing:
After you have been trained, you will be asked to evaluate products for the characteristics
in which you were trained using a computer for data entry.
In total, the tasting sessions will take one hour each day for approximately 6 days.
POTENTIAL RISKS AND DISCOMFORTS
You will be eating food products which may contain the following ingredients: whole
grain flour, durum wheat flour
Additionally, you will be cleansing your palate with unsalted Premium Plus soda crackers
and water.
If you know that any of these products/ingredients causes you discomfort or you are
allergic to them please do not take part on the study.
POTENTIAL BENEFITS TO PARTICIPANTS AND/OR TO SOCIETY
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Information collected by this study will help us to have a better understanding of the
sensory characteristics of whole grain products.
PAYMENT FOR PARTICIPATION
You will receive $15 per session for your time. Payments will be made at the end of each
stage of the study (sensory screening, training and tasting).
CONFIDENTIALITY
Every effort will be made to ensure confidentiality of any identifying information that is
obtained in connection with this study. All data collected during the research portion of
this study will be treated as confidential. Data collected in the training phase of this work
will not be confidential and will be used for training purposes only.
All data will be stored on a password protected computer in a locked room. The data will
be analyzed to calculate group mean scores and standard deviations. All data collection is
anonymous. There is no way to track your panelist number back to you.
PARTICIPATION AND WITHDRAWAL
You can choose whether to be in this study or not. If you volunteer to be in this study, you
may withdraw at any time without consequences of any kind. You may exercise the option
of removing your data from the study. You may also refuse to answer any questions you
don’t want to answer and still remain in the study. The investigator may withdraw you
from this research if circumstances arise that warrant doing so.
RIGHTS OF RESEARCH PARTICIPANTS
You may withdraw your consent at any time and discontinue participation without penalty.
You are not waiving any legal claims, rights or remedies because of your participation in
this research study. This study has been reviewed and received ethics clearance through
the University of Guelph Research Ethics Board. If you have questions regarding your
rights as a research participant, contact:
Research Ethics Coordinator
University of Guelph
437 University Centre
Guelph, ON N1G 2W1

Telephone: (519) 824-4120, ext. 56606
E-mail: sauld@uoguelph.ca
Fax: (519) 821-5236

SIGNATURE OF RESEARCH PARTICIPANT
I have filled in the screening questionnaire for allergies and I have read the ingredient
listing for the products that I will be trying. I am not allergic or sensitive to any of the
listed items.
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I have read the information provided for the study “Trained panel evaluation of food
products” as described herein.
My questions have been answered to my satisfaction, and I agree to participate in this
study. I have been given a copy of this form.
______________________________________
Name of Participant (please print)

______________________________________
Signature of Participant

______________
Date

SIGNATURE OF WITNESS
______________________________________
Name of Witness (please print)
______________________________________
Signature of Witness
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_______________
Date

C.2 Consent form for macaroni and cheese panel
CONSENT TO PARTICIPATE IN RESEARCH
Trained panel evaluation of whole grain macaroni and cheese sauce.
You are asked to participate in a research study conducted by Ryan West, Lisa Duizer (coadvisor), and Koushik Seetharaman (co-advisor) from the Department of Food Science at
the University of Guelph.
We are looking for people who are interested in being trained taste testers to help Ryan
West with a study of the tastes and flavours of whole grain macaroni and cheese. This
Master thesis is funded by the ACCELERATE Mathematics of Information Technology
and Complex Systems program.
If you have any questions or concerns about the research, please feel free to contact Lisa
Duizer: Faculty member in the Department of Food Science. Phone: 519-824-4120 ext
53410.
PURPOSE OF THE STUDY
The purpose of this research is to develop a trained panel for the evaluation of flavour and
taste interactions in whole grain macaroni and cheese sauce.
PROCEDURES
If you volunteer to participate in this study, we would ask you to do the following things:
Pre-screening questionnaire:
You will be provided with a questionnaire regarding your knowledge of food flavours. At
the top of each questionnaire is space for you to enter your contact information and
availability. The remainder of the questionnaire contains information regarding your food
habits and your knowledge of food flavours. During the trained panel you will be
describing the tastes and flavours macaroni and cheese. Your answers to the food habits
and food flavours sections will assist us in knowing how well you can complete the
training.
Sensory screening:
Once we have confirmed that you will not suffer any adverse reactions to any of the
products you will be testing, we will invite you to attend a few tasting sessions.
During each tasting session you will be testing samples that differ in attributes commonly
found in pasta. Some attributes you will be tested on include whole grain flavour,
sweetness, of the pasta as well as saltiness and butteriness of the sauce. You will be tested
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on your ability to differentiate between the strength of tastes/flavours in these products.
Based on your scores, we will be selecting individuals who are good at identifying
differences between products and can repeatedly find these differences. We are also
looking for people who are available to attend all training and testing sessions.
Training:
You will be trained to evaluate selected food products for perception of various taste and
flavour characteristics as well as flavour intensities.
The training process is expected to take several weeks of approximately one hour. These
sessions will be held five days per week (Monday-Friday). The time for the sessions will
be confirmed with you after screening has taken place.
Training involves meeting as a group to taste and describe the tastes/flavours of pasta. We
will work with you to define those descriptors and then teach you how to evaluate various
pastas for those descriptors. The final stages of the training involve you practicing making
your evaluations in a sensory booth using a computer to input your responses.
You will be provided with an ingredient list of the food products that you will be tasting.
Please let us know if you are allergic to any of the ingredients or if you feel uncomfortable
eating any of the products. You will not receive a large amount of any of the food products
but if you feel that you are getting full, you can stop eating at any point during training.
Testing:
After you have been trained, you will be asked to evaluate products for the characteristics
in which you were trained using a computer for data entry.
In total, the tasting sessions will take one hour each day for approximately 6 days.
POTENTIAL RISKS AND DISCOMFORTS
You will be eating food products which may contain the following ingredients: whole
grain flour, durum wheat flour, cheese (milk, bacterial culture, salt, cream, lipase,
microbial enzymes, calcium chloride, colour), modified milk ingredients, salt, sodium
phosphates, colour (contains tartrazine), flavour, citric acid)
Additionally, you will be cleansing your palate with unsalted Premium Plus soda crackers
and water.
If you know that any of these products/ingredients causes you discomfort or you are
allergic to them please do not take part on the study.
POTENTIAL BENEFITS TO PARTICIPANTS AND/OR TO SOCIETY
Information collected by this study will help us to have a better understanding of possible
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sensory interactions between whole grain macaroni and cheese sauce.
PAYMENT FOR PARTICIPATION
You will receive $15 per session for your time. Payments will be made at the end of each
stage of the study (sensory screening, training and tasting).
CONFIDENTIALITY
Every effort will be made to ensure confidentiality of any identifying information that is
obtained in connection with this study. All data collected during the research portion of
this study will be treated as confidential. Data collected in the training phase of this work
will not be confidential and will be used for training purposes only.
All data will be stored on a password protected computer in a locked room. The data will
be analyzed to calculate group mean scores and standard deviations. All data collection is
anonymous. There is no way to track your panelist number back to you.
PARTICIPATION AND WITHDRAWAL
You can choose whether to be in this study or not. If you volunteer to be in this study, you
may withdraw at any time without consequences of any kind. You may exercise the option
of removing your data from the study. You may also refuse to answer any questions you
don’t want to answer and still remain in the study. The investigator may withdraw you
from this research if circumstances arise that warrant doing so.
RIGHTS OF RESEARCH PARTICIPANTS
You may withdraw your consent at any time and discontinue participation without penalty.
You are not waiving any legal claims, rights or remedies because of your participation in
this research study. This study has been reviewed and received ethics clearance through
the University of Guelph Research Ethics Board. If you have questions regarding your
rights as a research participant, contact:
Research Ethics Coordinator
University of Guelph
437 University Centre
Guelph, ON N1G 2W1

Telephone: (519) 824-4120, ext. 56606
E-mail: sauld@uoguelph.ca
Fax: (519) 821-5236

SIGNATURE OF RESEARCH PARTICIPANT
I have filled in the screening questionnaire for allergies and I have read the ingredient
listing for the products that I will be trying. I am not allergic or sensitive to any of the
listed items.
I have read the information provided for the study “Trained panel evaluation of food
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products” as described herein.
My questions have been answered to my satisfaction, and I agree to participate in this
study. I have been given a copy of this form.
______________________________________
Name of Participant (please print)

______________________________________
Signature of Participant

______________
Date

SIGNATURE OF WITNESS
______________________________________
Name of Witness (please print)

______________________________________
Signature of Witness
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_______________
Date

APPENDIX D: Questionnaires for sensory analysis
D.1 Questionnaire for macaroni panel

Welcome to the Macaroni Panel!
To start the test, please click on the 'Continue' button below.
For instructions on how to evaluate attributes and their definitions, click on the 'Display
Instructions' button once the test has started.
Panelist Code: ________________________
Panelist Name: ________________________________________________
Branniness (Aroma)
Definition - A grainy aromatic with a light, dusty impression
Instruction - Open the lid to your cup and sniff the contents inside. Evaluate the intensity
of its branny aroma.
Question # 1 - Sample ______
Please rate the sample on the line scale below pertaining to the aroma attribute.
Branniness (Aroma)
Not Branny

Very Branny

Branniness (Flavour)
Definition - A grainy aromatic with a light, dusty impression.
Instruction - While chewing half of a macaroni and continuing to breathe through your
nose, determine the branniness of the sample.
Wheatiness
Definition - A light aromatic associated with many wheat-based cereals.
Instruction - While chewing half of a macaroni and continuing to breathe through your
nose, determine the wheatiness of the sample.
Starchiness
Definition - An aromatic associated with wheat starch.
Instruction - While chewing half of a macaroni and continuing to breathe through your
nose, determine the starchiness of the sample.
Question # 2 - Sample ______
Please rate the sample on the line scales below pertaining to the flavour attributes.
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Branniness (Flavour)
Not Branny

Very Branny

Wheatiness
Not Wheaty

Very Wheaty

Starchiness
Not Starchy

Very Starchy

Sweetness
Definition - The taste sensation perceived on the tongue as stimulated by sucrose and other
sugars.
Instruction - While chewing half of a macaroni, evaluate the overall intensity of sweetness
over 15 seconds.
Bitterness
Definition - Basic bitter taste associate with caffeine and other bitter compounds; bitterness
lingers long like an aftertaste.
Instruction - While chewing half of a macaroni, determine its bitterness as perceived by
the back of the tongue.
Question # 3 - Sample ______
Please rate the sample on the line scales below pertaining to the taste attributes.
Sweetness
Not Sweet

Very Sweet

Bitterness
Not Bitter

Very Bitter

Surface Roughness
Definition - The degree of abrasiveness on the surface of the macaroni.
Instruction - Hold half of a macaroni against the back of your front teeth with your tongue
and determine its surface roughness by moving your tongue side-to-side.
Firmness
Definition - The force that is required to bite completely through the macaroni during the
first bite.
Instruction - Place half of a macaroni between the front teeth (perpendicularly) and bite
down completely. Determine the force that is required to break through the macaroni.
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Adhesiveness to Teeth
Definition - The force that is required to separate the molars after a single chew down.
Instruction - Place half of a macaroni evenly between your back molars and chew down
firmly and completely. Slowly release from chew down and evaluate the force that is
required to separate your molars.
Question # 4 - Sample ______
Please rate the sample on the line scales below pertaining to the texture attributes.
Surface Roughness
Smooth

Rough

Firmness
Soft

Firm

Adhesiveness to Teeth
Nonadhesive

Adhesive

Cohesiveness of Mass
Definition - The degree to which the macaroni holds together after mastication.
Instruction - Chew half of a macaroni with your molars 10 times and evaluate the mass
while swallowing.
Grainy Mouthfeel
Definition - The degree of macaroni particles felt on the mouth surfaces (i.e. tongue,
palate, gums, and inner cheeks) after swallowing.
Instruction - Chew half of a macaroni 10 times and then swallow. Feel the interior of your
mouth with your tongue for any remaining particles.
Question # 5 - Sample ______
Please rate the sample on the line scales below pertaining to the texture attributes.
Cohesiveness of Mass
Noncohesive

Cohesive

Grainy Mouthfeel
None

Grainy

Return your sample through the window.
Please have some water and a bite of cracker while the timer counts down. When the timer
reaches 00:00, proceed onto the next sample.
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D.2 Questionnaire for cheese sauce panel
Welcome to the Cheese Sauce Panel!
To start the test, please click on the 'Continue' button below.
For instructions on how to evaluate attributes and their definitions, click on the 'Display
Instructions' button once the test has started.
Panelist Code: ________________________
Panelist Name: ________________________________________________
Salty
Definition - Taste on tongue stimulated by sodium salt.
Instruction - Coating the tip of the spoon with sauce, determine its saltiness.
Sour
Definition - Basic taste on tongue stimulated by acids.
Instruction - Coating the tip of the spoon with sauce, determine its sourness.
Question # 1 - Sample ______
Please rate the sample on the line scales below pertaining to the attributes.
Salty
Not Branny

Very Salty

Sour
Not Sour

Very Sour

Buttery
Definition - The fatty, mild flavour of melted butter.
Instruction - Coating the tip of the spoon with sauce, determine its butteriness.
Cheddar
Definition - Aromatic/taste sensation associated with processed Cheddar.
Instruction - Coating the tip of the spoon with sauce, determine its strength of Cheddar.
Question # 2 - Sample ______
Please rate the sample on the line scales below petaining to the attributes.
Buttery
Not Buttery

Very Buttery
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Cheddar
Not Cheddar

Very Cheddar

Free fatty acid
Definition - Aromatic of butyric acid, ''cheesy,'' aged Italian cheese, rancid butter.
Instruction - Coating the tip of the spoon with sauce, determine its degree of free fatty
acid.
Sweet
Definition - The taste sensation perceived on the tongue as stimulated by sucrose and other
sugars.
Instruction - Coating the tip of the spoon with sauce, determine its sweetness over 15
seconds.
Question # 3 - Sample ______
Please rate the sample on the line scales below pertaining to the attributes.
Free fatty acid
No fatty acid

Much fatty acid

Sweet
Not Sweet

Very Sweet

Return your sample through the window.
Please have some water and a bite of apple while the timer counts down. When the timer
reaches 00:00, proceed onto the next sample.
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D.3 Questionnaire for macaroni and cheese panel
Welcome to the Mac & Cheese Panel!
To start the test, please click on the 'Continue' button below.
For instructions on how to evaluate attributes and their definitions, click on the 'Display
Instructions' button once the test has started.
Panelist Code: ________________________
Panelist Name: ________________________________________________
Salty
Definition - Taste on tongue stimulated by sodium salt.
Instruction - While chewing half of a macaroni, determine its saltiness.
Sour
Definition - Basic taste on tongue stimulated by acids.
Instruction - While chewing half of a macaroni, determine its sourness.
Question # 1 - Sample ______
Please rate the sample on the line scales below pertaining to the attributes.
Salty
Not Salty

Very Salty

Sour
Not Sour

Very Sour

Buttery
Definition - The fatty, mild flavour of melted butter.
Instruction - While chewing half of a macaroni and breathing out your nose, determine its
butteriness.
Cheddar
Definition - Aromatic/taste sensation associated with processed Cheddar.
Instruction - While chewing half of a macaroni and breathing out your nose, determine its
strength of Cheddar.
Free fatty acid
Definition - Aromatic of butyric acid, ''cheesy,'' aged Italian cheese, rancid butter.
Instruction - While chewing half of a macaroni and breathing out your nose, determine its
degree of free fatty acid.
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Question # 2 - Sample ______
Please rate the sample on the line scales below pertaining to the attributes.
Buttery
Not Buttery

Very Buttery

Cheddar
Not Cheddar

Very Cheddar

Free fatty acid
No fatty acid

Much fatty acid

Branny
Definition - A grainy aromatic with a light, dusty impression.
Instruction - While chewing half of a macaroni and continuing to breathe through your
nose, determine the branniness of the sample.
Wheaty
Definition - A light aromatic associated with many wheat-based cereals.
Instruction - While chewing half of a macaroni and continuing to breathe through your
nose, determine the wheatiness of the sample.
Starchy
Definition - An aromatic associated with wheat starch.
Instruction - While chewing half of a macaroni and breathing out your nose, determine its
starchiness.
Question # 3 - Sample ______
Please rate the sample on the line scales below pertaining to the attributes.
Branny
Not Branny

Very Branny

Wheaty
Not Wheaty

Very Wheaty

Starchy
Not Starchy

Very Starchy
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Bitter
Definition - Basic bitter taste associated with caffeine and other bitter compounds;
bitterness lingers long like an aftertaste.
Instruction - While chewing half of a macaroni, determine its bitterness as perceived by
the back of the tongue.
Sweet
Definition - The taste sensation perceived on the tongue as stimulated by sucrose and other
sugars.
Instruction - While chewing half of a macaroni, determine its sweetness over 15 seconds.
Question # 4 - Sample ______
Please rate the sample on the line scales below pertaining to the attributes.
Bitter
Not Bitter

Very Bitter

Sweet
Not Sweet

Very Sweet

Return your sample through the window.
Please have some water and a bite of apple while the timer counts down. When the timer
reaches 00:00, proceed onto the next sample.

125

APPENDIX E: Raw data curves from instrumental analysis
E.1 Viscograms, thermograms, FTIR spectra, and firmness/adhesiveness profiles
from Chapter 3

Figure E.1.1. Refined flour and pasta viscograms.

Figure E.1.2. Whole grain flour and pasta viscograms.
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Figure E.1.3. Refined flour and pasta thermograms.

Figure E.1.4. Whole grain flour and pasta thermograms.
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Figure E.1.5. Refined flour and pasta FTIR spectra.

Figure E.1.6. Whole grain flour and pasta FTIR spectra.
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Figure E.1.7. Refined and whole grain pasta firmness/adhesiveness profiles.
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E.2 Firmness/adhesiveness profiles from Chapter 4

Figure E.2.1. HT-ST and LT-LT dried pasta (0%, 25%, 75%, 100% whole grain)
firmness/adhesiveness profiles.
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APPENDIX F: ANOVAs
F.1 ANOVA tables from Chapter 3
Table F.1.1. ANOVA table for pasting properties from Chapter 3.
Parameter
Source
DF ANOVA SS F value
1
2408.33
1.33
Rep
2
502200.67
138.55
Drying
1
4588033.33 2531.56
Flour
Peak viscosity
2
865250.67
238.71
Dryingflour
5
9061.67
Error
11 5966954.67
Total
1
0.00040833
0.29
Rep
2
0.58640000 211.19
Drying
1
0.08500833
61.23
Flour
Peak time
0.02666667
9.60
Dryingflour 2
5
0.00694167
Error
11 0.70542500
Total
1
0.0133333
0.53
Rep
2 111.6300000 4406.45
Drying
1 110.9450000 2189.70
Flour
Pasting temperature
88.9350000 1755.30
Dryingflour 2
5
0.1266667
Error
11 311.6500000
Total
1
18.75
0.01
Rep
2
127847.17
27.45
Drying
1
2937330.75 1261.55
Flour
Final viscosity
777798.50
167.03
Dryingflour 2
5
11641.75
Error
11 3854636.92
Total
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Pr > F
0.3011
<.0001
<.0001
<.0001

0.6109
<.0001
0.0005
0.0194

0.5007
<.0001
<.0001
<.0001

0.9320
0.0020
<.0001
<.0001

Table F.1.2. ANOVA table for thermal properties from Chapter 3.
Parameter
Source
DF ANOVA SS F value Pr > F
1
0.50840833
1.21
0.3217
Rep
2 11.37885000 13.52 0.0096
Drying
1 35.05500833 83.33 0.0003
Flour
T1o
Dryingflour 2 14.01021667 16.65 0.0062
5
2.10334167
Error
11
63.05582500
Total
1
0.28830000
0.71
0.4268
Rep
2 34.48606667 42.56 0.0001
Drying
1 17.56920000 43.37 0.0003
T1c-T1o
Flour
7
2.83590000
Error
11 55.17946667
Total
1
0.49288533
1.42
0.2721
Rep
2
0.78859350
1.14
0.3736
Drying
1
3.18476033
9.18
0.0191
ΔH1
Flour
7
2.42771183
Error
11 6.89395100
Total
1
0.01763333
0.28
0.6137
Rep
2
1.95370067
15.46 0.0027
Drying
1
0.27421633
4.34
0.0757
ΔH2
Flour
7
0.44233233
Error
11 2.68788267
Total
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Table F.1.3. ANOVA table for qualitative properties from Chapter 3.
Quality
Source
DF ANOVA SS F value Pr > F
2
0.05794839
0.28
0.7651
Rep
1 10.15688119 98.16 <.0001
Drying
1
8.67687079
83.86 <.0001
Flour
Cooking loss
4.19290940
40.52 0.0007
Dryingflour 1
6
0.62080535
Error
11
23.70541513
Total
2
1.35382159
0.93
0.4385
Rep
1
1.97900614
2.72
0.1432
Drying
1 45.27965468 62.18 <.0001
Water content
Flour
7
5.09764276
Error
11 53.71012517
Total
2
13.2597321
0.64
0.5561
Rep
1
9.8567726
0.95
0.3622
Drying
1 177.6729309 17.12 0.0044
Mass increase
Flour
7
72.6421827
Error
11 273.4316182
Total
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Table F.1.4. ANOVA table for sensory properties from Chapter 3.
Attribute
Source DF ANOVA SS F value Pr > F
2
6.815972
1.28
0.2820
Rep
44.738889
1.53
0.1298
Judge 11
6.002500
2.25
0.1359
Drying 1
Firmness
1 2923.204444 1096.62 <.0001
Flour
Error 128 341.203750
Total 143 3321.965556
2
4.701667
1.27
0.2838
Rep
16.350208
0.80
0.6356
Judge 11
1.755625
0.95
0.3316
Drying 1
Adhesiveness to teeth
1 3038.765625 1644.34 <.0001
Flour
Error 128 236.546250
Total 143 3298.119375
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Table F.1.5. ANOVA table for mechanical properties from Chapter 3.
Parameter
Source
DF ANOVA SS F value Pr > F
4
12.9672172
5.42
0.0100
Rep
1
16.0581120
26.83 0.0002
Drying
1 860.2390944 1437.09 <.0001
Flour
Firmness
21.0678865
35.20 <.0001
Dryingflour 1
12
7.1831868
Error
19
917.5154970
Total
4
3.19738750
0.72
0.5954
Rep
1
2.17800000
1.96
0.1871
Drying
1 67.85928000 61.00 <.0001
Flour
Adhesiveness to teeth
9.84
0.0086
Dryingflour 1 10.94904020
12 13.34937930
Error
19 97.53308700
Total

135

F.2 ANOVA tables from Chapter 4
Table F.2.1. ANOVA table for sensory properties from Chapter 4.
Attribute
Source DF ANOVA SS F value Pr > F
2
0.236875
0.05
0.9480
Rep
4.37
<.0001
Judge 11 106.520938
0.475312
0.21
0.6438
Drying 1
Bitter
3
5529.166493
830.83
<.0001
Flour
Error 270 598.947569
Total 287 6235.347188
2
0.373403
0.05
0.9473
Rep
47.824549
1.26
0.2479
Judge 11
0.025312
0.01
0.9318
Drying 1
Sweet
3 4132.895104 399.19 <.0001
Flour
Error 270 931.791597
Total 287 5112.909965
2
2.280486
0.64
0.5297
Rep
80.179028
4.07
<.0001
Judge 11
0.911250
0.51
0.4762
Drying 1
Branny
3 5770.429306 1074.41 <.0001
Flour
Error 270 483.373125
Total 287 6337.173194
2
3.107708
0.68
0.5092
Rep
6.55
<.0001
Judge 11 165.385938
0.340313
0.15
0.7006
Drying 1
Wheaty
3 3605.541493 523.40 <.0001
Flour
Error 270 619.986736
Total 287 4394.362188
2
3.281736
1.03
0.3596
Rep
56.450278
3.21
0.0004
Judge 11
1.388889
0.87
0.3521
Drying 1
Starchy
3 5019.619722 1046.79 <.0001
Flour
Error 270 431.572153
Total 287 5512.312778
2
2.925903
0.85
0.4278
Rep
81.072778
4.29
<.0001
Judge 11
1.201250
0.70
0.4037
Drying 1
Surface roughness
3 6505.536389 1262.55 <.0001
Flour
Error 270 463.743125
Total 287 7054.479444
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Table F.2.1 continued…
Attribute
Source
Rep
Judge
Drying
Firmness
Flour
Error
Total
Rep
Judge
Drying
Adhesiveness to teeth
Flour
Error
Total
Rep
Judge
Drying
Cohesiveness of mass
Flour
Error
Total
Rep
Judge
Drying
Graininess
Flour
Error
Total

DF
2
11
1
3
270
287
2
11
1
3
270
287
2
11
1
3
270
287
2
11
1
3
270
287
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ANOVA SS F value
2.701319
1.48
78.729028
2.95
14.490139
5.97
4555.056806 625.96
654.919236
5310.396528
8.578403
1.98
35.636215
1.49
0.083368
0.04
4613.892604 709.26
585.471042
5243.661632
0.454653
0.13
39.682778
2.01
0.055556
0.03
4615.330278 856.95
484.716181
5140.239444
1.843819
0.58
91.091215
5.19
0.064201
0.04
6186.834549 1293.19
430.575347
6710.409132

Pr > F
0.2285
0.0010
0.0152
<.0001

0.1403
0.1333
0.8447
<.0001

0.8811
0.0277
0.8605
<.0001

0.5617
<.0001
0.8411
<.0001

Table F.2.2. ANOVA table for phenolic content from Chapter 4.
Extract
Compound
Source
DF ANOVA SS
2
1.2314815
Rep
1
11.5317706
Drying
3 402.7360200
Flour
Total antioxidant
Free
activity
4.9237274
Dryingflour 3
14
4.5343428
Error
23
424.9573423
Total
2
1.3106802
Rep
1
2.2770336
Drying
Total antioxidant
3
969.714795
Bound
Flour
activity
17
5.4837007
Error
23 978.7863940
Total
2
0.00051955
Rep
1
0.74396017
Drying
3
7.84675847
Flour
Free
Protocatechuic acid
0.16775576
Dryingflour 3
14
0.22124368
Error
23 8.98023763
Total
2
0.00000200
Rep
1
0.00000359
Drying
3
0.00405444
Flour
p-Hydroxybenzoic
Free
acid
3
0.00000584
Dryingflour
14 0.00000708
Error
23 0.00407295
Total
2
0.00637385
Rep
1
0.00054692
Drying
p-Hydroxybenzoic
3
0.04939447
Bound
Flour
acid
17 0.00566974
Error
23 0.06198498
Total
2
0.00001408
Rep
1
0.00000808
Drying
3
0.02639758
Free
Vanillic acid
Flour
17 0.00005631
Error
23 0.02647605
Total
2
0.01245374
Rep
1
0.00000105
Drying
3
0.24676830
Bound
Vanillic acid
Flour
17 0.00879362
Error
23 0.26801670
Total
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F value
1.90
35.60
414.49
5.07

Pr > F
0.1860
<.0001
<.0001
0.0139

2.03
0.1618
7.06
0.0166
1002.07 <.0001

0.02
47.08
165.51
3.54

0.9837
<.0001
<.0001
0.0428

1.98
7.10
2674.07
3.85

0.1756
0.0185
<.0001
0.0335

9.56
1.64
49.37

0.0017
0.2175
<.0001

2.13
0.1499
2.44
0.1367
2656.61 <.0001

12.04
0.00
159.02

0.0006
0.9649
<.0001

Table F.2.2. continued…
Extract
Compound

Free

Syringic acid

Bound

Syringic acid

Bound

m-Hydroxybenzoic
acid

Bound

p-Coumaric acid

Free

Ferulic acid

Bound

Ferulic acid

Source
DF ANOVA SS F value Pr > F
2
0.00565308
0.80
0.4675
Rep
1
0.31269739
88.85 <.0001
Drying
3 18.65912125 1767.22 <.0001
Flour
0.15747451
14.91 0.0001
Dryingflour 3
14 0.04927290
Error
23 19.18421913
Total
2
0.01913592
1.21
0.3224
Rep
1
0.00103802
0.13
0.7215
Drying
3
0.46767107
19.73 <.0001
Flour
17 0.13433855
Error
23 0.62218357
Total
2
0.00022794
1.69
0.2193
Rep
1
0.03195414
475.06
<.0001
Drying
3
0.34149817 1692.33 <.0001
Flour
0.09973387 494.24 <.0001
Dryingflour 3
14
0.00094169
Error
23 0.47435581
Total
2
0.16154147
10.10 0.0013
Rep
1
0.01193861
1.49
0.2384
Drying
3
1.00274694
41.81 <.0001
Flour
17 0.13592118
Error
23 1.31214820
Total
2
0.00012652
4.15
0.0385
Rep
1
0.00773109 253.33 <.0001
Drying
3
0.04441158 1455.27 <.0001
Flour
0.00288232
94.45 <.0001
Dryingflour 3
14 0.00042725
Error
23 0.15029311
Total
2
291.087602
20.41 <.0001
Rep
1
0.669375
0.09
0.7630
Drying
3 2148.528116 100.42 <.0001
Flour
17 121.234992
Error
23 2561.520085
Total
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Table F.2.3. ANOVA table for headspace analysis from Chapter 4.
Compound
Source
DF ANOVA SS F value
2
0.0831292
0.00
Rep
1 367.0806896 21.90
Drying
3 773.4178121 15.38
Flour
(E,E)-2,4-Decadienal
5.39
Dryingflour 3 271.0935716
14 234.656816
Error
23 1646.332019
Total
2
1.2639473
1.15
Rep
1
17.8974192
32.70
Drying
3 174.6806511 106.39
Flour
Furan
5.5695109
3.39
Dryingflour 3
14
7.6621329
Error
23
207.07366
Total
2
81.7227043
4.78
Rep
1
6.9372597
0.81
Drying
3 263.4672316 10.27
1-Pentanol
Flour
17
145.3031422
Error
23 497.4303378
Total
2
1.73136649
1.43
Rep
1
0.02210732
0.04
Drying
3 26.21369717 14.43
2,6-Dimethylpyrazine
Flour
17 10.29501238
Error
23 38.26218336
Total
2
270.20503
3.91
Rep
1
4.46746
0.13
Drying
3 11873.17428 114.42
2-Pentylfuran
Flour
17
588.01608
Error
23 12735.86285
Total
2
1888.3652
1.98
Rep
1
103.7597
0.22
Drying
3
137991.8882
96.27
2-Propoxyethanol
Flour
17
8122.3323
Error
23 148106.3453
Total
2 255.9270981
5.48
Rep
1 440.0597235 18.84
Drying
3 910.4042711 12.99
3-Carene
Flour
17 397.126899
Error
23 2003.517992
Total
2
64.118096
3.19
Rep
1
0.021418
0.00
Drying
3 5239.754446 174.00
4-Vinylpyridine
Flour
17 170.639984
Error
23 5474.533943
Total
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Pr > F
0.9975
0.0004
0.0001
0.0112

0.3434
<.0001
<.0001
0.0481

0.0225
0.3802
0.0004

0.2668
0.8507
<.0001

0.0402
0.7237
<.0001

0.1692
0.6471
<.0001

0.0146
0.0004
0.0001

0.0664
0.9637
<.0001

Table F.2.3. continued…
Compound

Source DF ANOVA SS F value
2
3.15102088
4.72
Rep
3.33307881
9.99
Drying 1
3 38.75189556 38.72
(E)-2-Hexenal
Flour
Error 17 5.67139262
Total 23 50.90738787
2
36.244552
5.33
Rep
24.368337
7.16
Drying 1
3 1170.929432 114.72
(E)-2-Nonenal
Flour
57.841095
Error 17
Total 23 1289.383415
2
54.266963
1.73
Rep
24.504834
1.56
Drying 1
3 2831.772803 60.12
(E)-3-Hexen-1-ol
Flour
Error 17 266.904274
Total 23 3177.448874
2
2009.29259
8.27
Rep
1823.01092
15.00
Drying 1
3 34978.43143 95.95
Acetaldehyde
Flour
Error 17 2065.85668
Total 23 40876.59162
2
310.536361
4.94
Rep
1
330.173798
10.50
Drying
3 4151.215937 44.02
Ethyl acetate
Flour
Error 17 534.332436
Total 23 5326.258531
2
23.9297084
4.16
Rep
2.2850375
0.79
Drying 1
3 549.6698665 63.66
Heptanal
Flour
17
48.9275351
Error
Total 23 624.8121475
2 145180.1929
6.67
Rep
48391.4755
4.45
Drying 1
3 310164.8857
9.51
Hexanal
Flour
Error 17 184884.1032
Total 23 688620.6572
2
197.90741
1.28
Rep
228.02043
2.96
Drying 1
3 17541.67656 75.88
p-Hydroxybenzaldehyde Flour
Error 17 1309.92918
Total 23 19277.53358
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Pr > F
0.0234
0.0057
<.0001

0.0160
0.0159
<.0001

0..2074
0.2285
<.0001

0.0031
0.0012
<.0001

0.0204
0.0048
<.0001

0.0339
0.3853
<.0001

0.0073
0.0500
0.0006

0.3024
0.1035
<.0001

Table F.2.3. continued…
Compound
Source DF ANOVA SS F value
2
5518.7276
3.06
Rep
7262.8665
8.05
Drying 1
3 939895.1106 347.27
Valeraldehyde Flour
Error 17 15337.1667
Total 23 968013.8714
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Pr > F
0.0733
0.0114
<.0001

Table F.2.4. ANOVA table for mechanical properties from Chapter 4.
Parameter
Source
DF ANOVA SS F value Pr > F
4
14.732833
5.66
0.0018
Rep
1
53.995817
82.98 <.0001
Drying
3 1141.210447 584.62 <.0001
Flour
Firmness
38.591423
19.77 <.0001
Dryingflour 3
28
18.219154
Error
39
1266.749674
Total
4
1.46035600
0.32
0.8617
Rep
1 15.22632603 13.38 0.0010
Drying
3 75.68944268 22.17 <.0001
Flour
Adhesiveness to teeth
5.51
0.0042
Dryingflour 3 18.82342828
28 31.8702344
Error
39 143.0697874
Total
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F.3 ANOVA tables from Chapter 5
Table F.3.1. ANOVA table for sensory properties of
macaroni from Chapter 5.
Attribute Source DF ANOVA SS F value Pr > F
2
1.431806
0.38
0.6841
Rep
44.306389
2.14
0.0217
Judge 11
3 2788.979167 494.58 <.0001
Branny
Flour
Error 127 238.722361
Total 143 3073.439722
2
1.928750
0.42
0.6583
Rep
93.294167
3.69
0.0001
Judge 11
3 1729.422500 250.79 <.0001
Wheaty
Flour
Error 127 291.932083
Total 143 2116.577500
2
2.317222
0.79
0.4557
Rep
20.411389
1.27
0.2513
Judge 11
3 2487.700833 565.96 <.0001
Starchy
Flour
Error 127 186.076944
Total 143 2696.506389
2
0.721667
0.15
0.8648
Rep
57.845208
2.12
0.0233
Judge 11
3 2748.748542 369.20 <.0001
Bitter
Flour
Error 127 315.178958
Total 143 3122.494375
2
3.543889
0.49
0.6151
Rep
44.659722
1.12
0.3528
Judge 11
3 1979.691389 181.68 <.0001
Sweet
Flour
Error 127 461.291389
Total 143 2489.186389
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Table F.3.2. ANOVA table for sensory properties of cheese
sauce from Chapter 5.
Attribute
Source DF ANOVA SS F value Pr > F
2
1.60300000
0.90
0.4134
Rep
1.90
0.0759
Judge 9 15.19600000
1 15.40266667 17.30 0.0001
Sweet
Sauce
Error 47 41.85433333
Total 59 74.05600000
2
0.42433333
0.32
0.7294
Rep
27.7973333
4.62
0.0002
Judge 9
1 48.81666667 70.10 <.0001
Salty
Sauce
Error 47 31.3890000
Total 59 106.4273333
2
0.89433333
0.37
0.6917
Rep
7.77
<.0001
Judge 9 84.18816667
1 20.06816667 16.67 0.0002
Sour
Sauce
Error 47 56.5791667
Total 59 161.7298333
2
0.86933333
0.90
0.4129
Rep
Judge 9 46.37066667 10.69 <.0001
1
4.05600000
8.41
0.0057
Buttery
Sauce
Error 47 22.66133333
Total 59 73.95733333
2
0.8770000
0.35
0.7031
Rep
50.5240000
4.54
0.0002
Judge 9
1
141.6806667
114.69
<.0001
Cheddar
Sauce
Error 47 58.0623333
Total 59 251.1440000
2
1.84933333
0.93
0.4022
Rep
4.17
0.0005
Judge 9 37.36683333
1
6.8616667
6.90
0.0116
Free fatty acid Sauce
Error 47 46.79750000
Total 59 92.88183333
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Table F.3.3. ANOVA table for sensory properties of
macaroni and cheese from Chapter 5.
Attribute Source DF ANOVA SS F value Pr > F
2
1.943611
0.68
0.5065
Rep
8
270.550000
23.75 <.0001
Judge
3 2428.250139 568.47 <.0001
Flour
Branny
1
1.170417
0.82
0.3657
Sauce
Error 201 286.195417
Total 215 2988.109583
2
1.651481
0.36
0.6951
Rep
8
161.406759
8.90
<.0001
Judge
3 2086.824815 306.93 <.0001
Flour
Wheaty
1
0.267407
0.12
0.7316
Sauce
Error 201 455.5355463
Total 215 2705.685926
2
1.830000
0.48
0.6187
Rep
8
72.564167
4.77
<.0001
Judge
3 2030.515694 355.99 <.0001
Flour
Starchy
1
1.688935
0.89
0.3471
Sauce
Error 201 382.157454
Total 215 2488.756250
2
17.9377778
3.94
0.0209
Rep
8 313.0125000 17.21 <.0001
Judge
3 779.5175463 114.28 <.0001
Flour
Bitter
1
3.8667130
1.70
0.1937
Sauce
201
457.025046
Error
Total 215 1571.359583
2
5.6006481
1.43
0.2416
Rep
8 116.3539815
7.43
<.0001
Judge
3 245.2077778 41.75 <.0001
Flour
Sweet
1
1.5000000
0.77
0.3824
Sauce
Error 201 393.4857407
Total 215 762.1481481
2
2.2445370
0.53
0.5879
Rep
8 211.7242593 12.56 <.0001
Judge
3
16.7750000
2.65
0.0497
Flour
Salty
1
9.1266667
4.33
0.0387
Sauce
Error 201 423.5204630
Total 215 663.3909259
2
3.35287037
0.96
0.3853
Rep
8 42.83759259
3.06
0.0028
Judge
3
7.25481481
1.38
0.2494
Flour
Sour
1
0.29629630
0.17
0.6811
Sauce
Error 201 351.6776852
Total 215 405.4192593
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Table F.3.3. continued…
Attribute
Source
Rep
Judge
Flour
Buttery
Sauce
Error
Total
Rep
Judge
Flour
Cheddar
Sauce
Error
Total
Rep
Judge
Flour
Free fatty acid
Sauce
Error
Total

DF ANOVA SS F value
2
1.1945370
0.52
8
188.0125926 20.55
3
5.8824074
1.71
1
0.0668519
0.06
201 229.8412037
215 424.9975926
2
7.8495370
1.06
8
68.6875926
2.32
3
12.0149537
1.08
1
190.5944907 51.57
201 742.805602
215 1021.952.176
2
3.6514815
1.12
8
169.9939815 13.05
3
2.9556944
0.61
1
0.1504167
0.09
201 327.1828241
215 503.9343981
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Pr > F
0.5939
<.0001
0.1652
0.8092

0.3477
0.0209
0.3571
<.0001

0.3278
<.0001
0.6123
0.7615

Table F.3.4. ANOVA table for headspace analysis of macaroni from
Chapter 5.
Compound
Source DF ANOVA SS F value Pr > F
2
22.8118539
0.90
0.4552
Rep
3 106.3659486
2.80
0.1312
Flour
1-Pentanol
6
76.0545334
Error
Total 11 205.232359
2
1.72024100
1.84
0.2386
Rep
3 10.19126126
7.25
0.0202
Flour
2,4-Dimethylpyrazine
6
2.80975559
Error
Total 11 14.72125785
2
881.65114
1.34
0.3295
Rep
3 69467.42558 70.58 <.0001
Flour
2-Propoxyethanol
6
1968.52265
Error
Total 11 72317.59936
2
86.6911920
2.78
0.1401
Rep
3 264.1324365
5.64
0.0352
Flour
3-Carene
6
93.6729357
Error
11
444.4965641
Total
2
19.730964
1.84
0.2386
Rep
3 2690.338161 166.97 <.0001
Flour
4-Vinylpyridine
6
32.225389
Error
Total 11 2742.294513
2
1.40179248
1.79
0.2459
Rep
3 19.20915585 16.34 0.0027
Flour
(E)-2-Hexenal
6
2.35100703
Error
Total 11 22.96195536
2
70.342277
1.32
0.3354
Rep
3 1435.628983 17.93 0.0021
Flour
(E)-3-Hexen-1-ol
6
160.112311
Error
Total 11 1666.083571
2 10.10477953
0.64
0.5607
Rep
3
73.73008790
3.10
0.1105
Flour
(E,E)-2,4-Decadienal
6
47.5093826
Error
Total 11 131.3442500
2
2.3968711
3.44
0.1013
Rep
3 117.6747936 112.43 <.0001
Flour
Furan
6
2.0932781
Error
Total 11 122.1649429
2
5.3362678
1.23
0.3574
Rep
3 221.3457454 33.94 0.0004
Flour
Heptanal
6
13.0436074
Error
Total 11 239.7256206
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Table F.3.4. continued…
Compound Source
Rep
Flour
Vanillic acid
Error
Total
Rep
Flour
Ethyl acetate
Error
Total

DF ANOVA SS F value
2
1.85420371
0.84
3
3.07659014
0.92
6
6.65989102
11 11.59068487
2
24.550331
0.85
3 1859.011977 42.71
6
87.045211
11 1970.607519
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Pr > F
0.4786
0.4843

0.4746
0.0002

Table F.3.5. ANOVA table for headspace analysis of macaroni and
cheese from Chapter 5.
Compound
Source DF ANOVA SS F value Pr > F
2
3.83250000
1.69
0.2146
Rep
3 27.57590000
8.09
0.0014
Flour
1 12.84806667 11.31 0.0037
1-Pentanol
Sauce
Error 17 19.30833333
Total 23 63.56480000
2
0.30303333
1.27
0.3063
Rep
3
3.03942933
8.49
0.0011
Flour
1
0.18096067
1.52
0.2349
2,4-Dimethylpyrazine Sauce
Error 17 2.02880600
Total 23 5.55222933
2
478.42333
5.94
0.0110
Rep
3 18458.12583 152.91 <.0001
Flour
1
145.63227
3.62
0.0742
2-Propoxyethanol
Sauce
684.04690
Error 17
Total 23 19766.22833
2
0.37515833
0.66
0.5292
Rep
3
9.17561250
10.77 0.0003
Flour
1
0.11620417
0.41
0.5308
3-Carene
Sauce
Error 17 4.82592083
Total 23 14.49289583
2
25.6306750
4.76
0.0228
Rep
3 797.9025277 98.81 <.0001
Flour
1
9.6266667
3.58
0.0758
4-Vinylpyridine
Sauce
Error 17 45.7579327
Total 23 878.9178020
2
1.05070000
6.95
0.0062
Rep
3
3.13567350
13.82 <.0001
Flour
1
0.44990817
5.95
0.0260
(E)-2-Hexenal
Sauce
Error 17 1.28563483
Total 23 5.92191650
2
10.5595750
0.86
0.4393
Rep
3 978.9831043 53.38 <.0001
Flour
1
3.2032427
0.52
0.4790
(E)-3-Hexen-1-ol
Sauce
Error 17 103.921300
Total 23 1096.667222
2
0.69190833
1.17
0.3333
Rep
3
5.65444583
6.39
0.0043
Flour
1
0.07370417
0.25
0.6236
(E,E)-2,4-Decadienal Sauce
Error 17 5.01443750
Total 23 11.43449583
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Table F.3.5. continued…
Compound Source
Rep
Flour
Furan
Sauce
Error
Total
Rep
Flour
Heptanal
Sauce
Error
Total
Rep
Flour
Vanillic acid Sauce
Error
Total
Rep
Flour
Ethyl acetate Sauce
Error
Total

DF
2
3
1
17
23
2
3
1
17
23
2
3
1
17
23
2
3
1
17
23

ANOVA SS F value
4.2005250
4.01
101.6468365 64.72
0.0524535
0.10
8.8994715
114.7992865
0.49822500
1.13
4.85014583
7.35
5.06920417
23.05
3.73808750
14.15566250
0.14335833
0.67
1.04521250
3.26
0.02100417
0.20
1.81712083
3.02669583
391.16583
0.87
25399.48458 37.82
2209.92042
9.87
3805.48875
31806.05958
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Pr > F
0.0374
<.0001
0.7554

0.3452
0.0023
0.0002

0.5244
0.0473
0.6631

0.4353
<.0001
0.0059

APPENDIX G: Fluorescence microscropy

Figure G.1. Fluorescence microscopy of refined and whole grain pasta cross-sections
(protein network: yellow-orange fluorescence from acid fuchsin stain and bran: blue
auto-fluorescence).a
a

Cooked pasta was embedded for histology in JB-4 resin. Cross-sections 1 μm thick were stained with acid
fuchsin for 5 min. Images taken with Olympus DP71 microscope.
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APPENDIX H: Colourimetry and images of cooked pasta
Table H.1. L*a*b* colour values of cooked pasta.
Whole grain contenta
Dimension Drying
0%
25%
75%
(refined)
LT-LT 74.57±0.84 66.36±0.82 55.61±0.66
L*
HT-ST 72.73±0.64 65.24±0.97 53.73±1.14
5.27±0.33
9.59±0.37
LT-LT -0.92±0.17
a*
-0.58±0.17
4.84±0.32
10.63±0.37
HT-ST
LT-LT 19.77±0.71 21.49±1.16 19.54±1.44
b*
HT-ST 18.93±0.39 21.28±0.64 20.54±1.09
a

100%
(whole grain)
47.89±0.67
48.06±0.76
11.25±0.22
11.27±0.30
17.06±0.75
17.56±0.79

n = 15 (3 reps*5 subreps); MINOLTA Chroma Meter CR-300 Series, D65 light source

Figure H.1. Images of cooked pasta.
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APPENDIX I: Standards and their linear regressions for compositional analysis of
phenolic extracts
Table I.1. Phenolic acid standards and their linear regressions
for HPLC.
Standarda
λ (nm) Linear regression
R2
260
y = 1900.58x – 8.19 0.9994
Protocatechuic acid
260
y = 3115.22x – 20.19 0.9999
p-Hydroxybenzoic acid
260
y = 1667.28x – 22.21 0.9999
Vanillic acid
275
y = 1454.45x – 2.13 0.9998
Gallic acid
275
y = 1335.53x – 19.80 0.9988
Syringic acid
300
y = 587.18x – 27.08 0.9872
m-Hydroxybenzoic acid
300
y = 3972.32x – 18.43 0.9999
p-Coumaric acid
320
y = 2731.88x – 32.43 0.9993
Caffeic acid
320
y = 2999.20x – 28.26 0.9999
Ferulic acid
320
y = 2220.23x – 39.22 0.9814
Sinapinic acid
330
y = 685.23x – 20.36 0.9993
Gentisic acid
a

n = 2 (reps)
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APPENDIX J: Headspace analysis of cheese sauces
Table J.1. Headspace analysis of commercial and sodiumreduced cheese sauces from Chapter 5.
Cheese saucea
Concentration (ppbv)
Commercial Sodium-reduced
74.9 ± 30.9
76.7 ± 20.5
1-Butanol
40.0 ± 6.4
41.9 ± 5.4
2,3-Butanediol
122.9 ±12.8
58.1 ± 5.1
2,3-Butanedione
36.9 ± 3.7
48.3 ± 1.6
2-Methylbutanal
22.0 ± 3.4
12.0 ± 1.5
2-Pentanone
18.4 ± 0.1
16.6 ± 1.1
2-Propanol
1345.0 ± 151.0 1276.4 ± 109.0
Acetone
19.3 ± 1.9
25.1 ± 5.2
Butanoic acid
68.7 ± 8.8
60.9 ± 4.8
Butanone
11.5 ± 0.9
17.6 ± 5.8
Diallyl disulfide
15.4 ± 3.5
12.2 ± 0.6
Ethanol
167.3 ± 29.4
141.9 ± 18.8
Ethyl acetate
0.4 ± 0.1
0.3 ± 0.3
Furaneol
1.9 ± 0.7
2.1 ± 0.9
Linalool
0.4 ± 0.3
0.4 ± 0.1
Methionol
a

n = 3 (reps)
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