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ABSTRACT
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The objective of this study was to investigate the potential of freeze-dried apple pomace
(AP) powder as a dairy ingredient with focus on the impact of such complex matrix on milk
fermentation as well as on the structure and texture of set and stirred yogurt gel. The study found
that addition of AP powder increased the gelation pH and shortened the fermentation time
(especially for the 1% AP yogurt), and eventually developed a more viscoelastic, consistent, and
firmer yogurt gel. AP addition into stirred yogurt allowed a higher level of AP to be incorporated
(1-3%) and resulted in a significant decrease of syneresis along with increase in viscosity,
firmness, and cohesiveness of the matrix during cold storage. Therefore, AP has the potential to
be utilized as a natural stabiliser, texturizer and source of dietary fibre and polyphenols in yogurt.
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CHAPTER ONE - GENERAL INTRODUCTION
Apple pomace (AP), the solid residue from the juice and cider production, is considered
one of the waste streams in co-products of fruit and vegetable processing industries. The disposal
of these wastes can cause a serious environmental problem due to its high biodegradability. AP is
a great source of dietary fibre (mainly pectin, cellulose, and hemicellulose) and phytochemicals
(procyanidins, catechin, epicatechin, chlorogenic acid, phloridzin, and the quercetin conjugates),
which have been associated with many health-enhancing benefits. In addition, AP possesses
outstanding functional properties, such as water holding, gelling, thickening and stabilising
capacity. Several studies have utilized AP as a value-added ingredient in food products, such as
muffins, cookies, and sausages (Chen, Rubenthaler, Leung, & Baranowski, 1988; Jung,
Cavender, & Zhao, 2015; Wang & Thomas, 1989). However, research on dairy products enriched
with AP are scarce.
As popular food products in the market, fermented dairy products can be considered as
vehicles for incorporation of by-products to efficiently utilize these rich sources of valuable fibre
and antioxidants as well as their unique functional properties. In this study, yogurt (stirred-type
and set-type) was selected as a dairy model for the incorporation of AP powder.
The objective of this study is to investigate the effect of apple pomace on milk
fermentation as well as on the structure and texture of set and stirred yogurt gel, and to
demonstrate its potential as a natural stabiliser, texturizer and added dietary fibre and
polyphenols. The specific objectives are:
•

Characterizing chemical composition and physico-chemical properties of AP.

•

Investigating the effect of AP on the milk coagulation, gel structure,
microstructure and rheology of set-type yogurt during fermentation as well as on
1

gel characteristics (syneresis, pH, titratable acidity and texture) during cold
storage.
•

Evaluating the impact of AP addition on the properties of stirred type yogurt gel
(viscosity, syneresis, texture, microstructure, color and total phenolic content)
during cold storage.
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CHAPTER TWO - REVIEW OF LITERATURE

2.1 Food waste
Food waste is a significant concern for society resulting in adverse effects on both economy
and the environment. In Canada, $31 billion of food, equating to 2% of Canada’s gross domestic
product (GDP), ends up in landfills and composters annually, according to a report from Value
Chain Management International (Gooch, Felfel, & Glasbey, 2014). Fruits and vegetables take
up the largest portion of food waste. Among this waste, 33% of total fruit waste was from
processed, dried and juiced fruits as reported by Abdulla, Martin, Gooch, and Jovel (2013).
Apple, which accounts for 20% of the total Canadian fruit value, had a yield of 427,424
tons in 2016 (Statistics Canada, 2017). According to a report from Agriculture and Agri-Food
Canada (AAFC) in 2015, about 70% of apple is consumed as fresh apple while 30% is processed
into apple products annually (Makki, 2015). Therefore, the processing of apples generates tons of
apple pomace every year. Apple pomace (AP) is the solid residue from apple juice and cider
industries; it takes 25-30% weight of the whole fruit (Pachapur et al., 2015; Vendruscolo,
Albuquerque, Streit, Esposito, & Ninow, 2008). Due to its low-calorie content, the residue from
fruit processing can hardly be untilized. Thus, an enormous amount of fruit waste is deposited
into landfills and incineration every year, resulting in additional losses to industries and increase
of greenhouse gas emissions. Among the apple pomace (AP) waste, only 20% of it is utilized for
animal feed due to its rapid spoilage in wet conditions (Dhillon, Kaur, & Brar, 2013). Besides,
Vendruscolo et al. (2008) argued that apple pomace (AP) may not be suitable for animal feed
due to low protein and high sugar content. They advocated applying apple pomace (AP) as an
alternative substrate in biotechnology to generate value-added products like enzymes, organic
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acids, and polysaccharides. This viewpoint not only offered a solution to pollution problems
regarding disposal of AP but also triggered interests in investigating effective utilization of AP.

2.2 Composition
Apple pomace (AP), consisting of peel, pulp, stems, and seeds, is the remnant derived from
the production of apple cider and juice (Dhillon et al., 2013). Even the most effective
commercial processing techniques still generate a waste of 12 – 20% of raw materials
(Kołodziejczyk, Markowski, Kosmala, Król, & Płocharski, 2007). After water and some watersoluble compounds are removed by pressing, apple residues still contain sugars, acids, traces of
proteins, and significant amount of valuable compounds, such dietary fibre, phytochemicals, and
minerals (Bhushan et al. 2008). All these compounds can play a significant role in promoting
human health.
Dietary fibre (DF) is considered an important part of a healthy diet and lifestyle.
Considerable epidemiological evidence showed that high consumption of DF tends to reduce the
risk of cardiovascular disease, type 2 diabetes, and several types of cancer (colorectal, breast and
gastric cancer). Furthermore, DF is associated with body weight management, promoting
digestive health, helping laxation, lowering the pH in the colonic lumen to improve the
bioavailability of minerals, and enhancing short-chain fatty acid production (Dahl & Stewart,
2015). According to data from Canadian Community Health Survey (CCHS), Cycle 2.2, the
actual average intake amount of DF is 19.1 grams per day for men and 15.6 grams per day for
women in Canada. However, Health Canada (2012) suggested the adequate intake of DF fibre
should be 14 g/1000 kcal/day for all age groups of one year old and over. As being translated to a
specific population, the adequate intake amount of DF is 38 grams per day for men at the age
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from 19 to 50, 30 grams per day for men over the age of 51, 25 grams per day for women at the
age from 19 to 50, and 21 grams per day for women over the age of 51. In addition, 20 – 30 % of
our daily fibre intake should come from soluble fibre. Hence, DF intake among Canadians is
insufficient, and therefore consumption of a higher amount of DF from diverse sources is
recommended for a healthy diet.
Fruits and vegetables, as well as their by-products, are rich sources of dietary fibre (DF)
(O'Shea, Arendt, & Gallagher, 2012). DF from fruits and vegetables is better than cereal fibre in
nutritional quality because fruit and vegetable fibre exist in a combined form with a variety of
bioactive compounds connected (Bhushan, Kalia, Sharma, Singh, & Ahuja, 2008). Research on
dietary fibre composition of AP has shown that AP is a great source of diverse types of DF. They
include water-soluble fibre like pectin and hemicelluloses, and water-insoluble fibre like
cellulose and lignin (Bhushan et al., 2008). Soluble fibre confers health benefits to human
including reducing the glycemic response and plasma cholesterol; insoluble fibre contributes to
increasing fecal bulk and decreasing intestinal transit as well as serving as a substrate for
metabolism by gut bacteria (Elleuch et al., 2011). To optimize the health benefits of DF above, a
well-balanced proportion of 30%- 50% (SDF): 70%- 50% (IDF) were suggested by Schneeman
(1987) for human intake. The fraction of soluble (SDF) and insoluble (IDF) dietary fibre in apple
has been determined in a well-balanced proportion (Gorinstein et al., 2001). Pectin is the major
component of SDF in AP; it takes up 10 to 15% of AP on a dry weight basis (Bhushan et al.,
2008). Furthermore, apple pomace contains significant levels of calcium, magnesium, zinc, iron,
and copper, and the majority of fibre and minerals are located in the apple peel. For instance,
macro-mineral potassium was found 253.1 mg/ 100 ml in apple pomace and 1060 mg/ 100ml in
apple peel; minor-mineral iron was found 0.84 mg/ 100 ml in apple pomace and 15 mg/ 100 ml
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in apple peel (Henriquez et al., 2010; O'Shea et al., 2015). These minerals have been proven to
prevent atherosclerosis acting as effective catalysts (O'Shea et al., 2012).
Besides dietary fibre and minerals, AP is a rich source of phytochemicals of different
classes including phenolic acids and flavonoids. These phytochemicals have been related to
reducing the risk of a series of chronic diseases, such as cancers, cardiovascular disease, asthma
and type 2 diabetes, and to benefiting lung function and weight control (Boyer & Liu, 2004).
Wijngaard, Rößle, and Brunton (2009) demonstrated that AP, consisting of mainly cores and
peels, showed higher contents of polyphenols than apple flesh, indicating that polyphenolic
compounds are concentrated in higher levels in apple peels followed by apple cores. Phenolic
and flavonoid compounds commonly found in AP comprise procyanidins, catechin, epicatechin,
chlorogenic acid, phloridzin, and the quercetin conjugates which are exclusively found in apple
peels (Boyer & Liu, 2004).
Phytochemicals also contribute to the colour and taste of many types of fruits, so the
discolouration and loss of aromas during fruit processing may indicate damage to its
phytochemicals (Belitz, Grosch, & Schieberle, 2009). However, Wolfe and Liu (2003) proposed
an approach of blanching, freeze-drying and milling apple peels into powder to minimize the
losses of phytochemicals. By implementing such processing technologies that intend to minimize
the loss of beneficial components, apple by-products could become a candidate for a value-added
food ingredient carrying abundant phytochemicals and dietary fibre.

2.3 Functional properties
Functional properties, including solubility, water-holding capacity, oil-binding capacity,
viscosity, and viscoelasticity, significantly affect the sensory and performance characteristics of
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foods (Harris & Smith, 2006). AP exhibits unique functional properties which are mainly
attributed to various polysaccharides. Insoluble fibre functionality stems from their porosity and
low density, thus conferring water holding capacity to hosts; soluble fibre are capable of
increasing viscosity, forming gels and acting as emulsifiers or bulking agents in high watercontaining products (Harris & Smith, 2006). Both types of fibre are suitable candidates to be
incorporated into processed foods and beverages due to their moderate sensory taste (Elleuch et
al., 2011).
Unlike chemically extracted and modified hydrocolloids, materials like AP derived from
fruit by-products are mainly cell wall materials that are comprised of a heterogeneous mixture of
water-soluble and insoluble polysaccharides (McCann, Fabre, & Day, 2011). An intact cell wall
matrix is composed of cellulose microfibrils and non-cellulosic polysaccharides with various
structures, as well as structural proteins, glycoproteins and phenolic components (Harris &
Smith, 2006). Therefore, the functionality of cell wall materials is not simply related to separate
parameters, such as porosity, pectin content or the remaining cell structure. Instead, their
functional properties are affected multivariately by many material attributes (Vetter, Kunzek, &
Senge, 2001). For instance, industrial apple pomace shows higher hydration capacity than
depectinated apple pomace and commercial apple fibre due to its well-balanced fibre fractions
(O'Shea et al., 2015; Renard & Thibault, 1991; Rosell, Santos, & Collar, 2009). Furthermore,
Redgwell, Curti, and Gehin-Delval (2008) demonstrated the rapid thickening ability of AP cell
wall materials in aqueous suspension at low concentration, and found that high shear did not
affect the viscosifying function of AP cell wall particles. This is due to the interaction of pectic
polysaccharides and the cellulose fibrils resisting disintegration of the cell wall. Thus, AP cell
wall material can be used to increase viscosity and achieve a smooth, gel texture in food
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modification. Furthermore, strong hydration properties of fibre concentrate from AP have been
tested to act as a volume replacement and texturizing agent in food development. Moderate
particle sizes between 460 and 600 µm, heating, and high ionic strength were found to improve
the hydration properties (Figuerola, Hurtado, Estevez, Chiffelle, & Asenjo, 2005).
Pectin is one of the major dietary fibre components of AP. O'Shea et al. (2015)
determined 7.5 % of the apple pomace is pectin based on fresh weight. Pectin can impart
functional benefits like gelling and thickening properties; nonetheless, the mechanisms of
gelation depends on the degree of methyl-esterification (DE) of the galacturonic acid residues in
the homogalacturonans of pectins. Pectin of high DE (>50%) gels in an acidic environment while
pectin of low DE (< 50%) form gels in the presence of calcium cations (Damodaran, Parkin, &
Fennema, 2007; Harris & Smith, 2006; O'Shea et al., 2015). AP had been found to assist in
developing a viscous paste and a more visco-elastic structure, especially in acidic solutions due
to the fact that it contains mainly high DE pectin as well as traces of starch (O'Shea et al., 2015).
In addition to its functionality and nutrition, AP is also gluten and lactose-free (O'Shea et
al., 2012). This concept meets demands of consumers who are subjected to specific diets, and
who tend to pursue products containing natural ingredients. Overall, AP as a fruit processing byproduct has the potential to be used as a natural food ingredient that enhances the dietary fibre
and phytochemical content of the food products.

2.4 Apple pomace (AP) as a food ingredient
The primary usage of AP is currently to feed livestock, but AP is not an optimal animal
feed supplement due to its low-calorie, low protein and high sugar content. In addition, it is
commonly used in extraction or production of nutraceutical and functional compounds, such as
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pectins, enzymes, single cell protein, aroma compounds, ethanol, organic acids, polysaccharides
and polyphenols (Renard & Thibault, 1991; Vendruscolo et al., 2008). However,
biotechnological applications above do not fully utilize the valuable components in apple
pomace; thus, versatile research of directly using apple pomace emerges.
At an early stage of research, apple pomace was demonstrated as an alternative source of
dietary fibre applied into bakery products. Chen et al. (1988) reported that apple fibre could be
added in cookies and muffins without significant adverse effects on product quality. Wang and
Thomas (1989) found that adding apple pomace into muffins could substitute flour and sugar
addition as well as provide additional dietary fibre. Besides, incorporation of unrefined, dried
apple pomace into apple pie filling and oatmeal cookies did not impact the colour and sensory
properties of the final product. Furthermore, more studies below promoted exploration of AP
applied to other categories of food products. Jung et al. (2015) added wet AP into meat products
and demonstrated the ability of AP to reduce the firmness and enhanc the dietary fibre and pectin
content, and radical scavenging activity of the fortified meat products. In addition, finely ground
AP has been mixed with liquid whey as well as cereal ingredients to create an extrusion snack
product fortified with dietary fibre , phytochemicals, and protein (Paraman, Sharif, Supriyadi, &
Rizvi, 2015). Smoothie beverages and jelly products fortified with AP took advantage of
functional pectin and aroma compounds from AP (Royer, Madieta, Symoneaux, & Jourjon,
2006; Sun-Waterhouse, Bekkour, Wadhwa, & Waterhouse, 2014). Nevertheless, the applications
of AP in dairy products seems unexploited based on the latest review (Rabetafika, Bchir,
Blecker, & Richel, 2014). Apple pomace possesses desirable functional properties that can make
it a potential ingredient and an excellent source of fibre and phytochemicals for dairy products,
such as fermented milk or acidic whey protein drinks.
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2.5 Yogurts fortification with cell wall plant materials
Yogurt is a very popular fermented milk product produced by fermentation of milk with
two thermophilic lactic acid bacteria, Streptococcus thermophilus and Lactobacillus delbrueckii
subsp. bulgaricus, generating aromatic, acidic and viscoelastic gels (Walstra, Walstra, Wouters,
& Geurts, 2005). It has been widely accepted as an edible energy source due to its easy
digestibility and high nutritional value (Garcia-Perez et al., 2005). Fermentation brings various
acids, water-soluble vitamins, and polysaccharides to yogurt, in addition to proteins, lactose and
calcium originally existing in milk. Also, due to decomposition of a considerable amount of
lactose as well as the formation of thickening texture, yogurt is better tolerated by people who
have lactose intolerance and difficulty in swallowing, respectively (Walstra et al., 2005).
Therefore, fermented dairy products still rank as one of the top three trends of food, nutrition,
and health due to natural functionality that is highly demanded by consumers (Mellentin, 2015).
Set- and stirred-type are two main types of yogurt. Set-type yogurts are fermented in a
retail pot, resulting in a firm and compact gel structure; stirred yogurts are produced by breaking
the intact gel and mixing with fruit and flavours, resulting in a consistent semi-solid structure
(Loveday, Sarkar, & Singh, 2013; Lucey, 2002). Yogurt gels are formed by a network of
aggregated casein micelles, which can easily be broken by shearing, external forces or
spontaneous rearrangements of casein micelles during storage, causing whey separation/
syneresis. Adding stabilisers (e.g. gelatin, pectin, carrageenan, and starch) that interact with
casein micelles is one way of reducing syneresis (Everett & McLeod, 2005). However, these
stabilisers may bring undesirable flavours and texture and interfere with achieving “natural
functionality” (Loveday et al., 2013). Accordingly, more alternative natural ingredients should
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be more urgently researched to satisfy the needs of yogurt products with favourable sensory
properties as well as nutrients. The prospect of minimally processed natural AP ingredients
acting as a gelling/stabilising agent while fortifying yogurt with health-promoting dietary fibre
and phytochemicals is very attractive and warrants further research.
Although the literature on apple pomace fortified yogurt is scarce, there are quite a few
reports on using fibre derived from other fruits and vegetables in yogurt. Dello Staffolo, Bertola,
Martino, and Bevilacqua (2004) focused on the sensory analysis of yogurt fortified with wheat,
bamboo, inulin and apple fibre, and found that fortified yogurts obtained high scores for colour,
flavour, and texture. Contrary to commercial stabilisers, most fruit and vegetable fibre may affect
colours of the fortified products, which can be a serious drawback of these preparations. In
another study of orange fibre added yogurts, the reduced syneresis during cold storage was
attributed to the enhanced water holding capacity of orange fibre, indicating orange fibre as an
alternative natural stabiliser (Garcia-Perez et al., 2005). Furthermore, firmer and more consistent
texture was obtained with both date fibre and asparagus fibre incorporated yogurts compared to
the control (Hashim, Khalil, & Afifi, 2009; Sanz, Salvador, Jiménez, & Fiszman, 2008).
Moreover, Ramirez-Santiago et al. (2010) found that yam fibre helped to form a more compact
casein micelle aggregate network in stirred yogurt compared to the control. Even though the
studies above increased the dietary fibre content and improved the texture of yogurts, they used
pure fruit or vegetable fibre, which may be less available and require a higher cost. In this case,
whole fruits and vegetables, especially their by-products may become suitable candidates in
yogurt fortification.
Passionfruit by-products increased firmness, consistency, and cohesiveness of fortified
yogurts but significantly altered the fermentation process by reducing fermentation time (do
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Espírito Santo, Perego, Converti, & Oliveira, 2012). Similarly, enhancement of milk
fermentation rate was also observed in yogurts with dragon-fruit added (Zainoldin, 2009).
Furthermore, whole fruit or vegetable ingredients bring other valuable compounds in addition to
dietary fibre. Green tea, green coffee powders, pomegranate and wine pomace, have been
investigated for their ability to improve the antioxidant activity of yogurt as well as to keep the
antioxidant activity during storage (Dönmez, Mogol, & Gökmen, 2017; Muniandy, Shori, &
Baba, 2016; Trigueros, Wojdylo, & Sendra, 2014; Tseng & Zhao, 2013). Most of the studies
above focused on physico-chemical properties and nutritional values of the fortified yogurts
while only a few of them discussed the fermentation kinetics of yogurt incorporated with
external ingredients. The complexity of interactions among unrefined fruit by-product and milk
components may be one of challenges when researching fermentation kinetics of yogurt with
external ingredients incorporated.
Incorporated ingredients interact with milk components during fermentation as well as
storage, and may alter the nutrient bioavailability, the texture and flavour of the final product
(Fernández-García & McGregor, 1997). This is due to the complexity of interactions among
three main constituents in foods: protein, carbohydrates, and polyphenols. Both bioavailability
and bioaccessibility of protein and polyphenols can be affected when these two compounds bind
to each other (Jakobek, 2015). Polyphenol binds to the protein through weak non- covalent
bindings including hydrophobic-, van der Waals-, hydrogen bridge-binding and ionic interactions
(Parisi et al., 2014). This binding can change protein structure, thus leading to changes in protein
functionality (Yuksel, Avci, & Erdem, 2010). Petzke, Schuppe, Rohn, Rawel, and Kroll (2005)
reported that chlorogenic acid impaired the digestibility of whey proteins because the
polyphenol-protein binding blocked some essential amino acids, which may be related to the
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enzymes functioning digestion. In addition, the association between polyphenols and proteins
could mask the antioxidant activity of polyphenols; for instance, the antioxidant activity of
flavonoids has been found to decrease when the flavonoids were associated with milk proteins
(Arts et al., 2002). Moreover, carbohydrates can also decrease the bioavailability of polyphenols
by capturing polyphenols in their porous structure. However, the association between
polyphenols and polysaccharides can benefit the human body because polyphenols can be
protected from oxidation during the transportation to the large intestine, where they could be
released with the help from various enzymes and microorganisms (Jakobek, 2015). In this case,
the bioavailability of AP polyphenols may not be reflected until these polyphenols go to the
colon. This is due to that polyphenols in AP mainly exist in bound forms. The predominant
polyphenol, procyanidins in AP has high affinity to pectin, and are entrapped in hydrophobic
pockets formed by pectin (Le Bourvellec, Guyot, & Renard, 2009).
Furthermore, the texture and flavour of the final product are mainly influenced by
interactions between protein and carbohydrates, as well as bacteria in yogurt fermentation cases.
Polysaccharides tend to interfere with protein networks during fermentation, but can stabilise the
coagulated milk dispersion after fermentation. According to the above studies of adding various
polysaccharides to fermented milk, each source of polysaccharides should be discussed and
investigated separately in terms of their unique characteristics. Hence, it is necessary to
investigate and understand the fermentation process of the fortified yogurts. As mentioned
above, apple pomace is rarely incorporated into yogurts, so this study will investigate the
influence of apple pomace on the fermentation behavior and storage of two types of yogurts: settype and stirred-type.
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Yogurt quality is usually described by physical, rheological, textural and microstructural
properties during fermentation and cold storage (Lee & Lucey, 2003). Physical (pH, titratable
acidity, viscosity and syneresis) and textural (firmness, consistency, cohesiveness) properties
determine product quality and consumer acceptance. These properties are mainly affected by the
gelation process in yogurts which can be understood by dynamic rheological tests including
rotation and oscillation (Lee & Lucey, 2004). The microstructure of yogurts is observed by
confocal laser scanning microscopy (CLSM), which shows a good correlation the rheology
studies (Sendra et al., 2010). This study evaluated all four properties to investigate the influence
of apple pomace addition on both set-type yogurt and the stirred-type yogurt.
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CHAPTER THREE - CHARACTERIZATION OF APPLE POMACE
AND INVESTIGATING ITS POTENTIAL AS A DAIRY INGREDIENT

3.1 Abstract
Apple pomace (AP), a by-product of apple processing and known as a rich source of
dietary fibre, was investigated for its potential as a functional food ingredient. Fresh apple
pomace was processed into freeze-dried powder and characterized in terms of chemical
composition as well as physical and functional properties. The obtained AP powder contained a
good amount of well-balanced soluble and insoluble fibre and polyphenolic compounds.
Furthermore, AP powder exhibited good water hydration properties, solubility and swelling, as
well as milk viscosifying capacity. Therefore, AP powder has a high potential to be used as a
functional ingredient in dairy products to control the texture of such products and fortify them
with dietary fibre and phytochemicals. Finding an alternative way of utilizing by-products from
apple processing industries contributes to alleviation of food waste problems.

3.2 Introduction
Apple pomace (AP), which takes up to 30 percent weight of the fresh fruit, is a byproduct generated from apple juice and cider production (Vendruscolo et al., 2008). Currently,
manufacturers sell these by-products as animal feed, or send them to landfills or incinerators,
resulting in additional costs for disposal and adverse effects on the environment (O'Shea et al.,
2012). After water and water-soluble compounds are removed from the whole apples by
pressing, the solid residues consisting of apple skin, pulp and seeds still retain valuable
compounds including traces of proteins, abundant carbohydrates (sugars and dietary fibre), acids
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and various phytochemicals (phenolics and flavonoids) (Bhushan et al., 2008; Boyer & Liu,
2004; Dhillon et al., 2013). All these compounds play significant roles in promoting human
health (Wolfe & Liu, 2003).
Improving general health attracted researchers to explore alternative ways to utilize the
“food waste” and to turn it into value-added ingredients; in doing so, the by-products need to be
processed into a stabilised form. Fruit drying is an efficient operation to turn the high moisture
material into a more stable form; it can extend shelf life, reduce storage space, and lower
transportation cost (Henriquez et al., 2010). However, drying takes water away, and also changes
physical, chemical, and biological properties of materials. Because most of the natural nutrients
in the materials are heat-sensitive, an appropriate drying method needs to be selected in order to
reduce deterioration of bioactive compounds in fresh fruit by-products. Wolfe and Liu (2003)
compared total phenolic content retained in dried apple peels after air-drying, oven-drying and
freeze-drying, and concluded that freeze-dried apple peels showed higher phenolic content than
the others. They also proposed a blanching process before the drying because apple is prone to
enzymatic browning, which can negatively affect the bioactive compounds (Henriquez et al.,
2010; Wolfe & Liu, 2003). Therefore, freeze-drying and blanching are an optimal processing
scheme for AP to preserve its colour and to maintain its bioactive compounds.
In addition to its significant nutritional value, AP exhibits excellent functional properties,
such as water hydration, fat adsorption, emulsifying, whipping and buffering properties (Grover,
Chauhan, & Masoodi, 2003). Furthermore, O'Shea et al. (2015) found that the aqueous solution
of AP exhibited viscoelastic characteristics due to a significant amount of pectin in the AP.
According to these functional properties, researchers have utilized AP in many food products.
Early research has shown the potential of AP for successful incorporation into bakery products to
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substitute flour and sugar (Carson, Collins, & Penfield, 1994; Chen et al., 1988; Wang &
Thomas, 1989). AP has also been added into meat products, extrusion snacks and jellies to
fortify them with dietary fibre and antioxidants as well as to improve the structures of the
fortified products (Jung et al., 2015; Paraman et al., 2015; Royer et al., 2006; Sun-Waterhouse et
al., 2014). Despite this, the studies on applications of AP in dairy products are scarce based on
the latest review (Rabetafika, Bchir, Aguedo, Paquot, & Blecker, 2014).
The objective of this study was to characterize apple pomace and investigate its potential
as a functional ingredient for dairy products. The specific objectives were (1) to develop apple
pomace powder using a referenced processing scheme; (2) to determine the chemical
composition and physico-chemical properties of apple pomace powder; (3) to investigate
functional and viscosifying properties of apple pomace under dairy conditions.

3.3 Materials and Methods
3.3.1 Apple pomace powder preparation
Apple pomace (AP) consisting of peel, pulp, and seeds in wet condition was made up of a
mixture of Ambrosia, Cortland, Gala, Honeycrisp, Red Delicious and McIntosh varieties, which
were obtained from the cider-making facility, Martin’s Fruit farm (Waterloo, Ontario), shortly after
pressing (same day, under eight hours). Wet apple pomace was processed into dry powder by flash
blanching with 10 s heating and 10 s cooling, freeze-drying (FFD-40 VirTis Freeze Dryer, Ontario)
and grinding process (197 Quadro-Comil, Quadro Engineering Corp, Waterloo, Ontario) (Wolfe
& Liu, 2003). The dry powder was stored at -20 °C. Three different batches of AP were obtained
from the farm at different time periods (May 2016, October 2016 and April 2017), and were
grinded with different sieves (size 276, size 475, size 125) respectively. The three batches were
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numbered as batch 1 (size 276), batch 2 (size 475) and batch 3 (size 125).

3.3.2 Characterization of apple pomace
3.3.2.1 Chemical composition
Moisture content was measured using the AOAC method 925.45 with some modifications by
drying samples in a vacuum oven (Model 281, Fisher) attached to a Welch 1380 vacuum pump
(USA). Protein content was determined by the combustion method according to AACC 46-30.01
(FP-528 Nitrogen/protein Determinator, LECO Corporation, USA). The conversion factor (5.70)
for nitrogen to protein for vegetables and fruits was used, and analytical ethylenediaminetetraacetic
acid (EDTA) was run as standard in protein determination (O'Shea et al., 2015). Ash was measured
according to the AOAC method 923.03 using Fisher Scientific Isotemp Muffle Furnace (USA).
Total phenolic content (TPC) was determined by the Folin-Ciocalteu method with some
modifications as follows (Wolfe & Liu, 2003). Calibration curves were obtained at the following
concentration levels of gallic acid: 25, 50, 75, 100, 125 and 150 µg/ml. Apple phenolic compounds
were extracted according to Khanizadeh, Tsao, Rekika, Yang, and Deell (2007). Ten microliter
standard or sample extract was mixed with 95 µl of 10-fold diluted FC reagent (Sigma, Canada)
and 95 µl 6% sodium carbonate solution in a 96 well microplate. The mixture was shaken and
incubated at 40 °C for 30 min. Absorption of each sample was measured by a plate reader (Synergy
H4 Hybrid Reader, Biotek Instruments, USA) at 725 nm. TPC was expressed as mg equivalent of
gallic acid (EGA) per 100 g of freeze-dried sample.
Fat, total sugar, dietary fibre (total, soluble and insoluble) were determined by SGS Canada
Inc. (Burnaby, British Columbia, Canada). Total sugar content was determined by the sum of
sucrose, fructose, and glucose measured through the Megazyme kit K-SUFRG (Cedarlane
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Laboratories Ltd, Burlington, ON, Canada). Dietary fibre was measured according to the AOAC
Official Method 991.43 using the Megazyme kit K-TDFR-100A (Cedarlane Laboratories Ltd,
Burlington, ON, Canada). The values were presented as percentage of dry matter weight.

3.3.2.2 Physical and chemical properties of apple pomace
The particle size of the AP powder was measured using static light scattering (Mastersizer
2000, Malvern Instruments, UK). The powder (0.5 g) was dispersed in isopropanol (20 ml) to
avoid swelling during measurements (Devaux, de Monredon, Guibert, Novales, & Abecassis,
1998). The particle size of AP powder dispersed in skim milk was also measured. AP-milk
mixtures of 0.1, 0.5 and 1% AP (w/w) were heated (85 °C for 30 min) before measurements; the
mixtures of 0.1, 0.5, 1 and 2% AP (w/w) were measured without heating.
Colour properties were evaluated using a colorimeter (CM-3500d, Konica Minolta
Sensing, Japan). Triplicate samples (0.5 g) were selected randomly from the freeze-dried apple
powder. CIELab parameters L∗, a∗, and b*, hue angle (H◦ = tan−1 (b∗/a∗) and chroma (C = (a∗2 +
b∗2) ½) were reported (McGuire, 1992).
The pH of AP was measured three times using a digital pH meter (Accument AR15, Fisher
Scientific, USA). Titratable acidity was determined in triplicate according to AOAC method
942.15 by titration with 0.1 M NaOH to pH 8.1 using an automatic titration apparatus (902
Titrando, Metrohm, Switzerland). The results were expressed as a percentage of malic acid for
apple pomace powder. AP solution for pH and titratable acidity was prepared according to the
method described by Henriquez et al. (2010). Five grams of dry apple powder was homogenized
for 1 min in 200 mL of boiled water using a blender (Polytron PT-MR 1600 E, Kinematica AG,
Switzerland). The homogenate was vacuum-filtered, and the apple juice filtrate was used for the
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analyses.

3.3.2.3 Functional properties
Functional properties including water retention capacity (WRC), solubility, swelling (SW)
and fat adsorption capacity (FAC) were determined according to the methods described by
Femenia, Lefebvre, Thebaudin, Robertson, and Bourgeois (1997) with some modifications. The
WRC, solubility, and SW of AP powder was determined by dispersing 2 g of powder in distilled
water, pH 6.8 phosphate buffer and pH 4.6 acetate buffer for 24 hours. WRC was calculated as the
amount of water retained by the insoluble fraction of the material (g water per g dry sample). SW
was determined as increased bed volume after equilibration in an excess solvent. FAC was
measured by suspending 2 g samples in sunflower oil, and the result was expressed at as g oil/g
dry sample.

3.3.3 Viscosity of apple pomace-milk mixtures
The viscosity measurements were conducted on a Physica MCR 301 rheometer (Anton
Paar Germany GmbH, Ostfildern, Germany) with a concentric cylinder geometry (diameter of
cup and bob: 28.92 and 26.66 mm, respectively). Twenty milliliters of heated AP and skim milk
mixture of 0.1, 0.5 and 1% AP (w/w) were transferred to the cup, and a solvent trap was used to
cover the cup to prevent evaporation. A rotation test, with a shear rate ranging from 1 s-1 to 300
s-1 was performed at 42 °C. The tests were repeated three times for each sample, and a
representative graph was chosen for presentation.
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3.3.4 Statistical analysis
All experiments were repeated three times unless stated otherwise. The results reported as
mean ± standard deviation. Statistical analyses were carried out using SPSS Statistics 24 (IBM,
USA). Statistical significance at P < 0.05 was determined using univariate analysis of variance,
followed by a Tukey test.

3.4 Results and Discussion
3.4.1 Chemical composition
As expected, the dried apple pomace of mixed cultivars contained a low level of
moisture, fat, protein and ash, but a considerable amount of carbohydrates and dietary fibre
(Table 3.1).

Table 3. 1 Chemical composition of apple pomace (AP) powder1.
Batch
2
4.4 ± 0.1c
3.8 ± 0.2b
3.8 ± 0.0a
1.8 ± 0.1a
45.1 ± 5.3a

2

3
Composition
1
a
4.7 ± 0.2b
Moisture (%)
5.6 ± 0.2
5.5 ± 0.2a
Fat (%)
3.1 ± 0.1c
3.8 ± 0.0a
Protein (%)3
3.4 ± 0.0b
1.7 ± 0.1a
Ash (%)
1.7 ± 0.1a
35.0 ± 0.1b
Total sugar (%)
40.3 ± 1.8ab
Dietary fibre (%)
26.5 ± 0.8b
24.3 ± 1.0c
Total (%) (TDF)
34.6 ± 0.6a
a
c
18.4 ± 0.4
19.7 ± 0.7b
Insoluble (%) (IDF)
23.4 ± 0.4
8.2 ± 0.5b
4.6 ± 0.4c
Soluble (%) (SDF)
11.3 ± 0.3a
Total phenolic content (mg EGA/ 100 g AP) 334.3 ± 16.6b 289.1 ± 24.2b 420.3 ± 23.2a
1

Values represent means of 3 replications ± standard deviation.
Dry weight.
3
Nitrogen to protein conversion factor was 5.7.
a-c
Different letters within the same row indicate significant differences (P < 0.05).
2
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The moisture content of the AP powders meets the characteristics of a commercial high
fibre food ingredient at < 9% (Larrauri, 1999). Total dietary fibre (TDF) measured in this study
at 24- 35 g/ 100g DM is lower than 44-89 g/100 g DM reported by Figuerola et al. (2005), but
higher than 14-20 g/ 100 g DM reported by Suni, Nyman, Eriksson, Björk, and Björck (2000).
TDF content of apple depends on many factors, such as cultivars, conditions of growing and
storage, and processing (Gorinstein et al., 2001). For instance, the blanching process may cause a
certain amount of insoluble fibre leached in water, thus resulting in loss of dietary fibre in apple
pomace. The insoluble fibre (IDF) content was significantly higher than that of soluble fibre
(SDF) (P < 0.05), with a ratio of SDF/ IDF 1: 2.2. The ratio of SDF/IDF close to 1: 2 is similar
to previous reported research (Gorinstein et al., 2001; Suni et al., 2000). A ratio of 30%- 50%
(SDF): 70%- 50% (IDF) is considered as a well-balanced ratio at which SDF and IDF can
synergistically promote human health (Schneeman, 1987). Therefore, DF from the AP powder
has a well-balanced SDF and IDF proportion.
Apple pomace obtained in this study contained a significant level of polyphenols, ranging
from 290 to 420 mg equivalent of gallic acid (EGA) per 100 g dry matter (DM). In a study
comparing AP from single cultivars and mixed cultivars, total phenolic content (TPC) ranged
from 230 to 1410 mg EGA/100 g DM for the mixed cultivar and 500 to 1130 mg EGA/100 g
DM for the single cultivar (Diñeiro García, Valles, & Picinelli Lobo, 2009). Our results (290 to
420 mg EGA/100 g DM) are within the range of the mixed cultivar AP.
Overall, apple pomace in this study was processed into a high dietary fibre and rich
polyphenolics ingredient as was also shown in several other studies (Carson et al., 1994;
Kołodziejczyk et al., 2007; Min, Bae, Lee, Yoo, & Lee, 2010; O'Shea et al., 2012; Wolfe & Liu,
2003).
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3.4.2 Physico-chemical properties
In the present study, three batches of AP were milled through three different size sieves,
thus obtaining AP powder that varied in size from 133 to 413 µm (d90) (Table 3.2). The colour
parameters indicated that AP powders are a light colour material (L*, from 68.0 to 70.4), with a
slight red (a*, from 6.6 to 8.7) and yellow (b*, from 23.3 to 29). The pH and titratable acidity of
AP powder in aqueous solution indicate the acidic property of the AP material; these results are
consistent with previous studies (Henriquez et al., 2010; Kołodziejczyk et al., 2007).
Additionally, the colour of apple pomace may have an impact on the appearance of the fortified
products. For example, orange fibre has been demonstrated to have a darkening effect on yogurt
which should have the perception of milk whiteness (Garcia-Perez et al., 2005). However, the
nutritional value and the fruity taste of the fortified products may compensate a defect in colour
according to the sensory study conducted by Tseng and Zhao (2013).
Table 3. 2 Physico-chemical properties of apple pomace (AP) powder1.
Batch
2

Parameters
1
3
Particle size
D [4, 3] (µm)
126.1 ± 17.4c 192.9 ± 9.4b 65.6 ± 13.5a
d90 (µm)
287.3 ± 36.9c 412.7 ± 17.3b 132.6 ± 18.3a
FAC (g oil/g AP)2
3.38 ± 0.02b 4.13 ± 0.09a 2.68 ± 0.06c
TA (% of malic acid)3 0.63 ± 0.02c 0.74 ± 0.00b 1.34 ± 0.00a
4.66 ± 0.02a
3.98 ± 0.04c
pH
4.59 ± 0.01b
Colour
L*
68.0 ± 0.1c
68.7 ± 0.2b
70.4 ± 0.2a
a*
6.6 ± 0.2b
8.5 ± 0.1a
8.7 ± 0.1a
b*
25.7 ± 0.8b
29.0 ± 0.1a
23.3 ± 0.0c
Chroma
26.6 ± 0.8b
30.2 ± 0.1a
24.8 ± 0.0c
Hue
1.3 ± 0.0a
1.3 ± 0.0b
1.2 ± 0.0c
1

Values represent means of three replications ± standard deviation.
FAC–fat adsorption capacity based on dry weight of AP.
3
TA–titratable acidity.
a-c
Different letters within the same row indicate significant differences.
2
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3.4.3 Water hydration properties
The apple pomace powder showed a high water retention capacity (WRC) of 11.7 to 16.5
(g water/g dry sample) (Table 3.3). To demonstrate the potential of apple pomace as a dairy
ingredient, the buffers at pH 6.8 and pH 4.6 were used to mimic the initial milk condition and
acid coagulation conditions, respectively. The WRC measured in acetate (pH 4.6) and phosphate
(pH 6.8) buffers was higher than that measured in water independent of the batch. Batch three
showed the lowest WRC in all the solutions. The particle size of dried apple pomace has been
demonstrated to have distinct effect on the functional properties such as water hydration
capacity, fat adsorption capacity and emulsifying properties (Grover et al., 2003). A smaller
particle size can indicate a greater breakdown of the cell wall material during milling and more
intense pore collapsing and therefore, less ability of these particles to hold water. In this study,
this low ability of the particles to hold water was particularly observed in batch three that had the
lowest particle size (Table 3.3). Raghavendra et al. (2006) found that a size of coconut fibre of
550 µm resulted in the highest water holding and swelling capacity of this material. Grinding of
the fibre material to around 550 µm may result in increase of surface area and total pore volume
and consequently to a better accessibility of the surface capillaries. The composition of the fibre
matrix is another factor that may influence water hydration properties of the apple pomace in
water and buffers.
Solubility was lower for batch three at a particular medium, which is consistent with the
lower soluble fibre and sugar content of this apple pomace preparation compared to the other two
batches. Furthermore, solubility of apple pomace was significantly higher in acetate buffer than
in water and phosphate buffer (Table 3.3). This finding may have interesting implications when
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apple pomace is added to fortify stirred yogurt since a more soluble material from AP can be
extracted and leached in the surrounding medium, which is already at pH 4.6.
The swelling capacity of cell wall materials is related to the properties of individual
components and the structure of fibre matrix (porosity, crystalline/amorphous regions of the
matrix) (Raghavendra et al., 2006). Although batch two had a content of soluble fibre in between
that of the other two batches and the lowest insoluble fibre content, it may be the particle size of
this batch that provides optimal porosity and available surface area that results in the highest
swelling compared to the other two batches in every environment studied. In addition, swelling
values in different buffers were batch dependent. Batch one showed similar swelling in all the
media tested, whereas, batch two exhibited less swelling in phosphate buffer but similar swelling
in water and acetate buffer. On the other hand, swelling increased in buffers compared to water
for batch three.
The ability of the material to absorb oil is related to its surface properties including
overall charge density and hydrophobic nature of the material (Femenia et al., 1997). The AP
powder in this study exhibited fat adsorption capacity (FAC) of 2.7 to 4.1 g oil/ g DM (Table
3.2). These values are higher than those (< 2 g/g) of fruit and vegetable fibre reported by
Thibault, Lahaye, and Guillon (1992), indicating that AP powder may have a better ability of
binding structures and retaining flavours when incorporated to food products. The higher FAC is
likely due to the presence of other components except for fibre in the apple pomace that
contribute to the charges and hydrophobicity of the AP powder.
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Table 3. 3 Water hydration properties of apple pomace (AP) powder1.
Parameters
WRC (g /g) 2

Batch
Water
Phosphate buffer Acetate buffer
A, a
1
16.5 ± 2.2
23.9 ± 5.4A, a
21.9 ± 3.9AB, a
2
16.3 ± 0.6A, a
22.8 ± 3.7AB, a
23.7 ± 3.5A, a
3
11.7 ± 0.1B, b
14.1 ± 0.7B, ab
15.3 ± 2.0B, a

Solubility (%)

1
2
3

39.9 ± 4.5A, b
37.5 ± 0.8A, a
33.5 ± 0.4A, a

35.3 ± 3.2A, b
29.3 ± 3.5A, a
31.6 ± 6.3A, a

51.2 ± 3.5A, a
43.5 ± 9.8A, a
35.6 ± 9.1A, a

SW (ml /g) 3

1
2
3

16.5 ± 0.5B, a
20.0 ± 0.3A, a
13.7 ± 0.3C, b

17.0 ± 0.5B, a
18.4 ± 0.2A, b
15.1 ± 0.2C, ab

17.8 ± 0.7AB, a
19.5 ± 0.6A, a
16.5 ± 1.3B, a

1

Values represent means of 3 replications ± standard deviation.
WRC-water retention capacity.
3
SW-swelling.
A–C
Means followed by different capital letters in the same column are significantly different (P < 0.05).
a–c
Means followed by different lowercase letters in the same row are significantly different (P < 0.05).
2

The apple pomace powder in the present study showed higher WRC, FAC and swelling
capacity than those of the apple pomace characterized by O'Shea et al. (2015) and Gouw, Jung,
and Zhao (2017). These differences depend on the structure of each component in the material,
porosity, particle size, ionic form, pH, temperature, ionic strength and type (Femenia et al.,
1997). One of reasons for obtaining the higher values may be due to implementing the freezedrying process, as severe drying can cause a collapse of the pores in the structure of apple cell
walls, which may impair the water adsorption (Renard & Thibault, 1991). Overall, AP powder
exhibiting unique water hydration properties and fat adsorption capacity may play a role in water
holding, stabilising and texturizing of acidified dairy products, such as yogurts and acidic dairy
drinks.
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3.4.4 Particle size of AP powder in AP-milk mixture.
Milk-apple pomace (from 2nd batch) mixtures at different concentrations, either heated at
80 C for 30 min or unheated were tested for particle size. Volume weighted diameter of AP
particles increased from 193 µm (measured in isopropanol) to around 300 µm when mixed with
milk. Heat treatment decreased size of particles in most samples; AP concentration only affected
particle size of AP in the heated AP-milk mixtures (Table 3.4). The size change of AP particles
dispersed in milk is a result of an equilibrium reached between solubilization of AP components
and uptake of water from the surrounding environment. No significant differences in size were
observed for concentrations of AP up to 1% (w/w) in unheated dispersions. However, when 2%
AP (w/w) was added, the swelling of particles was smaller than the lower concentrations of AP.
As the concentration of AP increases, less water becomes available for the particles to retain
resulting in less swelling. Heating of AP- milk mixtures resulted in significant decrease in size of
0.1% AP (w/w) but not for 0.5 and 1% AP- milk mixtures.

Table 3. 4 Particle size of Apple pomace (AP) powder dispersed in skim milk1.
Heat treatment
Parameters
AP concentration
Heated2
Unheated
C, b
0.1 %
243.7 ± 11.9
305.7 ± 9.4A, a
0.5 %
302.3 ± 9.7A, a 291.3 ± 16.4A, a
D [4,3] (µm)
1.0 %
276.6 ± 6.9B, a 295.5 ± 13.5A, a
2.0 %
N.D.
273.4 ± 3.4B
1

Values represent means of 3 replications ± standard deviation.
AP-milk mixtures were heated at 85 °C, 30 min.
A–C
Means followed by different capital letters in the same column are significantly different (P < 0.05).
a, b
Means followed by different lowercase letters in the same row are significantly different (P < 0.05).
2
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The decrease of particle size after heating compared to the unheated particles may be
attributed to the solubilization of pectin and other soluble components of AP detached from
original cell walls and breaking of cell wall structures into smaller clusters. Similar results were
reported by Day, Xu, Øiseth, Hemar, and Lundin (2010) who investigated the effect of
processing on carrot cell wall particle structure. With mild temperature treatments (80 °C, 10
min), cell wall structure was broken up into random cell wall clusters resulting in size reduction.
At low AP concentration (0.1%), there is more water available for the soluble compounds of AP
to solubilize to and therefore, the insoluble particles can be subjected to more extensive
disintegration. While at higher AP concentrations, a higher concentration of soluble compounds
leached from the cell wall material contributes to increased viscosity of surrounding environment
and possibly provides some protection for the cell wall structures from disintegration and size
reduction.

3.4.5 Viscosity of apple pomace-milk mixtures
Apple pomace (AP) is comprised mostly of cell wall materials, which makes it a complex
and heterogeneous material. As such, its use as an ingredient in food presents challenges in terms
of developing an ingredient with predictable technological functions that enriches food with fibre
and other health-promoting compounds. In terms of rheological characteristics, apple pomace
can be considered a colloidal dispersion of irregular particles (Hemar, Lebreton, Xu, & Day,
2011).
The viscosity of AP- milk mixture was measured as a function of shear rate. The range of
AP concentration chosen was the same as the one used for making set-style yogurt fortified with
AP (0.1, 0.5 and 1%) (w/w). Addition of 0.1% AP (w/w) did not change the viscosity of the
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mixture compared with that of milk without AP. While the viscosity of mixtures with 0.5 and 1%
AP increased significantly as the concentration of AP increased indicating the viscosifying ability
of AP beyond a certain concentration (Fig. 3.1). Furthermore, the AP- milk mixture exhibited a
shear-thinning behavior as the apparent viscosity decreased with the increasing shear rate at the
high concentration of AP.

Figure 3. 1 Apparent viscosity measured as a function of shear rate at 42 °C for heat treated at 85
°C, 30 min apple pomace (AP) and milk mixture. ▼ 0% AP; ▲ 0.1% AP; ● 0.5% AP;  1%
AP.
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3.5 Conclusions and Perspectives
Apple pomace (AP), a by-product from the cider industry can be processed into a powder
form enriched with fibre and phytochemicals. AP showed unique water hydration properties,
with higher water retention capacity in pH 6.8 and pH 4.6 buffers than in water, enhanced
solubility at buffer 4.6 of all the AP batches and higher swelling capacity of batch two compared
to other batches. Addition of AP to milk increased the viscosity of the AP-mixture particularly at
higher concentrations studied. The functionality of AP powder seems to be influenced by the size
and composition of AP particles. These functional characteristics of AP indicate the potential of
AP as a texturizing and viscosifying ingredient for dairy products while providing dietary fibre
and antioxidants, and therefore, imparting health benefits to such products. In order to better
understand the interactions between AP particles and the surrounding environment, which
ultimately influence their overall functionality, more work is needed in the future on the
morphology of AP dispersion in milk system and the role of particle size and morphology in the
functionality of this ingredient.
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CHAPTER FOUR – THE EFFECT OF APPLE POMACE ON THE
TEXTURE, RHEOLOGY, AND MICROSTRUCTURE OF SET YOGURT

4.1 Abstract
The present study investigates the effect of apple pomace (AP) powder addition at
concentrations of 0.1, 0.5 and 1% (w/w) on the gelation kinetics and rheology during fermentation
as well as microstructure, texture, pH, titratable acidity (TA) and syneresis of set yogurt during
cold storage for 28 days. The results show that the presence of AP at 1% concentration caused
onset of gelation at significantly higher pH, and shortened the fermentation compared to the control,
but did not affect other parameters of fermentation. In addition, the influence of 0.1 and 0.5% AP
(w/w) on fermentation kinetics and rheology parameters was insignificant. Addition of AP
reinforced the gel structure as was demonstrated by the increased firmness and cohesiveness of the
gel during cold storage as function of increased AP concentration. The confocal laser scanning
microscopy (CLSM) images of yogurt gels containing AP indicate that AP may occupy the void
space within casein particle network. AP added at 0.5% formed a uniform structure of
interconnected casein aggregates with uniform void spaces and may be considered an optimal dose
for a well-structured set type gel. Breaking of these gel structures resulted in a lower recovery
afterwards in the presence of AP, demonstrating that once the intact casein-AP gel breaks, the
reorganization of caseins and restructuring of the gel is impeded.

4.2 Introduction
Yogurt is a fermented milk product with benefits of energy and nutrition because it
contains proteins, lactose, calcium, and water-soluble vitamins (Tamime & Robinson, 1999;
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Walstra et al., 2005). Many studies have demonstrated yogurt as an ideal vehicle to carry dietary
fibre and other valuable compounds, which are lacked in yogurt; additionally, the dietary fibre
being incorporated into yogurt can improve its texture and storability in terms of their gellingtexturizing capability and water holding capacity (Dello Staffolo et al., 2004; Ozturkoglu-Budak,
Akal, & Yetisemiyen, 2016; Ramirez-Santiago et al., 2010; Sendra et al., 2010; Tseng & Zhao,
2013). Most of the research above focused on stirred-type yogurt, in which fibre sources are
incorporated by stirring after fermentation. However, to the best of our knowledge, only a few
studies investigated incorporation of dietary fibre from fruit and vegetable source into set-type
yogurt (do Espírito Santo et al., 2012; Garcia-Perez et al., 2005; Hashim et al., 2009).
Set-type yogurt is fermented in pack and expected to have a spoonable, firm and free
from slimy deadhead texture (Tamime & Robinson, 1999). The firm gel of set-type yogurt is
generated from lactic acid-induced milk coagulation through the action of lactic acid bacteria,
where protein micelles precipitate and aggregate to form a gel structure (Lee & Lucey, 2003).
Fibre ingredients have been found to interact with casein matrix, thus altering the gelation
process of yogurt fermentation. Mechanisms of interactions between single polysaccharides and
casein matrix during fermentation have been studied extensively. Soluble fibre inulin was found
to increase the consistency and firmness of set yogurt without affecting the gelation process,
while pectin tended to hinder the formation of the casein matrix (Fagan, O’Donnell, Cullen, &
Brennan, 2006). Furthermore, Lazaridou, Vaikousi, and Biliaderis (2008) found that the gelation
behavior and gel structure of β-glucan added yogurt depends on molecular weight and
concentration of β-glucan. Inclusion of β-glucan of low molecular weight at a high concentration
(1.5%, 2%) improved the gel structure and reduced the levels of spontaneous syneresis.
Nonetheless, the mechanisms of interactions between complex fibre sources such cell wall
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materials from vegetable and fruit by-products and milk components still need to be
demonstrated.
One example of this kind is the study of McCann et al. (2011), where carrot cell wall
materials was incorporated into milk fermentation process to produce set-type yogurt. The
authors systematically investigated the influence of the complex fibre ingredient morphology on
the gelation kinetics of the milk protein and the interaction between the carrot cell wall particles
and the coagulated protein networks. They found carrot cell wall materials can structure low fat
yogurt by enhancing gel strength and reducing whey loss. AP is another plant cell wall-rich
material that can be added into a fermented dairy product where its influence on milk
coagulation kinetic and structure of the fortified product warrants further investigation. Apple
pomace, a potential dairy ingredient as shown in our previous study, is a typical fruit by-product
and plant cell wall material that possesses unique functional properties and health benefits (Grant
& Parveen, 2017; Harris & Smith, 2006). In addition, the use of this natural material as a food
ingredient meets the increasing demand for “clean label” products (Loveday et al., 2013).
In this study, the effect of apple pomace powder content on the gelation process during
milk fermentation and the recovery period after destroying the gel structure was investigated.
The microstructure of apple pomace added yogurt gel was visualized using confocal laser
scanning microscopy. Also, the texture and stability of the fortified final product were
determined during cold storage for up to 28 days.
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4.3 Materials and Methods
4.3.1 Production of yogurts
Yogurt production in this study followed the method from Walstra et al. (2005) with some
modifications. AP (0.1, 0.5 and 1%) (w/w) powder was mixed with the milk for 10 min using a stir
bar before heating. Skim milk purchased from local groceries without sugar addition was heated
with AP powder in an 85 °C water bath for 30 min and then cooled down to 42 °C. The starter
culture used was YCX-11 (Chr. Hansen, Denmark), a combination of Streptococcus thermophilus,
Lactobacillus delbrueckii subsp. bulgaricus. A hundred milliliters of the cooled milk mixture
containing AP and starter culture (0.2 U/L) were distributed into 125 ml Nalgene containers
(Thermo Scientific, Canada) and fermented at 42 °C in a water bath until the final pH of 4.6 was
reached. Yogurt samples were stored at 4 °C in the dark for cold storage analyses at the following
time points: days 1 (overnight), 7, 14, 21 and 28.
The pH of the samples was monitored during fermentation by a digital pH meter (Accumet
AR15, Fisher Scientific, USA) as a function of time. The changes of pH as a function of time were
analyzed in conjunction with the rheological parameters.

4.3.2 Rheological measurements
Rheological analysis followed methods according to Kristo, Miao, and Corredig (2011)
with some modifications. The rheological measurements were conducted on a Physica MCR 301
rheometer (Anton Paar Germany GmbH, Ostfildern, Germany) with a concentric cylinder
geometry (diameter of cup and bob: 28.92 and 26.66 mm, respectively). Twenty milliliters of
inoculated milk were transfered to the cup, and a solvent trap was used to cover the cup to prevent
evaporation. The fermentation of skim milk fortified with 0, 0.1, 0.5 and 1% AP powder (w/w)
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was performed in situ in the rheometer, and the development of gel structure was monitored using
small amplitude oscillatory testing (frequency 1 Hz, strain 0.5%) until pH reached 4.6. The
rheological parameters, storage modulus (G'), loss modulus (G") and loss tangent (tan δ) were
obtained during the test. Gelation was arbitrarily defined as the moment when G' = G" (Kristo et
al., 2011). After the sample pH reached 4.6, a frequency sweep (from 0.1 Hz to 100 Hz) test was
performed at 42 °C with a constant strain of 0.5%, followed by static cooling to 4 °C in 30 min. A
shear rate of 100 s-1 rotation was applied to the sample to destroy the gel structure, and then the
recovery of the structure was measured by tracking G', G" and tan δ for 2 hours. The parameters
were set at a constant strain of 0.5% and a frequency of 1 Hz.

4.3.3 pH, titratable acidity (TA) and syneresis
The pH of yogurts was measured three times using a digital pH meter (Accumet AR15,
Fisher Scientific, USA). Titratable acidity was determined in triplicate according to AOAC
method 942.15 by titration with 0.1 M NaOH to pH 8.1 using an automatic titration apparatus
(902 Titrando, Metrohm, Switzerland). The results were expressed as a percentage of lactic acid
for yogurts. The yogurt samples were prepared by diluting four times in distilled water, and 20
ml of the diluted sample was used for each analysis. The syneresis index of yogurt was
determined according to the methodology proposed by Keogh (1998). Twenty-gram samples
were weighed for analyses. Syneresis was calculated by the percentage of the supernatant
generated after low speed centrifugation for 10 min at 222 x g.
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4.3.4 Texture analysis
The texture of yogurt was evaluated by the backward-extrusion test using the TA-XT plus
texture analyzer (Texture Technologies Corp, New York, USA) equipped with a 5 kg loading cell.
The parameters were modified from the template in Exponent: cylinder probe, probe diameter 35
mm, test speed 1.0 mm/s, penetration distance 30 mm and surface trigger force 10 g. The tests
were carried out in 125 ml Nalgene (Thermo Scientific) containers of 64 mm diameter and 70 mm
height with each yogurt sample filled up to 100 ml. Four parameters including firmness (g),
cohesiveness (g/s), viscosity (g) and adhesiveness (g/s) were obtained by MACRO in the Exponent
program. Triplicate tests were performed on independent samples for each treatment of the
fortified yogurt.

4.3.5 Confocal laser scanning microscopy (CLSM)
The microstructure of the fortified yogurt was observed using a confocal laser scanning
inverted microscope (Leica DMi8, Mannheim, Germany) connected to the Quorum Diskovery
Spinning Disk (Canada) with a 560 nm ILE Laser (150 mW), a confocal filter block (ET 620/60M)
and 40 × (oil) objective. A resolution of 1300 × 1300 pixel was set for the digital images in
Volocity™ (version 6.3). Sample preparation followed the method described by Kristo et al. (2011)
with a different incubation condition. Twenty microliters of 0.2% (w/v) aqueous solution of
Rhodamine B (excitation and emission wavelengths 543 and 625 nm, respectively) was used to
dye the protein network after mixing with 5 ml inoculated milk. The slide carrying the stained
mixture was placed in an incubator at 42 °C until the sample pH reached to 4.6. The slide was then
transferred to a 4 °C refrigerator and was set overnight followed by the CLSM detection. The
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sample microstructure in multiple areas was observed, and micrographs were obtained from
representative areas.

4.3.6 Statistical analysis
Three independent yogurt experiments were conducted, and all experiments were
repeated at least three times unless stated otherwise. The results are reported as means ± standard
error for all experiments except for rheological testing (means ± standard deviation).
Representative images and graphs were obtained from CLSM and rheological tests, respectively.
Statistical analysis was carried out using SPSS Statistics 24 (IBM, USA). Statistical significance
at P < 0.05 was determined using univariate analysis of variance, followed by a Tukey test.

4.4 Results and Discussion
4.4.1 Rheological properties of yogurt
Storage (G') and loss modulus (G") are indicative of solid-like (elastic) and liquid-like
(viscous) characteristic of a gel, respectively. Tan δ (G"/ G') represents the contribution of both
moduli to the gel characteristics and may carry more information about the viscoelastic
characteristics of a gel than each of the moduli separately. The higher the G' values and the lower
the tan δ values, the more solid-like is the character of the gel, and the firmer is the gel.
The gelation profiles of representative samples as a function of pH showed a steep
increase of both G' and G" after the gelation point has been reached. However, the rate of
increase of these parameters following the gelation point decreased as the concentration of AP
increased (Fig. 4.1). Furthermore, it is important to point out that the addition of 1% AP caused
the gelation to start at significantly higher pH and shorter time. Such an early gelation may be a
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result of a depletion flocculation between polysaccharide components of apple pomace (e.g.
pectin) and caseins, which results in exclusion of polysaccharides around the casein micelles,
and consequently stronger protein-protein interaction and aggregation at higher pH (Maroziene
& De Kruif, 2000). Despite the onset of gelation at a higher pH for this particular concentration
of AP, the G' at pH 4.6 and 42 C was not significantly different from that of the other samples
(Table 4.1). However, yogurt samples cooled to 4 C with 1% AP showed storage modulus
higher than that of the control, whereas the 0.1 and 0.5 % AP samples had similar G' values
lower than that of the control (Table 4.1). This is an indication that the components of AP at this
level are present at concentration that can enhance the structure of the final gel through possible
interactions with casein particles at low temperature, unlike the lower levels of AP. Yogurts
fortified with 1% AP showed shorter time of gelation and time to reach pH 4.6, compared to the
control. Previous studies have reported similar observations when studying yogurts fortified with
orange fibre, passion fruit peels and carrot cell wall particles (do Espírito Santo et al., 2012;
García-Pérez et al., 2006; McCann et al., 2011; Puvanenthiran, Stevovitch-Rykner, McCann, &
Day, 2014). AP also affected the maximum value of loss tangent (Table 4.1). However, it did
not have a significant effect on the storage modulus (G') and loss tangent (tan δ) at pH 4.6 and
pH at maximum tan δ (P > 0.05).
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Figure 4. 1 Rheological parameters G' (solid), G" (open) and loss tangent (⬛, , ▲, ▼) measured
during the fermentation of skim milk with 0, 0.1, 0.5 and 1% apple pomace (w/w) added as a
function of pH. 0% (⬛), 0.1% (), 0.5% (▲), 1% (▼).
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Table 4. 1 Rheological parameters measured during fermentation of milk in the presence of (AP)
addition1.
2

Parameters
Tgel (min)
pHgel
TpH 4.6 (min)
G'pH 4.6 (Pa)
Tan δpH 4.6
Tan δmax
pH tan δmax
G'before shearing (Pa)
G'recovery (Pa)
Recovery (%)

Control
134 ± 8a
5.27 ± 0.08b
225 ± 3a
153 ± 32a
0.41 ± 0.04a
0.49 ± 0.00a
4.77 ± 0.08a
741 ± 8ab
33 ± 2a
4.48 ± 0.27ab

Treatment
0.1% AP
0.5% AP
a
129 ± 5
124 ± 2a
5.34 ± 0.10b 5.47 ± 0.08b
216 ± 4a
220 ± 0ab
130 ± 26a
153 ± 1a
0.43 ± 0.03a 0.39 ± 0.02a
0.49 ± 0.00a 0.49 ± 0.00a
4.75 ± 0.04a 4.81 ± 0.01a
586 ± 12c
653 ± 52bc
37 ± 1a
25 ± 9ab
5.16 ± 0.23a 3.96 ± 1.62ab

1

1% AP
50 ± 4b
5.99 ± 0.11a
206 ± 4b
171 ± 52a
0.38 ± 0.02a
0.46 ± 0.00b
4.78 ± 0.03a
807 ± 40a
9 ± 3b
1.08 ± 0.46b

Values are presented in mean ± standard deviation.
Tgel, time at which G' = G"; TpH 4.6, time from inoculation to pH 4.6; pHgel, pH at which G' = G"; G'pH 4.6,
storage modulus at pH 4.6; Tan δmax, maximum value of loss tangent; Tan δpH 4.6, value of loss tangent at
pH 4.6; pHtan δmax, pH at which the maximum in tan δ is observed; G'recovery, storage modulus after two hour
recovery; measurements were performed at 42 °C except G'before shearing and G'recovery at 4 °C.
a- c
Different letters within the same row indicate significant differences (P < 0.05).
2
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A frequency sweep test was performed at 42 °C after the pH 4.6 was reached (Fig. 4.2).
Both G' and G" exhibited considerable frequency dependence with G' being higher than G" in all
the cases and tanδ > 0.1, which indicate the weak gel-like character of these fermented milk
samples (Ikeda & Nishinari, 2001). The yogurt with 1% AP and 0.1% AP showed the highest
and lowest G' and G", respectively during the frequency sweep testing. These differences were
not significant as was concluded from the G' values at the end of fermentation (Table 4.1).

Figure 4. 2 Rheological parameters G' (solid), G" (open) of set-type yogurt with apple pomace
(AP) addition obtained from frequency sweep (0.1 to 100 Hz) at 0.5% strain and 42 °C. 0% AP
(⬛), 0.1% AP (), 0.5% AP (▲), 1% AP (▼).

After cooling at 4 C, the samples were subjected to shearing at 100 s-1 for 30 min in the
rheometer to break the gel structure. The recovery of the structure was evaluated through small
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deformation oscillatory measurements at 1Hz and 0.5% strain over a 2-h period at the same
temperature. The storage modulus (G') of all the samples decreased drastically after shearing at
100 s-1 for 30 min (Fig. 4.3). Following the cessation of shearing, G' of all the samples increased
at a fast rate within the first few minutes and then increased slowly and steadily afterwards.
When recovering to a plateau, fermented milk gels with 0.1% AP showed the highest G',
following by 0, 0.5 and 1% (Fig. 4.3, Interval III; Table 4.1). The degree of recovery was
calculated as ratio of G' at the end of two-hour recovery over G' before structure breakdown, as
an indication of the capacity of yogurt gels to recover the structure. At the end of gelation 1% AP
showed the highest G' value among all samples while the lowest storage modulus value after 2 h
recovery, which demonstrated the lowest recovery capacity. The low recovery capacity is likely
due to that at the higher concentration, AP particles and soluble components impede the
reorganization of caseins and restructuring of the gel. Overall, adding apple pomace during the
fermentation decreased the recovery of yogurts compared to the control sample (P < 0.05), in a
dose-dependent manner.
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Figure 4. 3 Storage modulus (G') of fermented milk gels with apple pomace (AP) addition before
structural breakdown (Interval I) and recovery of G' after shearing (Interval III). Interval II
represents shearing of samples at 100 s-1, 4 °C. 0% AP (⬛), 0.1% AP (○), 0.5% AP (▲), 1% AP
(▽).

4.4.2 Changes in pH, titratable acidity and syneresis of set yogurt during storage as
affected by addition of AP.
The pH values of all the samples dropped continuously from 4.6 to 4.3 during the first 21
days within the 28-day storage period (P < 0.05) (Fig. 4.4), and the largest pH decrease took
place in the first 7 days of cold storage. The samples fortified with AP addition showed
significantly lower pH than the control at most of the storage period. The titratable acidity of
yogurts increased in similar trend as the decrease in pH; a slight increase was observed during
the first 21 days of storage. At the end of the storage period (28th day), the titratable acidity
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decreased, and the pH increased for all treatments. AP addition did not show significant effect on
both titratable acidity and syneresis of yogurt at each storage period (P > 0.05). However, there
was a general tendency of syneresis being reduced with 0.1% AP addition compared to the
control, then increased as the AP level increased to 1% (Table 4.2). Over the 28 days of storage,
the spontaneous syneresis of the yogurts was very slow and did not change significantly.

Figure 4. 4 pH values of set-type yogurt with apple pomace (AP) addition measured during storage
at 4 °C. 0% AP (■), 0.1% AP (●), 0.5% AP (▲), 1% AP (▼).
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Table 4. 2 Syneresis values and titratable acidity values of apple pomace (AP) added set-type yogurt during cold storage1.

Parameters
Syneresis (%)

Treatment
Control
0.1% AP
0.5% AP
1% AP

1
28.1 ± 0.6B, ab
24.7 ± 0.6C, a
29.1 ± 0.6B, a
30.9 ± 0.6A, a

Storage period (days)2
7
14
21
A, b
B, ab
25.1 ± 0.7
25.9 ± 0.7
28.9 ± 0.7A, a
23.5 ± 0.7A, a
21.6 ± 0.7C, a
22.3 ± 0.7C, a
24.1 ± 0.7A, c 27.8 ± 0.7A, ab 26.5 ± 0.7B, b
25.2 ± 0.7A, c
27.7 ± 0.7A, b 27.9 ± 0.7AB, b

Titratable acidity
(% lactic acid)

Control
0.1% AP
0.5% AP
1% AP

0.63 ± 0.01A, d
0.62 ± 0.01A, d
0.63 ± 0.01A, c
0.63 ± 0.01A, c

0.70 ± 0.01A, b 0.71 ± 0.01A, ab
0.70 ± 0.01A, b 0.70 ± 0.01A, b
0.70 ± 0.01A, b 0.71 ± 0.01A, b
0.71 ± 0.01A, a 0.71 ± 0.01A, a

1

0.72 ± 0.01A, a 0.66 ± 0.01AB, c
0.74 ± 0.01A, a 0.64 ± 0.01B, c
0.75 ± 0.01A, a 0.66 ± 0.01AB, c
0.74 ± 0.01A, a 0.67 ± 0.01A, b

Values are presented as mean ± standard error.
Samples were stored at 4 °C.
A-C
Means followed by different capital letters in the same column are significantly different (P < 0.05).
a-c
Means followed by different lowercase letters in the same row are significantly different (P < 0.05).
2
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28
28.2 ± 0.7A, ab
23.7 ± 0.7C, a
26.3 ± 0.7B, b
28.8 ± 0.7A, b

The acute decrease of pH within the first 7 days of storage is consistent with the previous
studies of adding fruit coproducts into yogurts (Garcia-Perez et al., 2005; Guven, Yasar, Karaca,
& Hayaloglu, 2005; Tseng & Zhao, 2013). This decrease was caused by consequent increase of
lactic acid and galactose produced by yogurt starters of high metabolic activity at the beginning
of the shelf life. High doses of apple pomace incorporation affected pH and acidity of yogurt
during the cold storage period likely due to the natural acids from apple pomace. Syneresis
happens in yogurts when gels tend to shrink spontaneously, thereby expelling liquid (Walstra et
al., 2005). In our study, syneresis differed on slightly according to the doses of apple pomace.
The increase of syneresis may be attributed to the breaking effect of the apple particles on the gel
structure, while the decrease may result from the high water holding capacity of the apple
pomace in an acidic environment. García-Pérez et al. (2006) have investigated the effects of fibre
doses on the syneresis of set-type yogurt fortified with orange fibre. The low doses (0.6% and
0.8%) of orange fibre increased the syneresis while the high dose (1%) reduced the syneresis
compared to the control. On the contrary, our results indicated that yogurt with low doses of
apple pomace addition (0.1% for the whole storage period and 0.5% after 21st day of storage)
exhibited less whey separation than the control and 1% samples. These discrepancies may result
from the differences in the composition of the orange and apple fibre. In our case apple pomace
is expected to contain mostly high methoxyl (HM) pectin, which can solubilize during heating of
AP-milk mixtures before yogurt fermentation and bind water while increasing the viscosity of
the surrounding environment. Other soluble fibre components of AP may have similar influence.
Furthermore, AP contains significant amount of insoluble dietary fibre, which has the potential
to disrupt the continuity of gel structure and cause increase of syneresis while the soluble
component would reduce syneresis by binding water and increasing the viscosity of the
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continuous phase of the gel. Therefore, although increasing the AP concentration to 1% provides
good water binding capacity and increase of viscosity, simultaneously it provides a higher
concentration of insoluble particles that may disrupt the gel and increase syneresis. Thus, we can
infer that low doses (0.1 and 0.5%) of apple pomace, containing low amounts of pectin barely
interfered with milk coagulation (as is shown in Section 4.4.2), and still took advantages of its
water binding capacity, resulting in less syneresis than the control.

4.4.3 Texture analysis
All four texture parameters significantly increased (P < 0.05) over 21 days of cold
storage (Table 4.3), with a slight decrease at 28 days for most treatments. The treatment (AP
dose) showed a significant (P < 0.05) effect on firmness, cohesiveness and viscosity, but not on
consistency (P > 0.05) during the 28-day storage period. As expected, the firmness increased
with higher concentration of AP addition; the yogurts with 0.5% AP and 1% AP were
significantly firmer than the 0.1% AP and the control. Both values of cohesiveness and viscosity
index increased with higher amounts of added AP up to 1%. The yogurt samples with 0.5% AP
exhibited the highest consistency among all the samples.
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Table 4. 3 Textural parameters of apple pomace (AP) fortified set-type yogurt during cold storage1.

Parameters
Firmness (N)

Treatment
Control
0.1% AP
0.5% AP
1% AP

1
1.19 ± 0.08C, c
1.18 ± 0.08C, b
1.54 ± 0.08B, c
1.80 ± 0.08A, c

Consistency (N*s)

Control
0.1% AP
0.5% AP
1% AP

25.77 ± 0.80B, b
27.24 ± 0.80B, d
30.82 ± 0.80A, c
28.80 ± 0.80AB, d

Cohesiveness (N)

Control
0.1% AP
0.5% AP
1% AP

Viscosity index (N*s)

Control
0.1% AP
0.5% AP
1% AP

Storage period (days)2
7
14
21
C, bc
B, ab
1.36 ± 0.09
1.46 ± 0.08
1.58 ± 0.09B, a
1.41 ± 0.08C, ab 1.56 ± 0.08B, a
1.63 ± 0.08B, a
1.82 ± 0.08B, bc 2.15 ± 0.08A, ab 2.44 ± 0.08A, a
2.13 ± 0.08A, bc 2.28 ± 0.08A, ab 2.57 ± 0.08A, a

28
1.62 ± 0.08B, a
1.61 ± 0.09B, a
2.52 ± 0.08A, a
2.51 ± 0.09A, a

31.60 ± 0.86B, a 32.48 ± 0.80B, a
31.37 ± 0.80B, c 35.55 ± 0.80B, ab
35.82 ± 0.80A, b 40.43 ± 0.80A, a
32.99 ± 0.80B, c 33.67 ± 0.80B, bc

33.81 ± 0.86C, a 32.54 ± 0.80B, a
37.08 ± 0.80B, a 33.51 ± 0.86B, bc
42.80 ± 0.80A, a 40.76 ± 0.80A, a
36.84 ± 0.80B, a 35.93 ± 0.86B, ab

0.65 ± 0.05C, c
0.71 ± 0.05C, b
0.99 ± 0.05B, c
1.25 ± 0.05A, d

0.75 ± 0.05C, bc
0.82 ± 0.05C, b
1.19 ± 0.05B, bc
1.53 ± 0.05A, c

0.86 ± 0.05C, ab
1.00 ± 0.05C, a
1.42 ± 0.05B, ab
1.69 ± 0.05A, bc

0.92 ± 0.05C, a
1.08 ± 0.05C, a
1.62 ± 0.05B, a
1.94 ± 0.05A, a

0.95 ± 0.05B, a
0.97 ± 0.05B, a
1.61 ± 0.05A, a
1.84 ± 0.05A, ab

1.48 ± 0.06B, b
1.53 ± 0.06B, c
2.01 ± 0.06A, c
2.20 ± 0.06A, c

1.89 ± 0.07B, a
1.86 ± 0.06B, b
2.33 ± 0.06A, bc
2.53 ± 0.06A, b

1.94 ± 0.06C, a
2.18 ± 0.06B, a
2.56 ± 0.06A, ab
2.71 ± 0.06A, b

2.01 ± 0.07C, a
2.21 ± 0.06C, a
2.81 ± 0.06B, a
3.10 ± 0.06A, a

1.95 ± 0.06B, a
2.10 ± 0.07B, a
2.88 ± 0.06A, a
3.04 ± 0.07A, a

1

Values are presented as mean ± standard error.
Samples were stored at 4 °C.
A-C
Means followed by different capital letters in the same column are significantly different (P < 0.05).
a-d
Means followed by different lowercase letters in the same row are significantly different (P < 0.05).
2
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Adding AP during fermentation affected the textural properties of the set-type yogurt.
The increases over the 21 days of storage at 4 °C in all textural parameters of yogurt can be
explained by the reinforcement of gel structure at low temperature (Paseephol, Small, & Sherkat,
2008). Consistency of yogurt is related to protein content of the milk base; high level of protein
content contributes to a consistent and stable structure of set-type yogurts (Guven et al., 2005).
However, other components/ingredients that could assist in stabilising yogurt gel may exert a
similar effect in consistency. In the present study, the 0.5% AP yogurt showed significantly
higher consistency values than the other treatments and the control. This leads to speculation that
the 0.5% of apple pomace may be the optimal dose contributing to a balanced effect of water
binding, viscosity building capacity of soluble components and milk protein gel structure
reinforcement of the insoluble particles.
The increase of firmness is mainly attributed to the increase of total solids contributed by
apple pomace (0.1%, 0.5% and 1%), as well as the interactions between apple particles and the
milk protein matrix, resulting in a much denser and more rigid gel structure. Similar explanations
on the increased firmness were also provided in the studies of incorporating other carbohydrates
into yogurt, such as inulin, amaranth seeds, passion fruit peel powder and pineapple segments
(do Espírito Santo et al., 2012; Domagała, Sady, Grega, & Bonczar, 2006; Paseephol et al., 2008;
Phuapaiboon, Leenanon, & Levin, 2013). However, opposite results were obtained by Dello
Staffolo et al. (2004) when studying the effect of apple fibre addition on set-type yogurt. In this
study, the set-type yogurt fortified with 1.3% apple fibre (4% apple pomace equivalence) showed
lower compression values compared to the control yogurt. This phenomenon was attributed to
the high dose of fibre that formed fibre aggregates that disrupt the gel structure of yogurt (Dello
Staffolo et al., 2004). Furthermore, our preliminary trials found that skim milk did not coagulate
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to form a gel structure with addition of apple pomace at levels above 1% before fermentation
(data not shown). Therefore, adding the appropriate quantity of apple pomace is significant in
set-type yogurt fermentation to improve yogurt structure without interfering with the gelation
process.
Cohesiveness is critical for set-type yogurt, as the products are expected to be spoonable,
firm and free from slimy and deadhead textures (Pimentel, Garcia, & Prudencio, 2012).
Cohesiveness evaluates the quality of yogurt that a force is needed to remove the yogurt adhered
to the spoon or mouth when eating the product, and it can also be explained that predominance of
protein in the composition of the yogurt leads to a number of the casein-casein linkages being
broken during stress application and reformed after stress release (Costa et al., 2015). The
yogurt with apple pomace addition showed higher cohesiveness values than the control as well as
higher cohesiveness as the AP concentration increased to 1%. Similar results were obtained on
the effect of AP concentration on the viscosity index.

4.4.4 Analysis of yogurt microstructure by confocal laser scanning microscopy (CLSM)
Microstructure analysis is used to better understand the mechansims of gel formation and
explain the results from physico-chemical, rheological and textural analysis (Lucey, 2001). The
micrograph of the control set-type yogurt showed a continuous flocculent protein structure (Fig.
4.5a ). As apple pomace was added into milk fermentation, the particles from apple pomace
intermingled into the protein network; furthermore, a network of thick protein strands with welldefined pores was observed in the fortified yogurt samples. The yogurt with 0.5% AP showed an
even cellular network of protein with the embedded apple particles (Fig. 4.5c). However, when
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the dose of AP increased to 1%, the protein network became less compact, with thinner strands
that were less interconnected than all other cases.

b

a

50 µm

50 µm

c

d

d

d

50 µm

50 µm

Figure 4. 5 Confocal laser scanning micrographs of set type yogurt with: (a) 0%, (b) 0.1%, (c)
0.5% and (d) 1% apple pomace addition.
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The micrographs of set-type yogurt without AP are similar to the control in previous
studies (Fagan et al., 2006; Hassan, Ipsen, Janzen, & Qvist, 2003; Kristo et al., 2011). However,
set-type yogurt with AP added showed a different structure from the studies on EPS producing,
inulin and pectin added set-type yogurts. The protein network of AP yogurt exhibited more pores
and much thinner strands of casein aggregates compared to the network of EPS producing yogurt
(Kristo et al., 2011). Only the microstructure of yogurt containing 0.5% AP showed protein
strand structures similar to that of EPS containing yogurt reported by Kristo et al. (2011),
although the strands were thinner in the presence of AP. Many factors would contribute to such
differences, such as the concentration of AP most probably being higher than that of EPS, the
heterogenous composition of AP with soluble and insoluble fractions, the fact that EPS may
continue to be produced by bacteria at late stages of fermentation dynamically influencing the
structure of aggregated network. A stable protein network with AP particles evenly trapped in
observed in the 0.5% AP yogurt sample has not been found in any of these other studies. This
type of microstructure correlates well with the results from texture analysis and particularly the
highest consistency that this sample demonstrated compared to the yogurts with other levels of
AP. This microstructure indicates that the probability that a good stabilising capability of apple
pomace is a function of an optimal concentration needs to be expored further.

4.5 Conclusion and Perspectives
The effects of apple pomace (AP) on the gelation process, rheology, textural properties
and microstructure of set-type yogurt were investigated. Addition of AP powder increased the
gelation pH and shortened the fermentation time (especially for the 1% AP yogurt), and
eventually developed a more viscoelastic, consistent, and firmer yogurt gel. The observation of
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microstructure correlated with the rheology and textural analysis. Apple pomace acted as a filler
to be embedded in the protein network. Among the three concentrations of apple pomace
treatments, the yogurt fortified with 0.5% apple pomace exhibits the most stable structure over a
28-day storage period compared to the others. Therefore, apple pomace is a fruit by-product that
has high potential to be used as a natural stabiliser and texturizer in yogurt fermentation while
enriching the final product with health promoting dietary fibre and phytochemicals. In the future,
sensory tests are needed to verify consumer acceptance of the fortified products, and flavour or
colour adjustments may be applied to meet consumer requirements.
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CHAPTER FIVE – ADDING APPLE POMACE AS A FUNCTIONAL
INGREDIENT IN STIRRED TYPE YOGURT
5.1 Abstract
Apple pomace (AP) was processed into a novel ingredient to add into stirred type yogurt
to create 1, 2, and 3% AP (w/w) fortified yogurt. Both texture analysis and rheological testing
were used to evaluate the effects of AP on the structure and texture of yogurts during cold
storage. The results indicated that apple pomace altered the structure of stirred yogurt, making it
firmer and more cohesive, increased its viscosity and significantly reduced the whey release
during cold storage. These effects were stronger as the concentration of added AP was higher.
Addition of AP to already fermented milk gels allowed a higher concentration of AP to be
incorporated (1-3% in stirred yogurt versus 0.1-1% added before milk fermentation in set
yogurt), which made the stirred yogurt a vehicle for delivering higher level of dietary fibre and
phytochemicals. This study demonstrated that apple pomace has a potential as a natural stabiliser
as well as a dietary fibre “booster” in stirred type yogurts.

5.2 Introduction
Apple pomace, retrieved from apple cider production, has the potential to be transformed
into an edible ingredient that can supply dietary fibre and polyphenols when incorporated into
food products (Carson et al., 1994; Kołodziejczyk et al., 2007; Shalini & Gupta, 2010). In
addition to nutritional contributions, functional properties of apple pomace such as water holding
capacity and gelling-texturizing capability have been used to improve structures of food products
(Gullón, Falqué, Alonso, & Parajó, 2007; O'Shea et al., 2012; O'Shea et al., 2015). Previous
studies have shown that AP powder exhibited good water retention capacity, solubility and
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swelling, as well as milk viscosifying capacity (Wang, chapter three). Also, apple pomace
mainly contains highly-methoxyl (HM) pectin which forms gels at acidic pH (as is the pH of
stirred yogurt) (Endress & Christensen, 2009; O'Shea et al., 2015). Therefore, apple pomace can
be an ideal candidate to be incorporated into acidic dairy products, for instance, stirred type
yogurt.
Stirred type yogurt is produced from nonconcentrated milk, with fruit pieces and flavours
commonly added after fermentation. After completion of gel formation, a gentle shearing is
applied to the gel to obtain a consistent and viscous but still pourable semi-solid (Walstra et al.,
2005). However, stirred type yogurt is often associated with “whey-off” issues, which negatively
affect product quality and consumer acceptance (Loveday et al., 2013). “Whey off” is whey
separation or syneresis defined as surface whey expelled from a gel during gelation and
subsequent storage. Syneresis is caused by rearrangements of casein aggregates that favours
escape of the serum from the three-dimensional gel network (Lucey, 2001). Stirring breaks down
the gel structure, resulting in rearrangements of casein aggregates. Therefore, stabilisers are
required to reduce syneresis and improve the texture of stirred type yogurt. Stabilisers, including
gelatin, starch, pectin, alginate, carrageenan, derivatives of methylcellulose, gum arabic,
tragacanth, karaya, locust bean gum or guar, are commonly used to conduct gelling, thickening
and water binding functions in yogurt (Everett & McLeod, 2005).
However, stabilisers sometimes bring unfavourable flavours and textures to the yogurt.
Also, consumers demand “natural” products containing less or no stabilisers, or ingredients they
can recognize (Loveday et al., 2013). Bimbo et al. (2017) investigated factors that affect
consumer’s acceptance and preferences for nutrition-modified dairy products and found that
products with “natural” claim in terms of both carriers and ingredients showed the highest level
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of acceptance among consumers. Thus, novel and natural stabilisers are high in demand to meet
the increasing “clean label” trend.
Some fruit and vegetable by-products have been considered as stabilising agents
incorporated into yogurts due to their desirable functional attributes, such as water binding,
gelling and thickening ability. The addition of yam soluble fibre to stirred type yogurt increased
the viscosity, reduce the syneresis of yogurt and produced an acceptable mouthfeel (RamirezSantiago et al., 2010). In addition, orange pomace, passion fruit by-products, carrot cell wall
particles, and pineapple peel and pomace powders have also been demonstrated to improve the
structure and reduce the syneresis of yogurts (do Espírito Santo et al., 2012; Dönmez et al., 2017;
McCann et al., 2011; Puvanenthiran et al., 2014; Sah, Vasiljevic, McKechnie, & Donkor, 2016;
Sendra et al., 2010). In a recent study, apple pomace was utilized to create a fibre-enriched
acidophilus yogurt, which showed acceptable sensory qualities (Issar, Sharma, & Gupta, 2016).
However, to the best of the author’s knowledge, research on fortifying yogurt with apple byproducts is scarce, which presents an opportunity to investigate.
Furthermore, little information is available on effects of apple pomace on textural,
rheological and microstructural attributes of the fortified yogurt during storage. Loveday et al.
(2013) suggested yogurt research and development should concentrate on the control of gel
structure, alleviation of whey separation, enhancement of firmness and reduction of gelation
time. Thus, systematic research methods should be applied to investigate the effects of apple
pomace on the nutrition and functionality of yogurt. Additionally, the mechanisms of interaction
between apple pomace and yogurt need to be well understood.
The objectives of the study were (1) to create a stirred type yogurt fortified with apple
pomace of doses 1, 2, and 3% (w/w), respectively, (2) to evaluate pH, titratable acidity,
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syneresis, rheological properties, texture and microstructure of the fortified products over the 28
days of cold storage, and (3) to monitor the changes of total phenolic contents in the fortified
products over the cold storage period.

5.3 Materials and Methods
5.3.1 Production of yogurts
Yogurt production followed the method from Walstra et al. (2005) with some
modifications. The starter culture used was YCX-11 (Chr. Hansen, Denmark), a combination of
Streptococcus thermophilus, Lactobacillus delbrueckii subsp. bulgaricus. According to the
producer’s instructions, a 0.2 U/L of starter culture was added to cooled milk (skim milk from a
local grocery, heating for 30 min at 85 °C). The mixture was fermented at 42 °C in a water bath
until the final pH of 4.6 was reached. Then, the yogurt bulk was cooled down to 10 °C before
stirring. Apple pomace was added at concentrations: 1, 2 and 3% (w/w), and then a gentle
stirring of 60 rad/min for two minutes was applied to obtain AP fortified stirred yogurt. A
hundred grams of the fortified yogurt containing AP was distributed into 125 ml Nalgene
containers (Thermo Scientific, Mexico) for storage and analyses. Yogurt samples were stored at
4 °C in the dark for quality evaluation at the following time points: days 1 (overnight), 7, 14, 21
and 28.

5.3.2 Physico-chemical properties of yogurt
5.3.2.1 Total phenolic content (TPC)
The preparation of yogurt extracts was modified according to the method proposed by
Wallace and Giusti (2008). Ten grams of yogurt samples were blended into 20 ml 0.1% HCl
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acidified methanol. Then, the mixtures were left overnight in the dark at 4 °C. On the day of the
assay, the mixtures were centrifuged (Heraeus Multifuge X1R, ThermoFisher Scientific,
Germany) at 5000 rpm for 10 min at 4 °C. The supernatant was concentrated using a nitrogen
evaporator (Glas-Col, USA) and brought to 15 ml with methanol using a volumetric flask for
TPC determination.
Total phenolic content (TPC) was determined by the Folin-Ciocalteu method with some
modifications (Wolfe, Wu, & Liu, 2003). Calibration curves were obtained by running a gradient
of gallic acid concentrations: 25, 50, 75, 100, 125 and 150 µg/ml. Ten µl standard or sample
extract was mixed with 95 µl of FC reagent (diluted 10-fold) and 95 µl 6% sodium carbonate
solution in a 96 well microplate. The mixture was shaken and incubated at 40 °C for 30 min.
Absorption of each sample was measured by a plate reader (Synergy H4 Hybrid Reader, Biotek
Instruments, USA) at 725 nm. TPC was expressed as µg equivalent gallic acid (EGA) per gram
yogurt sample.

5.3.2.2 Colour
Colour properties were evaluated using a colorimeter (CM-3500d, Konica Minolta
Sensing, Japan). Triplicate samples (2 g) were selected randomly from the yogurt samples to fill
the cuvette. CIELab parameters L∗, a∗, and b*, hue angle (H◦ = tan−1 (b∗/a∗) and chroma (C =
(a∗2 + b∗2) ½) were reported. L* (lightness) ranges from 0 (black) to 100 (white). The coordinate
a* indicates red (positive) to green (negative); b* indicates yellow (positive) to blue (negative)
(McGuire, 1992).
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5.3.2.3 pH and titratable acidity (TA)
The yogurt extracts for pH and TA determination were prepared by diluting original
yogurt samples four times in distilled water. The pH of yogurts was measured three times per
sample using a digital pH meter (Accumet AR15, Fisher Scientific, USA). Titratable acidity was
determined in triplicates according to AOAC method 942.15 by titration with 0.1 M NaOH to pH
8.1 using an automatic titration apparatus (902 Titrando, Metrohm, Switzerland). The results are
expressed as a percentage of lactic acid for yogurts.

5.3.2.4 Syneresis
The syneresis index of yogurt was determined according to the met hod proposed by
Keogh and O'Kennedy (1998). Twenty-gram samples were weighed for each measurement.
Syneresis was calculated by the percentage of the supernatant generated after low-speed
centrifugation (Heraeus Multifuge X1R, ThermoFisher Scientific, Germany) for 10 min at 222 x
g.

5.3.3 Rheological measurements
Rheological analysis followed methods according to Kristo et al. (2011) with some
modifications. The rheological measurements were conducted on a Physica MCR 301 rheometer
(Anton Paar Germany GmbH, Ostfildern, Germany) with a measuring cell C-PTD200 equipped
with a Peltier temperature controller and a concentric cylinder geometry (diameter of cup and
bob: 28.92 and 26.66 mm, respectively). A counter cooling system (F25-MC, Julabo West, Inc.,
CA, USA) was attached to the Peltier element. Twenty milliliters of the stirred yogurt were
transferred to the cup, and a solvent trap was used to cover the cup to prevent evaporation.
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The rheological analysis started from a short interval of temperature adjustment to 4 °C.
Then, a steady state viscosity measurement was applied to the samples over the range of shear
rates from 1 s-1 to 300 s-1. After reaching 300 s-1, a shear rate of 100 s-1 rotation was applied to
the sample to destroy the gel structure, and then a recovery of the structure was observed by
tracking G', G" and tan δ for 2 hours at 4 °C. The parameters were set at a constant strain of
0.5% and a frequency of 1 Hz. The recovery test was followed by a frequency sweep test with
frequency changing from 0.1 Hz to 100 Hz. G', G" and tan δ were monitored during the test.
Triplicates of each sample were tested, and a representative graph of the three is presented.

5.3.4 Texture analysis
The texture of yogurt was evaluated by the backward-extrusion test using the TA-XT
plus texture analyzer (Texture Technologies Corp, New York, USA) equipped with a 5-kg
loading cell. The parameters were modified from the template in Exponent: cylinder probe,
probe diameter 35 mm, test speed 1.0 mm/s, penetration distance 25 mm and surface trigger
force 10 g. The tests were carried out in 125 ml Nalgene (Thermo Scientific, Mexico) containers
of 64 mm diameter and 70 mm height with each yogurt sample filled up to 100 ml. Four
parameters including firmness (N) (maximum force developed within penetration), consistency
(N*s) (total positive area), viscosity index (N) (maximum adhesive force) and cohesiveness
(N*s) (total negative area) were obtained by MACRO in the Exponent program. Triplicate tests
were performed on three independent samples for each treatment of the fortified yogurts.
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5.3.5 Confocal laser scanning microscopy (CLSM)
The microstructure of the fortified yogurt was observed using a confocal laser scanning
inverted microscope (Leica DMi8, Mannheim, Germany) connected to the Quorum Diskovery
Spinning Disk (Canada) with a 560 nm ILE Laser (150 mW), a confocal filter block (ET
620/60M) and 40× (oil) objective. A resolution of 1300 × 1300 pixel was set for the digital
images in Volocity™ (version 6.3). Sample preparation of stirred type yogurt followed the
method described by Kristo et al. (2011). A 0.2% (w/v) aqueous solution of Rhodamine B
(excitation and emission wavelengths 543 and 625 nm, respectively) was used to dye the protein
network. A 20-ml stirred type yogurt sample made the current day was stirred in the rheometer at
4 °C, a shear rate of 500 s-1 for 20 min and a few drops of rhodamine B solution was added
during the stirring. Then, the dyed samples were transferred to a glass bottom dish, kept at 4°C
for 1 h followed by the CLSM observation. The sample microstructure in multiple areas was
observed, and micrographs were obtained from representative areas.

5.3.6 Statistical analysis
Three independent yogurt experiments were conducted, and all experiments were
repeated three times unless stated otherwise. The results are reported as means ± standard error
for all experiments except for the rheological testing (means ± standard deviation).
Representative images and graphs were obtained from CLSM observation and rheological tests,
respectively. Statistical analysis was carried out using SPSS Statistics 24 (IBM, USA). Statistical
significance at P < 0.05 was selected, and univariate analysis of variance followed by a Tukey
test was applied to the data.
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5.4 Results and Discussion
5.4.1 Colour
The colour parameters changed significantly (P < 0.05) among the treatments. The
lightness (L*) value decreased, but both red/green (a*) and yellow/blue (b*) indicators increased
as a higher dose of AP powder was added (Table 5.1), indicating a more intense reddish and
yellowish colour in apple pomace fortified yogurts compared to the control.

Table 5. 1 Colour parameters of stirred-type yogurt with apple pomace (AP) addition measured
after one-day cold storage1.

Treatment
Control
1% AP
2% AP
3% AP

L*
89.85 ± 0.13a
81.23 ± 0.13b
76.63 ± 0.13c
73.72 ± 0.13d

Colour parameters
a*
b*
Hue
Chroma
d
d
d
-3.03 ± 0.05 8.85 ± 0.11 -1.24 ± 0.00 9.35 ± 0.11a
2.18 ± 0.05c 18.39 ± 0.11c 1.45 ± 0.00a 18.52 ± 0.11b
4.05 ± 0.05b 22.35 ± 0.11b 1.39 ± 0.00b 22.71 ± 0.11c
5.16 ± 0.05a 24.86 ± 0.11a 1.37 ± 0.00c 25.40 ± 0.11d

1

Values are presented as mean ± standard error; cold storage, 4 °C.
Different letters within the same column indicate significant differences (P < 0.05).

a-d

Adding apple pomace changed the appearance of yogurt. Dello Staffolo et al. (2004) also
reported that a brownish colour in apple fibre fortified yogurt was detectable during sensory
evaluation. In addition, flavour, texture and nutrient bioavailability of the fortified products
changes when incorporating the fruit and vegetable fibre (Fernández-García & McGregor, 1997).
Padhi et al. (2015) demonstrated that a reliable health claim can enhance consumers’
acceptability of functional foods. In their study, the muffins made from soy flour, considered as a
healthy ingredient showed higher acceptability than muffins containing wheat. Yogurts fortified
with 1, 2 and 3% AP (w/w) contain around 0.3, 0.6 and 0.9% DF, respectively based on the AP
composition characterized in the previous study. Therefore, the health benefits that come from
added apple pomace in yogurt may improve the acceptability of such yogurt.
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5.4.3 pH, TA, and syneresis
Adding apple pomace (AP) after fermentation decreased the pH of yogurts, and the pH of
2 and 3% AP (w/w) samples was significantly lower than the other two (P < 0.05) (Fig. 5.1).
Within the overall storage time, pH of all yogurt samples exhibited a significant decreasing
tendency (P < 0.05), except for the 28th day (Fig. 5.1). The titratable acidity of all the yogurts
significantly increased during cold storage (P < 0.05) and reached the highest level at the end of
the storage period (28 days) (Table 5.2). However, AP addition only affected the titratable
acidity of yogurts at the beginning and the end of the cold storage by increasing acidity with the
higher AP doses.

Figure 5. 1 pH values of yogurt samples with apple pomace (AP) addition during storage at 4 °C.
0% AP (■), 1% AP (●), 2% AP (▲), 3% AP (▼).
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Table 5. 2 Syneresis and titratable acidity of apple pomace (AP) added stirred-type yogurt during cold storage1.

Parameters
Syneresis (%)

Treatment
Control
1% AP
2% AP
3% AP

Titratable acidity
Control
(lactic acid percentage) 1% AP
2% AP
3% AP

1
20.6 ± 0.7A, c
17.9 ± 0.7B, c
15.1 ± 0.7C, ab
12.2 ± 0.7D, cd
0.66 ± 0.00AB, d
0.65 ± 0.00B, d
0.66 ± 0.00A, d
0.66 ± 0.00A, d

Storage period (d)2
7
14
A, b
24.5 ± 0.7
23.7 ± 0.7A, b
20.3 ± 0.7A, b 19.1 ± 0.7B, bc
19.6 ± 0.7A, a 17.5 ± 0.7C, ab
12.7 ± 0.7B, bc 13.5 ± 0.7D, b
0.70 ± 0.01A, c
0.69 ± 0.01A, c
0.71 ± 0.01A, c
0.71 ± 0.01A, c

1

21
23.2 ± 0.7A, b
18.5 ± 0.7B, c
14.1 ± 0.7C, b
11.5 ± 0.7D, d

0.72 ± 0.01A, b 0.73 ± 0.00AB, ab
0.72 ± 0.01A, b 0.73 ± 0.00B, b
0.73 ± 0.01A, b 0.75 ± 0.00A, b
0.73 ± 0.01A, b 0.74 ± 0.00AB, b

Values are presented as mean ± standard error.
Samples were stored at 4 °C.
A-C
Means followed by different capital letters in the same column are significantly different (P < 0.05).
a-c
Means followed by different lowercase letters in the same row are significantly different (P < 0.05).
2
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28
28.5 ± 0.7A, a
23.6 ± 0.7B, a
19.4 ± 0.7C, a
15.0 ± 0.7D, a
0.75 ± 0.01B, a
0.75 ± 0.01B, a
0.79 ± 0.01A, a
0.78 ± 0.01A, a

The decrease in pH and increase in acidity of yogurt during storage are a consequence of
lactic acidification, which results from lactose fermentation by the associative growth of
Streptococcus thermophilus, Lactobacillus delbrueckii subsp. bulgaricus (Ramirez-Santiago et
al., 2010). Furthermore, progressive transformation of lactose into lactic acid happened during
the first 14 days, leading to an acute decrease in yogurt pH (Garcia-Perez et al., 2005). The
results are in agreement with previous studies of stirred type yogurt during cold storage
(Ramirez-Santiago et al., 2010; Tseng & Zhao, 2013).
Syneresis is an undesirable phenomenon that appears as an accumulation of whey on the
surface of yogurt (Sah et al., 2016). It is due to the rearrangements of protein aggregates leading
to dense clusters and can be accelerated by high incubation temperature and external force
(Lucey, 2001). Stirring yogurt with external force breaks the gel structure and causes the
rearrangements of casein network, resulting in whey-off. Stirred yogurt tends to have higher
potential to exhibit syneresis than set type one where gel structure is kept intact during storage.
Incorporation of AP after fermentation significantly reduced the syneresis of yogurt during cold
storage (P < 0.05). The syneresis decreased as the concentration of AP increased. Addition of 3%
AP reduced the syneresis of yogurt by almost a half compared to the control sample (Table 5.2).
An expected increase in syneresis was observed over the 28-day storage period for each
treatment.
The water holding capacity of AP is expected to contribute to reducing the syneresis as
AP can trap whey separated from the casein gel. Previous results showed higher water retention
capacity of apple pomace in pH 4.6 buffer than in water (Wang, chapter three). Soluble and
insoluble components of fibre in apple pomace contribute to reducing syneresis by different
mechanisms. Insoluble fibre such as cellulose absorb water through their porous fibrillar
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structures (Harris & Smith, 2006). Soluble fibre such as pectin increase the viscosity of the
surrounding liquid and reduce the expelling of serum. In addition, pectins can further stabilise
casein aggregates through electrostatic and steric stabilisation that may result in formation of
casein-pectin complexes which can stabilise the yogurt gel network (Liu, Nakamura, & Corredig,
2006). Furthermore, AP is rich in HM pectin, the gelation of which pectin occurs in an acidic
environment (O'Shea et al., 2015).

5.4.1 Rheological properties
The apparent viscosity of all the samples decreased as the shear rate increased, indicating
a shear-thinning fluid behavior (Fig. 5.2). The viscosity of the control decreased continuously
with shear rate through the whole shear rate range studied. However, AP addition tended to alter
the shape of viscosity curves. An increase of viscosity was observed following the initial
decrease at initial shear rates on the viscosity curves of AP fortified gels, which was not
observed in the control sample (Fig. 5.2). The incorporation of apple pomace increased the
viscosity of stirred type yogurt. The sample with 3% AP showed a significantly (P < 0.05) higher
viscosity than the control sample (Table 5.3).
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Figure 5. 2 Apparent viscosity as a function of shear rate measured at 4 °C for stirred yogurt
fortified with 0% (■), 1% (●), 2% (▲), 3% (▼) apple pomace.

Table 5. 3 Apparent viscosity at selected shear rates for stirred type yogurt with apple pomace
(AP) addition1.
-1

Shear rate (s )
Control
9.79
1.12 ± 0.30b
20.9
0.66 ± 0.20c
44.8
0.40 ± 0.12b
95.9
0.24 ± 0.07b

Apparent viscosity (Pa s)
1% AP
2% AP
b
1.25 ± 0.62 2.55 ± 0.16ab
0.83 ± 0.28bc 1.54 ± 0.09ab
0.55 ± 0.11ab 0.84 ± 0.06a
0.36 ± 0.04ab 0.41 ± 0.03ab

1

3% AP
3.63 ± 0.32a
1.79 ± 0.23a
0.89 ± 0.08a
0.44 ± 0.04a

The data are average of three replicate experiments and values are means ± standard deviation;
measurements were performed at 4 °C.
a-c
Values within the same row, followed by different letters are significantly different (P < 0.05) as
determined by Tukey test.
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All yogurts exhibited characteristics of a weak viscoelastic gel, with G' > G" at all
frequencies investigated and both G' and G" increasing with frequency (Fig. 5.3 a). Loss tangent
(tan δ) takes into account the contribution of both storage and loss modulus (tan δ = G"/ G'). As
such, it can provide more information on the viscoelastic properties of the material. While G'
curves of all the samples had similar frequency dependence (similar slope), tan δ curves showed
more variability among samples (Fig. 5.3 b). The 0 and 1% AP (w/w) yogurt samples exhibited
lower tan δ than the 2 and 3% AP ones, indicating a more elastic behavior of yogurt gel of the
former samples compared to the later (Fig. 5.3 b). However, as frequency increased, tan δ of all
samples increased, indicating a more liquid-like character of these yogurts. Storage modulus (G')
decreased with AP addition, following the order: 0% > 1% > 2% = 3%.
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Figure 5. 3 Rheological parameters (a) G' (solid), G" (open) and (b) loss tangent (tan δ) of
representative stirred yogurt samples with apple pomace (AP) addition obtained from frequency
sweep (0.1 to 10 Hz) at 0.5% strain and 4 °C. 0% AP (■), 1% AP (●), 2% AP (▲), 3% AP (▼).
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Two-hour recovery tests were applied to all the samples following rotational tests. After
stopping the shearing, G' of all the samples increased rapidly within the first few minutes and
then increased gradually and steadily towards 2 h. At the end of the test, stirred milk gels without
apple pomace addition showed the highest G', followed by 1%, 2% = 3% AP containing gels
(Fig. 5.4).

Figure 5. 4 Storage modulus (G') of yogurts with 0% (■), 1% (○), 2% (▲), 3% (▽) apple pomace
(AP) addition recovering after shearing at 4 °C.

70

Apple pomace added with shearing after fermentation altered the rheological
characteristics of yogurt gel, resulting in a higher viscosity and more liquid-like gel. Apple
pomace was shown to have significant water holding capacity as well as viscosifying and
texturizing ability (due to both soluble and insoluble fibre components), which can contribute to
the higher viscosity of the stirred yogurt in the presence of AP.

5.4.4 Texture analysis
Overall, AP addition significantly affected the firmness, consistency, cohesiveness, and
viscosity index of yogurt samples at all storage periods (Table 5.5). All the parameters increased
significantly as the dose of apple pomace increased. Addition of AP in yogurt at 3% increased
firmness and consistency twice and cohesiveness and viscosity index more than twice when
compared to the control. During the 28-day storage, firmness, consistency of the 3% AP sample,
cohesiveness of all the treatments and viscosity index for most of the treatments increased.
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Table 5. 4 Textural parameters of apple pomace (AP) added stirred-type yogurt measured during cold storage1.

Parameters
Firmness (N)

Treatment
Control
1% AP
2% AP
3% AP

1
0.42 ± 0.03C, a
0.44 ± 0.03C, a
0.58 ± 0.03B, a
0.79 ± 0.03A, c

7
0.42 ± 0.02C, a
0.48 ± 0.02C, a
0.69 ± 0.02B, a
0.90 ± 0.02A, ab

Storage period (d)2
14
0.43 ± 0.02C, a
0.47 ± 0.02C, a
0.63 ± 0.02B, a
0.89 ± 0.02A, ab

Consistency (N*s)

Control
1% AP
2% AP
3% AP

7.40 ± 0.53C, a
8.64 ± 0.53C, a
11.27 ± 0.53B, a
15.55 ± 0.53A, b

7.96 ± 0.43C, a
9.35 ± 0.43C, a
13.40 ± 0.43B, a
17.83 ± 0.43A, a

8.05 ± 0.43C, a
8.94 ± 0.43C, a
12.41 ± 0.43B, a
17.48 ± 0.43A, a

8.49 ± 0.43C, a
9.22 ± 0.43C, a
12.50 ± 0.43B, a
16.54 ± 0.43A, ab

8.31 ± 0.43C, a
9.48 ± 0.43C, a
13.32 ± 0.43B, a
17.21 ± 0.43A, a

Cohesiveness (N)

Control
1% AP
2% AP
3% AP

0.28 ± 0.02C, ab
0.32 ± 0.02C, c
0.42 ± 0.02B, b
0.61 ± 0.02A, c

0.26 ± 0.02C, b
0.34 ± 0.02C, bc
0.52 ± 0.02B, a
0.71 ± 0.02A, a

0.30 ± 0.02C, a
0.33 ± 0.02C, c
0.48 ± 0.02B, a
0.71 ± 0.02A, a

0.31 ± 0.02C, a
0.36 ± 0.02C, ab
0.50 ± 0.02B, a
0.67 ± 0.02A, b

0.30 ± 0.02D, a
0.38 ± 0.02C, a
0.53 ± 0.02B, a
0.71 ± 0.02A, a

Viscosity index (N*s) Control
1% AP
2% AP
3% AP

0.77 ± 0.07C, ab
0.89 ± 0.07C, c
1.19 ± 0.07B, b
1.64 ± 0.07A, c

0.62 ± 0.06D, b
0.95 ± 0.06C, abc
1.42 ± 0.06B, a
1.87 ± 0.06A, ab

0.81 ± 0.06C, a
0.92 ± 0.06C, bc
1.35 ± 0.06B, a
1.92 ± 0.06A, a

0.83 ± 0.06D, a
1.02 ± 0.06C, ab
1.34 ± 0.06B, a
1.75 ± 0.06A, bc

0.75 ± 0.06D, ab
1.04 ± 0.06C, a
1.33 ± 0.06B, a
1.81 ± 0.06A, ab

1

Values are presented as mean ± standard error.
Samples were stored at 4 °C.
A-D
Means followed by different capital letters in the same column are significantly different (P < 0.05).
a-c
Means followed by different lowercase letters in the same row are significantly different (P < 0.05).
2
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21
0.44 ± 0.02C, a
0.49 ± 0.02C, a
0.67 ± 0.02B, a
0.85 ± 0.02A, bc

28
0.44 ± 0.02C, a
0.50 ± 0.02C, a
0.71 ± 0.02B, a
0.92 ± 0.02A, a

The firmness of yogurt depends on the total solid content of the milk mixture (Paseephol
et al., 2008). In this case, apple powder addition increased the total solids of yogurt by 1, 2 and
3% (w/w) resulting in higher firmness compared to the control. A similar phenomenon was
observed in low-fat yogurt with tilapia skin gelatin added as a stabiliser (Pang, Deeth, Yang,
Prakash, & Bansal, 2017). The results of viscosity index correspond to the rheological data,
consolidating the thickening function of apple pomace. Cohesiveness evaluates the quality of
yogurt in terms of the force needed to remove the yogurt adhered to the spoon or mouth when
eating the product, and is directly affected by the number of casein-casein linkages being broken
during stress application and reformed after stress release (Costa et al., 2015). After stirring, the
protein matrix of yogurt become loose and open (Shafiur Rahman & Al-Mahrouqi, 2009).
Incorporating apple pomace into the stirred mixture reinforced the gel structure, turning into a
protein-AP network, thus requiring higher stress to lift the product. Furthermore, rehydrated
apple pomace powder absorbed the separated whey and trapped casein clusters generated from
shearing.

5.4.5 Microstructure of AP fortified stirred yogurts
The control yogurt exhibited a dense but low connectivity protein network with many
void areas (Fig. 5.5 a). Adding apple pomace caused the formation of larger pores and channels
in some areas, but more compact and even protein aggregates and fewer pores in other areas
(Fig. 5. 5 b, c and d). A higher dose of AP increased the number and size of void pores and
channels (Fig. 5. 5 c and d).
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Figure 5. 5 Confocal laser scanning micrographs of stirred type yogurt with: (a) 0 %, (b) 1 %, (c)
2 % and (d) 3% apple pomace addition.
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The stirring broke down the yogurt gel, resulting in immediate whey separation and
formation of loose casein clusters, which agreed with the previous reports (Hassan et al., 2003;
Kristo et al., 2011). After adding apple pomace, larger void pores and thicker protein strands
appeared. Considering these micrographs, we may assume that the void area surrounding the
casein aggregates was taken up by apple pomace particles, which may have bound the aqueous
serum pockets around the aggregates, thus hindering the whey separation. This phenomenon can
also explain the reduction in syneresis. The microstructure of AP stirred yogurt is similar to the
stirred type yogurt containing exopolysaccharides produced by lactic acid bacteria as reported by
Hassan et al. (2003). However, the protein network of AP yogurt is more compact than the
protein network in the presence of EPS, which may be due to the higher concentration of apple
particles embedded into the protein network compared to the concentration of released EPS.
Buldo et al. (2016) reported that stirred yogurt fermented with a high level of EPS producing
culture showed denser gel structure than the yogurt fermented with a low-level EPS producing
culture. Furthermore, in addition to the electrostatic interaction between anionic hydrocolloids
from apple pomace and casein micelles, which may resemble the interactions between EPS and
protein, AP contains insoluble fibre with porous structure that can absorb separated whey,
resulting in compact casein aggregates. Therefore, apple pomace can act as a stabiliser to control
whey separation and reinforce the protein network.

5.4.6 Changes in total phenolic content (TPC) during cold storage of fortified yogurt
All AP fortified yogurts exhibited a statistically significant increase in the TPC compared
with the control yogurt at each storage time (P < 0.05, Table 5. 6). Furthermore, TPC of all
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samples increased significantly over the 28-day storage period at 4 °C (P = 0.022). At the end of
the storage period, TPC of all the samples increased by 22% to 35% of their original TPC.

Table 5. 5 Total phenolic content of apple pomace (AP) added stirred-type yogurt measured during
cold storage1.
Storage period (d)2
Treatment
1
7
14
21
28
D, c
D, bc
D, b
D, ab
Control
41.34 ± 1.51
44.28 ± 1.40
47.36 ± 1.40
48.10 ± 1.40
53.27 ± 1.40D, a
1% AP
55.40 ± 1.40C, c 63.74 ± 1.40C, b
66.18 ± 1.40C, b
62.88 ± 1.40C, b 74.82 ± 1.40C, a
B, c
B, b
B, a
2% AP
67.18 ± 1.40
76.44 ± 1.40
83.31 ± 1.40
75.17 ± 1.40B, b 89.58 ± 1.40B, a
3% AP
79.65 ± 1.40A, c 89.55 ± 1.40A, b 93.16 ± 1.51A, ab 87.70 ± 1.40A, b 97.62 ± 1.40A, a
1
Values are presented as mean ± standard error (µg EGA/ g yogurt).
2
Samples were stored at 4 °C.
A-D
Means followed by different capital letters in the same column are significantly different (P < 0.05).
a-c
Means followed by different lowercase letters in the same row are significantly different (P < 0.05).

The total phenolic contents of yogurt during storage have been reported for grape extract,
wine pomace, pomegranate juice, sweet potato pulp, green and black tea extract and coffee bean
powder fortified yogurts (Marchiani et al., 2016; Muniandy et al., 2016; Ramos et al., 2017;
Trigueros, Viuda-Martos, Perez-Alvarez, & Sendra, 2012; Tseng & Zhao, 2013). The TPC of
these yogurts exhibited a decreasing trend over the cold storage, which is opposite to our results.
However, direct comparison of our results with previous studies is difficult. For example, the
initial TPC in wine pomace fortified yogurt is around 1000 µg GAE/g yogurt in Tseng and Zhao
(2013), which is over ten times the level in this study. The degradation of TPC during storage
may be attributed to the limited binding affinity for polyphenolics to the protein matrix in yogurt.
The increase of TPC over the storage period in our study may be attributed to the release of AP
polyphenols during the storage. The concentration of AP polyphenols presented here is that of
extractable polyphenols. However, several studies have shown that a significant amount of
polyphenols in fruits and veggies are not extractable with the aqueous organic solvent mixture
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(Arranz, Saura-Calixto, Shaha, & Kroon, 2009). During storage, these polyphenols may be
gradually released, thus resulting in an increase in TPC over time. The release of polyphenols
may be induced by changes in pH conditions, alteration of protein morphology or functions of
enzymes and bacteria in yogurt (Foegeding, Plundrich, Schneider, Campbell, & Lila, 2017;
Friedman & Jürgens, 2000; Jakobek, 2015). Furthermore, phenolic composition is different
among fruits and vegetables. Anthocyanin, the main bioactive compound in grapes and
pomegranates are optimally stable at pH 3.3 rather than pH 4.6 (yogurt condition) (Gauche,
Malagoli, & Bordignon Luiz, 2010). Nonetheless, the main polyphenol compounds in apple are
procyanidins, catechin, epicatechin, chlorogenic acid, phloridzin, and the quercetin conjugates
(Boyer & Liu, 2004). In a strawberry fortified yogurt study, the individual compounds, catechin,
epicatechin, and quercetin-3-rutinoside were found to increase during the remaining storage
period (Oliveira et al., 2015). Overall, apple pomace contributed to a significant polyphenol
content to the fortified yogurt compared to the control, and thus may enhance the health benefits
of yogurts.

5.5 Conclusion and Perspectives
Apple pomace from the apple industry can be utilized as added dietary fibre and
antioxidants in stirred type yogurt where it can simultaneously contribute to desirable structural
changes of the yogurt matrix. In this case, AP was added to the already broken acid gel, causing
a significant decrease of syneresis, increase of viscosity, firmness, and cohesiveness of the
fortified matrix during cold storage. The functionality of AP in stirred yogurts can be a result of
water holding capacity of the soluble and insoluble components from AP as well as their
potential gelling-texturizing properties. Apple pomace can be a good candidate as a natural
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stabiliser for stirred yogurt, while simultaneously enriches yogurt with dietary fibre, polyphenols,
and other health-promoting phytochemicals
In the future, AP may be investigated as a potential stabiliser for other dairy products,
such as drinkable yogurt and acidic whey drinks. Due to the diluted system of these two models,
a higher dose of AP may be needed to act as the natural stabiliser, which can also increase the
dietary fibre content of the fortified product. Furthermore, the bioavailability of antioxidants
from AP fortified yogurt may be worth investigating because phytochemicals from AP mainly
existing in a bound form can be released in the large intestine with help of gut microorganisms
and enzymes.
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CHAPTER SIX - GENERAL CONCLUSIONS AND FUTURE
DIRECTIONS
Overall, the findings in this study provided an alternative approach to utilizing apple
pomace (AP) retrieved from a waste stream. AP can be utilized as a potential functional
ingredient in set and stirred yogurt as well as added dietary fibre and phytochemicals.
Furthermore, this research contributes novel information to the pool of ongoing scientific efforts
that finding alternatives to valorization of food processing by-products as the raw materials for
new applications.

6.1 Development of apple pomace ingredient
Apple pomace (AP), consisting of peel, pulp, stems, and seeds, is the remnant derived
from the production of apple cider and juice (Dhillon et al., 2013). Even though research has
demonstrated its potential as a functional food ingredient with health enhancing benefits, there is
still a lot to be done before industrial applications of AP utilization are widely developed. Risk
assessment of AP as a safe edible ingredient is an important part of the process. The cores of
fresh apples may be infected by mycotoxin-producing fungi during fruit development and
maturation (Soliman et al., 2015). The mycotoxin level of AP should be determined in the future
to ensure the processed AP is safe for human consumption.
The processing scheme used here for preparing the dry AP ingredient according to Wolfe
and Liu (2003) minimized the loss of nutrients during processing. However, blanching followed
by freeze-drying may not be practically and economically applicable to an industrial scale.
Therefore, a scheme suitable for industrial scale processing could be worth developing.
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The rheological properties of plant cell wall particle dispersions depend on the particle
shape, size distribution, particle concentration, deformability, particle-particle interactions, and
hydrodynamic forces arising from the relative motion of particles to the surrounding fluid (Day,
Xu, Øiseth, Lundin, & Hemar, 2010). Particle characteristics including particle size, shape, and
microstructure and their behaviors in milk environment need to be investigated in order to better
understand the rheology of AP-milk dispersion and its effect on the final product.

6.2 Yogurt studies
The addition of 1% AP seems to provide soluble polysaccharides and insoluble particles
at high enough concentration to induce early aggregation of casein micelles at pH of 5.9
compared to pH 5.3 for the control probably due to a depletion flocculation mechanism.
However, no such effect was noticed at concentrations of AP up to 0.5%. A significant increase
of gel firmness and cohesiveness was observed with increasing AP concentration during cold
storage, indicating a reinforcement of the structure of the undisturbed casein gels. Such an effect
might be attributed to a combination of the physical reinforcement effect of the insoluble AP
particles and the gelling-viscosifying capability of pectins and other soluble fibers released from
AP in milk. Confocal images of the intact casein gels indicated a uniform cellular structure with
thick casein strands well interconnected at 0.5% AP concentration, which may be an optimal
level of AP for a well-structured set-type yogurt gel.
AP addition into stirred yogurt allowed a higher level of AP to be incorporated (1-3%)
and resulted in a significant decrease of syneresis along with increase in viscosity, firmness and
cohesiveness of the matrix during cold storage. The water holding ability of soluble and
insoluble fiber components of AP might be a major contributor to stabilizing an already broken
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gel structure. Both set- and stirred-type yogurt have the potential to be used as vehicles for
delivering health-promoting AP components.
Total phenolic content (TPC) of AP added stirred yogurt increased as the doses of AP
increased. In addition, TPC exhibited a tendency to increase during cold storage. However, a
value of TPC of 40 µg GAE/ g yogurt was measured in the control sample, and this value
increased over the cold storage in a similar pattern as the TPC of fortified samples. The detection
of TPC in the control sample, which should not contain polyphenols, can be attributed to a
limitation of Folin-Ciocalteu (F-C) assay used in this study. F-C assay determines TPC through
colour changing caused by electron transfer reaction between the F-C reagent and phenolic
compounds under the alkali conditions. However, reducing compounds such as ascorbic acid and
reducing sugars (glucose and fructose) can also rapidly react with an F-C reagent, resulting in
inaccuracy of the assay (Sánchez-Rangel, Benavides, Heredia, Cisneros-Zevallos, & JacoboVelázquez, 2013). Milk contains lactose which is partially hydrolyzed into galactose and glucose
during fermentation (Walstra et al., 2005). Yogurt extract containing glucose can alter the colour
of F-C reagent through the reaction between reducing sugar and F-C reagent. Furthermore, TPC
of the fortified samples may not represent true values because AP contains 20% fructose and
10% glucose, which may have a significant effect on the TPC determination. Thus, a more
accurate detection method such as HPLC needs to be used to determine a true content of
polyphenols that AP can contribute to the yogurt.
In addition, bioaccessibility of phenolic compounds is a critical parameter to evaluate the
efficiency of these compounds being digested or absorbed by the human body. Polyphenols are
commonly bound to proteins, carbohydrates and lipids, and release as well as function in the
colon with the help of enzymes and gut microbiota (Jakobek, 2015). Gagnon, Savard, Riviere,
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LaPointe, and Roy (2015) reported that higher bioaccessibility of antioxidants from fermented
milk was obtained after digestion by Bifidobacterium longum subsp. longum, among the
dominant species of the human gastrointestinal microbiota. Furthermore, interactions of
polyphenols with proteins, carbohydrates, and lipids can affect their availability for absorption.
Apple polyphenols may interact with milk components such as proteins, sugars, and lipids when
incorporated into yogurt, resulting in a different bioavailability as compared to the apple pomace
itself. Therefore, a digestion study can be applied to AP fortified yogurt to compare the
bioavailability and bioaccessibility of antioxidants from AP fortified yogurt and the control.

6.3 Potential apple pomace enriched dairy products
Yogurt has been demonstrated as a suitable model to carry apple pomace in this study.
Likewise, acidic dairy products such as drinkable yogurt, acidic whey drinks or some types of
cheese can also be investigated as vehicles for AP incorporation. In the first two diluted systems,
a higher dose of AP may be required to stabilise the fortified system, thus contributing to higher
levels of dietary fibre in the AP fortified products. In addition, sensory evaluation needed to
verify consumer acceptance of the fortified products, and flavour or colour adjustments may
need to be applied to meet consumer requirements.
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