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ABSTRACT
Increased protein intake in the diet has been growing in popularity, as consumers are
more health conscious. The introduction of an ice cream product marketed as “healthy” because
of its low calorie, high protein content soared in popularity, outselling the top ice cream pint sales
leaders in 2017 (Hughes 2018). Multiple ice cream producers followed suit and began producing
their own high protein ice cream. High protein ice creams are formulated to contain more protein
than a typical ice cream (3%) using concentrated dairy ingredients such as milk protein
concentrate and milk protein isolate. In the marketplace, high protein ice creams are prone to
shrinkage (i.e., loss of volume before any mass is removed from the container).
The current study aims to assess the influence of milk protein concentrates (MPC) and
reduced-mineral MPC (rmMPC) in combination with two stabilizer systems on physical and
sensory attributes of low fat (3%) ice creams with special emphasis on shrinkage. Low fat ice
creams were formulated to 8% protein using either MPC or rmMPC as the high protein
ingredient. The ice creams were formulated without stabilizer and also with either tamarind seed
gum (TSG) or a 50:50 blend of TSG and locust bean gum (LBG) at a total level of 0.3%. Mixes
and finished ice creams were evaluated for composition and selected physical properties. Over the
course of a 9-month shelf-life the ice creams were evaluated for density and for sensory
attributes.
The MPC samples were assessed for differences in composition and functionality. The
rmMPC was significantly lower in calcium and phosphorous content when compared to the MPC
sample. The rmMPC was more readily soluble than the MPC; the MPC needed 30 minutes of
heating (42°C) to reach the same level of solubility as the rmMPC at time 0.
After production the ice cream mix and frozen ice cream was assessed. The low-fat ice
creams met the target parameters for composition and overrun. The dynamic viscosity and
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kinematic viscosity of the mixes were significantly lower in the samples prepared with no
stabilizer compared to the samples prepared with TSG and the blend of TSG-LBG. The samples
prepared with no stabilizers had significantly lower draw temperatures than the stabilized
treatments. Samples prepared with the stabilizer blend of TSG-LBG had significantly lower
meltdown rates than the non-stabilized and TSG stabilized treatments. Initial sensory analysis
revealed no significant differences. Month 3, 6, and 9 sensory analysis could not be completed
due the Covid-19 pandemic. The density of the product held at -30°C did not vary over time.
In an informal study storage conditions were found to be an important variable in
reducing shrinkage in ice cream. Ice cream stored in -30°C temperatures did not shrink over the
9-month testing period, while ice cream stored in -17°C temperatures showed shrinkage
(increased density) in all treatments. The treatments stabilized with TSG when compared to the
non-stabilized and the TSG-LBG stabilized treatments were significantly denser after storage in 17°C conditions. Additionally, the rmMPC TSG samples was significantly denser than the MPC
TSG samples after -17°C storage.
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Chapter 1

Literature Review
1.1 Introduction
Ice cream is a complex frozen dessert commonly consumed in the United States and
around the world. According to the International Dairy Foods Association (IDFA) (2020) the
average consumption of ice cream in the U.S. is greater than 23 pounds (10.43 kg) per person and
in 2017 was an $11 billion industry. In this review I will address the ice cream market, define ice
cream and subcategories, outline ice cream production, identify ingredients, and discuss
challenges that may affect ice cream.
1.2 Ice Cream Market
The trends of increasing protein intake and lowering carbohydrate consumption have driven
the food market in recent years. In one study consumers categorized proteins as healthy and
natural, while sugars were viewed as unhealthy (Aschemann-Witzel, Varela, and Peschel 2019;
Hartel, Rankin, and Bradley Jr. 2017). The term “better-for-you” was coined to indicate a change
made to a traditional product perceived as promoting health, such as reducing sugar, fat or
calories or enriching products with health promoting ingredients, use of organic ingredients, or
simply use of fewer ingredients resulting in a “clean label”.
Ice cream has a modest protein content and high calorie content and is viewed as a treat or
dessert (Farouk et al. 2018). Producers and researchers have made an effort to change that
narrative. “Better-for-you”, “healthy indulgence” or “less guilt”, alternatives to traditional ice
creams have increased in the market (Hartel, Rankin, and Bradley Jr. 2017; Kennedy 2018).
Creating healthier alternatives may reduce the guilt associated with eating ice cream and result in
more frequent or increased consumption.
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In response to consumer demand for “better-for-you” products, many ice cream
manufacturers created new versions of their ice creams. Completely new companies focused on
healthier ice creams were also created. One of these new companies, Halo Top, soared to
popularity. In 2017 Halo Top was the leader in pint sales ($342.2 million), outselling traditional
ice cream companies (Kennedy 2018; Hughes 2018). The brand is now well known for their low
calorie, increased protein, and low sugar pints. Interestingly, they are not considered clean label,
rather “semi-clean” because of some of the ingredients used in their products (for example,
stabilizers, emulsifiers, processed sugar, genetically modified organisms [GMO], artificial
flavoring and colors).
Protein powders and products fortified with protein have had major success in the
marketplace. It is known that protein is necessary for human growth and development. A report
showed that nearly four out of five consumers consider the protein content of products when
purchasing (Berry 2018). In response to this trend many new products are coming onto the market
fortified with higher protein contents.
Review of the ice cream market in recent years revealed that consumers indeed want higher
protein contents and healthy alternatives to ice cream (Katz 2014; Mintel 2019; Suthar, Jana, and
Balakrishnan 2017; Kennedy 2018; Soukoulis, Fisk, and Bohn 2014). In Mintel Group Ltd.’s
2019 ice cream and frozen novelties report it was projected the ice cream market would continue
to increase in sales if producers continued to follow the healthy food trends (Mintel 2019). Mintel
also conducted a survey showing that 21% of consumers would be encouraged to try a new frozen
treat product if it had a high protein content. Analysis of the survey data by age grouping
suggested that younger generations, Gen Z and Millennials, are more likely to purchase based on
high protein content. Although reaching Gen Z and Millennials is important, frozen desserts
fortified with proteins could be beneficial to those who need help getting more protein in their
diet. For example, some research has focused on how fortified ice cream can be used as an
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effective method of protein and nutrient delivery to the elderly (Farouk et al. 2018; Spence,
Navarra, and Youssef 2019). Overall, many people of different age groups and backgrounds may
benefit from high protein ice cream.
1.3 Ice Cream
Ice cream is a standardized food and the standard of identity can be found in the Code of
Federal Regulations (CFR) (FDA 2018) (21 CFR §135.110). According to the CFR ice cream
must contain a minimum 10% milk fat and 10% milk solids non-fat (MSNF) with no more than
25% of MSNF coming from whey-derived ingredients.
Ice cream is a complex food, and many factors can influence the characteristics and attributes
of the final product. Studies have shown that composition and ingredients, as well as processing,
storage, and distribution methods can influence the characteristics of the final product (Roland,
Phillips, and Boor 1999; Cadena et al. 2012; Akalın, Karagözlü, and Ünal 2008; Milliatti and
Lannes 2018; Dybing et al. 2007; Mao et al. 2012; Bahramparvar and Tehrani 2011; Danesh,
Goudarzi, and Jooyandeh 2017; Bolliger et al. 2000; Thaiudom and Goff 2003; Lomolino et al.
2020; Adapa et al. 2000; Patmore, Goff, and Fernandes 2003; Rolon et al. 2017; Yangilar 2015;
Daw and Hartel 2015; Goff, Kinsella, and Jordan 1989; Goff 2018; Patel, Baer, and Acharya
2006). There is so much more to learn about the complexities of ice cream in terms of
composition, ingredients, processing, storage, and distribution.
1.3.1 Specialty Ice Cream
Not all dairy-based frozen desserts can be classified as ice cream because of restrictions
imposed by the standard of identity (21 CFR 135.3 2011). However, there are exceptions to some
compositional parameters when making products with reduced fat levels. These specialty ice
creams must be labeled correctly. For example, an ice cream that does not meet the minimum
10% milk fat standard may be labeled as “reduced-fat,” “light,” or “fat-free” ice cream as long as
the product conforms to all other standards set by the CFR definition of ice cream (USDA 2018)
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(7 CFR §58.605). The IDFA (2020a) explain in laymen’s terms that a “reduced fat” ice cream has
25 percent less fat than the reference product (leading brand or companies own product). Ice
cream labeled with “light” or “lite” has 50 percent less fat or 33 percent less calories than the
reference product. A “low-fat” ice cream contains no more than 3 grams of total fat per serving
and “nonfat” ice cream has no more than 0.5 grams of fat per serving (2/3 cup).
The CFR does not explicitly state a minimum or maximum for protein content for ice cream.
However, the protein content of an “average ice cream” can be calculated based on the minimum
MSNF content of 10%. Based on this calculation the average vanilla ice cream contains
approximately 3.5% protein (U.S. Department of Agriculture 2019). If a company wants to make
a nutrient claim such as “a good source of protein”, “high protein”, or “more protein” it must
adhere to the standards of the CFR. A “high” protein claim is used for foods that contains at least
20 percent of the Daily Reference Value (DRV) per reference amount customarily consumed
(RACC), a “good source” claim is used for foods that contain 10-19 percent of the DRV per
RACC, a “more” claim is used for foods containing 10 percent more of the DRV per RACC than
a reference food (FDA 2018) (21 CFR §101.54). The DRV of protein for adults and children over
four years based on a 2,000 calories per day diet is 50 g (FDA 2016).
1.3.2 Ice Cream Mix Formulation, Composition, and Ingredients
The term “mix” is defined by the CFR as “the combined and processed ingredients that
will be made into a frozen dessert” (USDA 2018) (7 CFR §58.605). The formula for an ice cream
mix is generally based on key components such as fat, milk solids not fat (MSNF), sweeteners,
water, stabilizers, and emulsifiers (but can include any component of importance to the process)
(Goff and Hartel, 2013). These components are combined in various proportion to achieve
different properties in the finished ice cream. Table 1-1 displays the approximate composition of
different ice creams on the market.
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Milk fat is unique because of its physical properties and the value it has in ice cream.
Milk fat has a wide melting range between 40°C to -40°C (Goff 1997). This wide range results in
a combination of liquid and crystalline fat within the fat globule (Boode, Bisperink, and Walstra
1991). A fat globule is a microscopic (0.1-20 μm) cluster of milk lipids surrounded by membrane
made up of protein and phospholipids (Fox et al. 2015). This aspect is important in ice cream
because it allows for partial coalescence of the globules. Partially coalesced fat globules form
networks and surround air bubbles and stabilize them (Goff, Verespej, and Smith 1999). Milk fat
is important in ice cream because it contributes to the structure, mouth feel, texture, and flavor of
ice cream. Roland, Phillips, and Boor (1999) studied the effect of decreasing milk fat in ice cream
without fat replacers. They found that ice cream with lower (0.1-7.0%) fat was hard, appeared
less white, and melted quicker than the 10% fat treatment. The most common sources of milk fat
in ice cream are milk, cream and butter oil.
Table 1-1. Approximate composition of commercial ice cream products. Adapted from Goff and
Hartel (2013).
Composition (%)
Milk Fat Milk Solids Sweeteners Stabilizers
Total
Not Fat
and
Solids
(MSNF)
emulsifiers
(TS)
------------------------------------% (w/v) ---------------------------------Nonfat ice cream
<0.5
12-14
18-22
1.0
28-32
Low-fat ice cream
2-5
12-14
18-21
0.8
28-32
Light ice cream
5-7
11-12
18-20
0.5
30-35
Reduced-fat ice cream
7-9
10-12
18-19
0.4
32-36
Economy ice cream
8-10
10-11
15-17
0.4
35-36
Standard ice cream
10-12
9-10
14-17
0.2-0.4
36-38
Premium ice cream
12-14
8-10
13-16
0.2-0.4
38-40
Super premium ice cream
14-18
5-8
14-17
0.0-0.2
>40
MSNF, also known as serum solids, is composed of milk proteins, lactose, minerals,
vitamins, and enzymes that are present in milk products (Goff 1997). In vanilla ice cream,
increasing MSNF content has been shown to increase creaminess and mouth coating, and
decrease coldness, ice crystal perception and meltdown rate (Koeferli, Piccinali, and Sigrist
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1996). When formulating ice cream mix, MSNF sources such as milk or cream do not contain
enough MSNF to achieve the MSNF level required for a standard mix (10%). Because of this,
concentrated MSNF sources must be added to increase the MSNF level in the mix. These sources
include concentrated milks, dried milks, milk protein concentrates/isolates and various wheybased ingredients (dried whey, whey protein concentrate, whey protein isolate, etc.) (Goff and
Hartel 2013).
Sweeteners are used in ice cream to increase acceptability by making the product sweeter.
Other characteristics influenced by sweetener concentration and type include rheology, freezing
point, and melt rate (Goff and Hartel 2013; Hartel, Rankin, and Bradley Jr. 2017). A wide range
of sweeteners are used in ice cream, including but not limited to sucrose, dextrose, corn
sweeteners, maple syrup, honey, sugar alcohols, and artificial or zero calorie sweeteners (e.g.
sucralose, aspartame) (Hartel, Rankin, and Bradley Jr. 2017). During freezing of ice cream,
sugars are concentrated in the unfrozen serum phase of ice cream which depresses the freezing
point of that phase (Goff 1997). Different sweeteners have different effects on ice cream ice
recrystallization rates, particularly, high fructose corn syrup increased rates, 20 and 42 dextrose
equivalent corn syrup had the lowest rates, and sucrose was intermediate (Hagiwara and Hartel
2010). Koeferli, Piccinali, and Sigrist (1996) showed that increased sugar (sucrose/glucose blend)
content increased sweetness, caramel and vanillin flavor but decreased the “milkiness” and
firmness sensory attributes.
Water is an important ingredient in ice cream mix, and generally makes up approximately
60-72% w/w of the mix (Clarke 2004). Water serves to dissolve and disperse other ingredients
contained in the mix and is partially frozen into ice crystals during the freezing process. Sources
of water in mix include liquid dairy ingredient (milk, cream, condensed milk, etc) and other with
liquid ingredients such as corn syrup and liquid sugar. Finally, water may be added to the mix
directly as potable water.
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Emulsifiers, also known as surfactants, are amphiphiles (molecules with a hydrophobic
and hydrophilic component) (Coupland 2014). Common ingredients used as emulsifiers in ice
cream include, egg yolk (lecithin), mono- and diglycerides, and polysorbate 80 (sorbitan ester)
(Goff and Hartel 2013). Emulsifiers provide stability to oil-in-water emulsions typically by
decreasing the interfacial surface tension between phases (Güell et al. 2017). In ice cream
emulsifiers have been shown to displace surface active proteins at the oil-water interface and this
has been shown to aid in partial coalescence of fat during aging and freezing, which stabilizes the
air cells formed during freezing and aids in shape retention (perceived slower meltdown rate)
(Goff, Verespej, and Smith 1999; Bolliger et al. 2000). Baer, Krishnaswamy, and Kasperson
(1999) researched the effect of emulsifiers in low-fat ice cream. They found the addition of
emulsifiers 52% and 72% !-monoglyceride at various percentages aided in heat shock resistance
and resulted in smaller ice crystal size (smooth texture) compared to the control of no emulsifier.
1.3.2.1 Stabilizers
Stabilizers have multiple functions in ice cream mixes. These functions include
increasing viscosity, preventing wheying-off, preventing phase separation, and suspending
flavorings. Similarly, stabilizers have important functions in the finished ice cream. In the final
product they help produce stable foam, reduce ice crystal growth, prevent shrinkage, slow
melting, help assure uniformity of the product, and produce a smooth texture (Goff and Hartel,
2013). Polysaccharides are commonly used as stabilizers in ice cream mix and some specific
examples are reviewed.
Stabilizers have been widely studied to better understand their physical and chemical
properties (Hartel, Rankin, and Bradley Jr. 2017). Table 1-2 outlines common ice cream
stabilizers, their source, structure, mechanism of function in ice cream and how they are
perceived by consumers. Some ingredients previously used as stabilizers are no longer used in ice
cream for various reasons, particularly their price and ethics. Gelatin, for example, has lost value
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in ice cream production over time because it is not vegetarian, and because it is more expensive to
produce than a plant sourced stabilizer (Goff and Hartel 2013; Clarke 2004; Baines and Seal
2012). Consumer demands have led to novel stabilizer sources being used in place of older
stabilizer ingredients (Mirenda et al. 2018). Similarly, consumers have expressed a desire for
“natural” or minimally processed ingredients in their food. However, “natural” is a difficult topic
for the average consumer, as most stabilizers come from natural sources. As noted in Table 1-2
not all stabilizers are perceived as natural despite their source (Baines and Seal 2012). There is
ambiguity with the term ‘natural’ when it comes to food. The definitions between the U.S. and
the European Union (EU) differ, making it difficult for producers and further confusing
consumers (Baines and Seal 2012). The term has been so difficult to define the U.S. government,
as of 2012, had no plans to provide a definition for natural. Rather producers were discouraged
from using the term (Baines and Seal 2012).
Each stabilizing ingredient has a specific use level range and mechanism in ice cream.
Excessive use of a particular stabilizer sometimes leads to negative effects in the finished
product, such as wheying-off or gumminess (Goff and Hartel 2013). For example, Baer,
Krishnaswamy, and Kasperson (1999) found that nonfat ice creams formulated with
hydroxypropyl methylcellulose as a stabilizer were perceived as more gummy than treatments
without hydroxypropyl methylcellulose. Most individual stabilizers do not possess all the
functional attributes required in ice cream. Thus, stabilizers are often used in blends to provide
multiple functions in the ice cream and to reduce negative effects (Goff and Hartel 2013). For
example, to prevent wheying-off, "-carrageenan is added to stabilize casein micelles and prevent
the defect from occurring. In the present study we will evaluate LBG and TSG alone and in
combination. These two materials are discussed briefly below.
Locust bean gum (LBG), also known as carob gum, is a galactomannan that is made up
of a linear mannose backbone substituted with galactose side chains (Baines and Seal 2012) (Fig.
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1-1). It is obtained from milling and processing the endosperm of carob tree (Ceratonia siliqua
L.) beans (Barak and Mudgil 2014).
It is used across the food industry because of its functional properties. In particular, LBG exhibits
good water-binding and thickening, reduces syneresis, improves freeze-thaw stability, and can be
induced to gel. (Baines and Seal 2012; Goff and Hartel 2013). Gel strength in food is defined as
how strong the gelled structure is under static conditions or the force needed to fracture the
structure (Gómez-Guillén et al. 2011; Coupland 2014). Gel strength has been linked to viscosity
and meltdown rate (Moore, Combs, and Dahle 1925).

Figure 1-1. LBG Structure (Kawamura 2016).
Tamarind seed gum (TSG) is a galactoxyloglucan, composed of a glucose backbone with
xylose and galactose side chains (Mirenda et al. 2018) (Fig. 1-2). It is obtained from the
endosperm of the tamarind tree (Tamarindus indica L.) seeds. The seed is dehulled and ground to
produce tamarind kernel powder and is further purified to concentrate the soluble polysaccharide
to produce powdered TSG (Mirenda et al. 2018). It has been shown to have functional properties
similar to LBG, namely it thickens and forms gels, increases viscosity, and can modify texture in
foods (Mirenda et al. 2018).
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Figure 1-2. TSG Structure (Mirenda et al. 2018).
The blend of TSG and LBG has recently been the subject of commercial and academic
research (Kaur, Sandhu, and Kaur 2013; O’Donovan 2020). It has been suggested that when LBG
is used in ice cream it forms a cryo-gel or gel-like intermolecular interactions (Goff, Ferdinando,
and Schorsch 1999). “Cryo-gels are interconnected supermacroporous gels prepared at sub-zero
temperature” (Kumar et al. 2010). It is thought this gelation may protect against structure
degradation and volume loss in ice cream. TSG and LBG has been shown to strengthen the cryogel, increase shape retention, aid in heat shock resistance, improve body, and aid in air cell
stability when used together (O’Donovan 2020; Kumar et al. 2010).
TSG and LBG are the stabilizers used for the present study. There has been little research
on the use of TSG in ice cream alone. Researchers have shown that TSG and LBG together
produce and increase cryo-gel strength in ice cream (Goff, Ferdinando, and Schorsch 1999;
O’Donovan 2020). A strengthened cryo-gel could be correlated to shape retention and heat shock
resistance in susceptible ice cream (O’Donovan 2020). Shrinkage in ice cream is discussed in
more detail later in this review. In this study we are evaluating the efficacy of TSG and LBG used
in combination to reduce shrinkage in ice cream.
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Table 1-2. Common Stabilizers in Ice Cream
Stabilizer
Source
Structure
Sodium
Alginate

Plant

!Carrageenan

Plant

Locust Bean
Gum (LBG)

Plant

Guar Gum

Plant

Gelatin

Animal

Xanthan

Microbe

Negatively charged polymer chain of
mannuronic and guluronic acids with ionic
bonds to positively charged sodium ions
Polymer of galactose with a sulfate ester
content of approx. 25%
Galactomannan polysaccharide unevenly
substituted at a rate of ~1 galactose to every 4
mannose units
Galactomannan polysaccharide unevenly
substituted at a rate of ~1 galactose to every 2
mannose units
Polypeptide
Polysaccharide chain of glucose, every other
unit has a trisaccharide side chain of 2
mannose and 1 glucuronic acid unit attached
Glucose monomers with substituted
carboxymethyl groups and sodium ions

Mechanism
Ionized in water, reacts with calcium
ions and forms calcium alginate (an
insoluble gel)
After heating and cooling it forms a helix
that creates a weak gel and increases
viscosity.
Forms cryo-gel and increases viscosity
due to hydrogen bonding of smooth
(unsubstituted) regions
Increases viscosity by hydrogen bonding
of smooth regions
Forms a gel and thickening agent when
heated and cooled by forming helices
Rod shaped polymer that interacts to
form a weak network that increases
viscosity but easily broken
The unsubstituted regions interact to be
more thixotropic and the longer the
molecule the more water-holding (more
viscous)
Non-cross-linked regions are removed
from cellulose. Cross-linked regions
form a gel and improve texture
Forms gel and increases viscosity

Use Consumer
Level Perception
%
0.2Borderline
0.5
natural
0.01–
0.015

Borderline
natural

0.10.2

Natural

0.10.2

Natural

0.30.5
0.10.2

Borderline
natural
Not natural

Sodium
Plant
0.1- Not natural
Carboxy0.2
methyl
Cellulose
MicroPlant
Depolymerized cellulose
0.2– Not natural
crystalline
0.8
Cellulose
Tamarind
Plant
Polysaccharide chain of glucose, 3 consecutive
0.1Seed Gum
units has a side chain of 1 xylopyranosyl unit
0.2
(TSG)
(Goff and Hartel 2013; Clarke 2004; Bahramparvar and Tehrani 2011; Parija, Misra, and Mohanty 2001; Baines and Seal 2012; GómezGuillén et al. 2011)
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1.3.2.2 Milk Protein Sources
As mentioned previously a typical ice cream contains approximately 3-4% protein (Goff
and Hartel 2013). The milk protein in ice cream is composed of caseins and whey proteins
contributed by dairy ingredients in a ratio of approximately 80% casein to 20% whey proteins. In
nature, casein proteins form a quaternary structure known as a micelle composed of !s-, "-, and
#-caseins stabilized by calcium phosphate nanoclusters (Dalgleish 2011). The casein proteins are
stable to heat up to 140°C for 20 minutes and are approximately 50-500 nm in diameter (Fox et
al. 2015). The whey proteins in milk include !-lactalbumin (20%) and "-lactoglobulin (80%) that
have a globular structure. Whey proteins are sensitive to heat and can denature between 70-100°C
(Vasbinder and de Kruif 2003). Protein contributes important functionality to ice cream such as,
emulsifying properties, aid in formation of foams and stability of air bubbles, and increase the
viscosity which gives the final product body and a smooth texture (Goff and Hartel 2013). Milk
protein ingredients have been used as emulsifying agents throughout the food industry because
both casein and whey have good emulsifying capacities and functionality (Zayas 1997).
As noted above, the milk protein in ice cream can come from a variety of sources. One
way to categorize milk protein sources is as “complete” or “fractionated.” Milk protein
ingredients derived without fractionation from whole milk or skim milk, are categorized as
“complete” because the ratio of casein to whey proteins is the same as in the original milk (Berry
2018). In contrast, ingredients with modified casein:whey protein ratios (i.e., whey products)
have been modified from milk are considered “fractionated” (Goff and Hartel 2013). Table 1-3
summarizes the composition of different milk products used in ice cream formulations that can
contribute to the final protein content. As noted in Table 1-3, although concentrated sources of
milk solids non-fat such as nonfat dry milk (NFDM) or milk protein powders have higher protein
content than liquid milk sources the casein to whey ratio remains unchanged.
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The protein in a typical ice cream comes from the liquid milk and from added
concentrated or dried milk sources. To increase the protein content of an ice cream to produce a
high-protein product additional protein ingredients need to be added. For example, WPC, WPI,
MPC, MPI or reduced-mineral (demineralized) milk proteins are all ingredients that could be
used to increase the protein content in ice cream.
Table 1-3. Composition of Some Dairy Products
-------------------------- Average Composition (%) ----------------------Water
Fat
Total
Casein Whey
Ash
Lactose
Protein
Whole Milk
87.00
4.0
3.25
2.60
0.60
0.75
5.0
Skim Milk
90.84
0.08
3.37
2.70
0.67
0.70
5.1
NFDM
3.20
0.80
36.20
28.96
7.24
7.90
52.00
Whey Powder
3.20
1.10
12.90
~0.00 ~12.90
8.30
74.50
WPC 80
4.00
7.20
75.00
~0.00 ~75.00
3.10
3.50
WPI*
6.00
1.00
90.00
~0.00 ~90.00
3.00
0.00
Casein Powder
7.00
0.20
88.5
~88.50
~0.00
3.80
0.00
MPI*
5.10
1.15
85.00
68.00
17.00
6.50
6.75
Reduced5.30
1.30
85.00
68.00
17.00
6.40
5.00
Mineral MPC*
*Based on products on the market. (Fox et al. 2015; U.S. Department of Agriculture 2019)

Casein
:Whey
Ratio
80:20
80:20
80:20
0:100
0:100
0:100
100:0
80:20
80:20

In contrast, when milk is concentrated using membrane filtration technology there is
concentration of the protein with respect to small molecules and in some cases differential
concentration of proteins. Selective concentration of proteins is accomplished using membrane
processing technologies such as, reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF),
and diafiltration (Huffman and Harper 1999). Figure 1-3 demonstrates the selective properties of
different membrane filtration techniques. Figure 1-4 and 1-5 show the use of membrane
technology to produce two milk protein powder products.
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Figure 1-3. Diagram of Membrane Technology Methods (Bylund 2015). The arrows with
multicolored dots indicate “feed” or unfiltered liquid, as the feed passes through the membrane
(brown rectangles) depending on size (value to the far right and visually by concentration of line
within rectangle) and function particles will either pass through (permeate) or will concentrate
(retentate). The typical pressure used in each process is indicated to the left of the figure. Each
component in the feed is indicated by size and color at the bottom of the figure.
NFDM is a common ingredient used in ice cream as a concentrated source of milk solids.
However, it can be difficult to store and keeping fresh due to oxidization (Goff and Hartel 2013).
In one study, multiple different sources of skim milk powder were used to measure consumer
acceptability. It was found that on a 9-point hedonic scale ice creams formulated with four
different skim milk powders at 4% (w/w) in the total product had overall acceptability scores
ranging from 5.65 to 6.24 (Caudle, Yoon, and Drake 2005).
Whey, a by-product of cheese manufacture, can be used as an ingredient in ice cream.
Although liquid whey is uncommon, various concentrated and dried products are available. In the
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past, whey was used as an inexpensive source of MSNF (Goff and Hartel 2013). However, it is
not an ideal ingredient and use of whey can cause problems in ice cream. These problems are
primarily the result of excessive lactose and milk salts. The high levels of lactose can depress the
freezing point, increase the likeliness of sandiness from lactose crystal formation, and the milk
minerals can also lead to a “salty taste” in the product (Goff and Hartel 2013; Young 2007). Dried
whey is high in lactose (approx. 74%) and minerals (approx. 8.3%) and low in protein (approx.
10-12%) (Goff and Hartel 2013).
To alleviate some of the problems associated with use of whey, membrane technology
can be used to produce whey protein concentrate (WPC) and whey protein isolate (WPI) which
are enriched in protein and depleted in lactose and minerals. There has been an increase in the use
of high-protein whey products (WPC, WPI) in ice cream (Goff and Hartel 2013). Whey protein
powders (WPC, WPI) have functional properties that influence the properties of ice cream
including good water binding, foaming capacity, emulsification, and increasing viscosity (Young
2007). WPCs have been shown to increase overrun, reduce freezing time, improve creaminess,
body, texture and flavor, and act as an emulsifier in ice cream (Danesh, Goudarzi, and Jooyandeh
2017; Suthar, Jana, and Balakrishnan 2017).
Milk protein concentrate (MPC) and milk protein isolate (MPI) are products produced
from pasteurized skim milk that is concentrated by membrane filtration (ultrafiltration). Figure 14 is a flow diagram showing production of standard MPCs. The US standards for MPCs are
between 40% (39.5% minimum) to 85% (85.0% minimum) protein while MPIs are a
concentration greater than 90% (89.5% dry-basis minimum) protein (ADPI 2018). The
concentrated products are then evaporated, and spray dried to produce MPC or MPI powder. In
ice cream, the addition of MPCs has been shown to increase mix viscosity, foaming, shape
retention, and reduce meltdown rate (Alvarez et al. 2005).
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Water

Pasteurized
Skim Milk

Ultrafiltration &
Diafiltration

Evaporation

Spray Drying

>80 MPC
Powder

Water, lactose,
soluble salts,
NPN

Figure 1-4. Diagram of standard MPC powder production (Marella et al. 2015).
NPN: Nonprotein Nitrogen; Pro.: Protein; MPC: Milk protein concentrate

Water & CO2
Pasteurized
Skim Milk

Diafiltration
(>80% pro.)
Water, lactose,
soluble salts,
NPN

Evaporation

Spray Drying

ReducedMineral >80
MPC Powder

Figure 1-5. Diagram of reduced-mineral MPC powder production (Marella et al. 2015)
NPN: Nonprotein Nitrogen; Pro.: Protein; MPC: Milk protein concentrate
Casein protein products are produced by coagulation of milk. To improve solubility the
casein may be further processed to produce sodium caseinate (Lagrange, Whitsett, and Burris
2015).
Reduced-mineral or demineralized protein products are made using different methods to
remove minerals (Marella et al. 2015; Bhaskar, Singh, and Blazey 2007; Dybing et al. 2007).
Figure 1-5 is an example of a basic flow diagram for production of a reduced-mineral MPC
powder by the injection of carbon dioxide during the ultrafiltration and diafiltration step (Marella
et al. 2015). Injecting CO2 creates carbonic acid which lowers the pH of the mixture. As the pH
lowers the calcium solubility increases allowing it to be removed during the filtration steps. In
that study, they found that calcium and ash contents were reduced compared to a standard MPC
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process and had optimal functionality after 90 days of storage at 40°C temperature. Multiple
studies show that reduced-mineral (particularly calcium) milk protein ingredients have improved
functionality, including increased solubility and disaggregation of proteins (Mao et al. 2012;
Dybing et al. 2007; Bhaskar, Singh, and Blazey 2007). When a reduced-mineral (demineralized)
whey powder was used to replace between 15-75% of NFDM in a mix, all of the ice creams
produced were acceptable in appearance, flavor, body, and texture according to sensory panelists
(Addesso and Kleyn 1986).
As discussed in Section 1.2, consumers are interested in increasing protein intake. In ice
cream, more protein can be added by supplementing with concentrated-protein ingredients. For
this study, we are focusing on increasing protein content through use of two ingredients; milk
protein concentrate and reduced-mineral milk protein concentrate.
1.3.3 Production of Ice Cream
Production parameters can affect the characteristics of ice cream. For example,
formulation, ingredient combination, pre-heating steps, homogenization pressures, pasteurization
time and temperature, aging, freezing, and storage (Goff, Kinsella, and Jordan 1989; Arbuckle
1940; Roland, Phillips, and Boor 1999) all influence the characteristics of the finished product.
The effect of some of these parameters on specific characteristics are discussed in further detail
later in the review.
A generic ice cream production process is outlined in Figure 1-6. First, the manufacturer
must create a formulation dependent on the desired final product composition, the ingredients and
equipment available, and the legal requirements. The ingredients are selected for their desired
properties, which may include price, quality, and functionality.
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Formulation
Ingredient Selection
Weighing
Ingredients
Mixing

Dry and Liquid
Ingredients

Homogenization
Pasteurization
Aging
Air

Freezing
Hardening

Flavors and Colors
Inclusions and
Variegates

Packaging
Storage and
Distribution
Figure 1-6. Basic flow diagram of common ice cream production. Rectangles indicate process
and rounded rectangles indicate components.
Once the recipe for the mix is calculated, the ingredients are weighed and then, the wet
and dry ingredients are combined. The speed of the mixer should limit the addition of air,
reducing the amount of foam produced, which could cause issues during pasteurization (Goff and
Hartel 2013). Depending on the functionality of the ingredients used, a mixing protocol is set into
place. An adequate mixing time and temperature are used to ensure the dry ingredients are
hydrated. After the mix reaches the desired pre-heating temperature and ingredients are dispersed,
the mix is ready to be homogenized. The mix is homogenized under pressure to reduce the milk
fat globule particle size, which will prevent creaming or separation during the aging step. The
mix is then pasteurized at the required temperature. For high temperature short time (HTST)
pasteurization, each particle of mix is legally required to stay at 80°C for 25 seconds and for
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batch pasteurization, 68.3°C for 30 minutes (FDA 2018) (21 CFR §135.110). Pasteurization is
required to eliminate vegetative pathogenic microorganisms from the mix.
After pasteurization the mix is cooled and stored at refrigeration temperatures (<7°C) for
a predetermined amount of time, commonly 4 to 24 hours. This step is called aging. Aging is
important in ice cream production because it allows for the melted and homogenized fat to
recrystallize and restructure the fat globule (Goff and Hartel, 2013). Other ingredients that are not
completely hydrated have the time to do so in this step.
1.3.3.1 Freezing
During the initial freezing step mix is partially frozen and whipped dynamically. The
typical ice cream freezer consists of a barrel that acts as a heat exchanger, a rotating dasher and
scraper blades (Bolliger et al. 2000). Refrigerant flowing between the walls of the ice cream
barrel freezes the mix on the inside. The dasher churns (whips) the freezing mix and the scraper
blades remove the nascent ice crystals forming on the walls. Air is incorporated during the
mixing. In a batch freezer system air is incorporated by rotation of the dasher from the
environment and in a continuous system air is controlled by injection under pressure (Goff and
Hartel 2013). The incorporation of air is an important aspect of ice cream. Air contributes to the
texture, density, and hardness of the finished product (Hartel, 2017). The addition of air into the
ice cream results in an increase in volume known as overrun. Overrun is calculated as the ratio of
the volume of finished product compared to the volume of mix frozen.
The product extruded from the freezer is only partially frozen (~50%) at a typical draw
temperature of -5°C to -6°C, at this point it is considered soft serve (Goff and Hartel, 2013).
Containers are filled with the partially frozen ice cream and then quiescently hardened (−18°C to
−30°C) to reach ideally -18°C, prior to storage (Goff and Hartel 2013; Hartel 1996). After
hardening, the ice cream may be stored between -23.3 to -28.9°C and distributed (Buyck, Baer,
and Choi 2011).
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1.3.4 Physical Properties
The physical properties of ice cream mix and frozen product are impacted by multiple factors
including formulation, ingredients, processing parameters, and storage conditions. These
properties include rheological behavior, particle size distribution, and the melting rate of the ice
cream (Danesh, Goudarzi, and Jooyandeh 2017; Roland, Phillips, and Boor 1999; Rolon et al.
2017; Akalın, Karagözlü, and Ünal 2008; Milliatti and Lannes 2018; Alvarez et al. 2005).
Mix viscosity is affected by composition and processing parameters. Milk fat levels have
been shown to have an effect on ice cream mix viscosity. Li et al. (1997) showed that mix with
10% milk fat was more viscous than mix with 4% fat. The amount and type of stabilizer can also
increase the viscosity of mix (Goff and Davidson 1992; Ruger, Baer, and Kasperson 2002).
Homogenization pressure and stabilizer type have been shown to affect viscosity; two-stage
homogenization increased viscosity compared to one-stage homogenization (Ruger, Baer, and
Kasperson 2002). Mix viscosity has been correlated with the whipping capacity, air retention,
texture, and the body of ice cream (Goff and Hartel 2013). Viscosity is an important property in
ice cream because it can influence other sensory attributes and influences the foaming ability and
stability of a product (Aime et al. 2001; Holden, Aceto, and Schoppet 1964).
Fat particle size in mix and ice cream is affected by composition and processing parameters.
The particle size of ice cream is usually higher when compared to mix due to partial coalescence
of fat globules during the aging process and freezing (Rolon et al. 2017). Particle size provides an
indication of fat globule size and fat agglomeration (Bolliger, Goff, and Tharp 2000). In previous
work it was shown the particle size increased as milk fat content increased (Rolon et al. 2017).
Cropper et al. (2013) and H.D. Goff and Spagnuolo (2001) showed that inclusion of LBG
increases the particle size in ice cream by promoting fat destabilization.
Meltdown rate is also affected by composition and processing parameters. Muse and Hartel
(2004) studied the effects of various sweeteners at a consistent level (17%) and emulsifier,
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polysorbate 80, at varying levels (0, 0.05, and 1%) on the structural aspects of ice cream and how
they influence meltdown rate. In this study, it was found that fat destabilization has the greatest
influence on meltdown rate. High levels of polysorbate 80 and low freezing temperature
attributed to greater fat destabilization which resulted in slower meltdown rates. Additionally, as
the ice crystal size increased meltdown rate increased. Fat destabilization and ice crystal size both
affect the structure of the product. As the ice cream begins to melt the liquid phase must travel
around the fat globules and ice crystals, slowing meltdown rate.
The use of stabilizers influences the meltdown rate of ice cream. In a study specifically
investigating the effect of the stabilizer LBG on meltdown rate and particle size, it was found that
formulations with increasing amount of LBG exhibited increased viscosity and significantly
reduced meltdown rates (Cropper et al. 2013). It was noted that LBG’s influence on meltdown
rate is most likely due to gel network formation and the change in rheological properties.
Protein content and type also influenced the meltdown rate of ice creams. Figure 1-7 displays
the results of a study on the effects of protein content and source on meltdown rate (Daw and
Hartel 2015). The “procream” (75% whey protein, 2% lactose, and 4% ash) ingredient had the
highest rate of melt no matter the concentration. MPC melt rate increased at 6% and more
concentration. WPI had the low rates of melt at 4-8% and increased rates at 10% concentration
(Daw and Hartel 2015).
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Figure 1-7. Results from a study on the effects of protein concentration and source on meltdown
rate in ice cream. “Melt rate (g min-1) of ice creams as protein concentration increased: ■, nonfat
dry milk; ♦, milk protein concentrate; ▲, whey protein isolate; ●, procream. The error bars
represent standard deviations between replicate measurements” (Daw and Hartel 2015).
Ice cream formulated with 9% dairy fat melted quicker than ice cream formulated with
18% dairy fat (Hyvönen et al. 2003). As mentioned, fat globule size also influences the meltdown
rate of ice cream. Koxholt, Eisenmann, and Hinrichs (2001) found that large globules impeded
the flow of the serum phase and resulted in slower melting, while ice creams with small globules
were unstable and melted more quickly. Ice cream with low overrun showed higher rates of
melting than ice cream with high overrun, which is expected because air is a good insulator
(Sakurai et al. 1996; Sofjan and Hartel 2004; Warren and Hartel 2018). Additionally, overrun and
fat destabilization together effect the meltdown rate. Warren and Hartel (2018) found that
increased percentages of fat destabilization reduced meltdown rate by blocking flow of the melt.
Meltdown rate is an important property in ice cream because it can influence sensory attributes
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and predict other properties. For example, quick melting ice cream is prone to heat shock during
storage, the effect of heat shock on ice cream is discussed in more detail later in the review.
1.3.5 Sensory Attributes
One of the most important aspects of any food is ultimately consumer liking. A primary
driver of liking is the sensory attributes of a product (Hartman 2016). Assessing sensory attributes
of food has always been important. However, in the 1940’s sensory studies became more
quantitative when the 9-pt hedonic scale was developed to assess the acceptability of food
(Schutz and Cardello 2001). Check-all-that-apply (CATA) questions pertaining to sensory
attributes of vanilla ice creams has been shown to be successful in describing vanilla ice cream
during consumer sensory evaluation (Dooley, Lee, and Meullenet 2010).
Ice cream is enjoyed because of its sensory attributes such as flavor, texture, and cool
temperature. All the senses, sight, smell, taste, touch, and hearing are used by consumers when
assessing characteristics of a product (Clarke 2004). Sensory attributes are perceived beginning
with appearance, continue throughout consumption, and end with the resulting aftertaste
(McCrickerd and Forde 2016). The physical appearance of the ice cream can be perceived before
eating, for example, the overall appearance, color, visual texture, and body can be assessed by the
consumer (Hutchings 1977; Cadena et al. 2012). When ice cream is eaten, the taste is detected by
the tongue and the aromatics are detected in the nasal cavity resulting in the perception of flavor
(Goff and Hartel 2013). The basic flavor of vanilla ice cream should be sweet, cooked (heated
milk), nutty, creamy (flavor), and vanilla (Goff and Hartel 2013). The body of the product is
perceived by a utensil and/or the mouth. The body of the ice cream refers to the overall
cohesiveness of the product’s structure. The texture of ice cream is assessed by mouthfeel, and
should be velvety and smooth (Goff and Hartel 2013). Challenges that could interfere with
texture and body of ice cream are discussed in more detail below. Once the ice cream is
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swallowed the lingering aftertaste of an ideal ice cream would be rich, creamy, and refreshing
(Goff and Hartel 2013).
1.4 Challenges
Ice cream is a complex system due to ingredients and production that interact to form an
intricate structure. Several factors can influence the final product. Namely, composition and
formulation, processing methods, and storage parameters. Each of these challenges are discussed
in further detail in the following sections related to texture and shrinkage.
1.4.1 Texture
As discussed in Section 1.3.5 texture is a very important factor in ice cream quality.
Formulation (fat, MSNF, sugar, stabilizer, emulsifier), processing technique (method of dynamic
freezing, method of hardening) and subsequent storage conditions (temperature and temperature
fluctuations) can influence the texture of the final product.
Formulation and the ingredients used to achieve a particular composition can affect texture
attributes in the finished product. For example, reduced fat ice cream has been shown to be icy in
texture without the addition of stabilizers and emulsifiers (Roland, Phillips, and Boor 1999).
However, it has been shown that with stabilizers and emulsifiers the texture of reduced fat ice
cream can be smooth (Rolon et al. 2017). Ice creams formulated with low serum solids were
shown to have an icier texture than ice cream with higher amounts of serum solids (Arbuckle
1940). Sweeteners used in ice cream, typically sucrose, decrease the freezing point of ice cream
mix (Goff and Hartel 2013). Low freezing points for ice cream products have been shown to be
associated with icy texture due to ice crystal growth during storage (Hagiwara and Hartel 1996;
Harper and Shoemaker 1983; Miller-Livney and Hartel 1997). Another textural defect, sandiness
can occur in ice creams with high lactose content. This defect results from lactose crystal
formation during storage (Nickerson 1962).
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There is contradicting evidence for texture defects in ice cream with increased protein
content. The high protein, low fat ice creams on the market have been associated with having a
chalky texture (Zlati and McLean 2018; Van Hare 2017; Porter 2014). However, some studies
have shown that protein enhanced ice cream has more desirable textural attributes (Goff,
Kinsella, and Jordan 1989; Patel, Baer, and Acharya 2006; Tomer and Kumar 2013; Alvarez et al.
2005). The chalky texture associated with these high protein ice creams has not been fully
investigated and is not well understood.
During initial freezing of ice cream, nucleation of ice crystals occur at the wall of scrapedsurface freezer (Cook and Hartel 2010). For a smooth textured ice cream, the nucleation of many
smaller ice crystals is desired because this will limit the size of ice crystals during hardening
(Hartel 1996; Cook and Hartel 2010). After initial freezing, quiescent hard freezing of the ice
cream occurs. During this process no new ice crystals nuclei are formed but the ice crystals
present from initial freezing continue to grow. Conditions within the quiescent freezer are
important in determining the size of the ice crystals in the finished product which in turn can
affect the texture of the product (Cook and Hartel 2010). By quickly freezing the remaining liquid
water, crystal growth is limited. Because freezing is slower in the middle of the product than at
the edge it has been observed that the center of the product can have significantly larger ice
crystals than the surface (Cook and Hartel 2010; Hartel 1996; Donhowe, Hartel, and Bradley JR.
1991). In domestic freezers the temperature fluctuates regularly leading to heat shock. During
these temperature cycles, existing ice crystals melt and then as the temperature decreases
recrystallize resulting in formation of larger ice crystals (Hartel, Rankin, and Bradley Jr. 2017;
Hagiwara and Hartel 1996; Soukoulis and Fisk 2016; Goff and Hartel 2013). Ice crystal size has a
direct impact on texture, if the average crystal size is smaller than 50 $m a smooth texture results
(Goff and Hartel 2013). A course or icy texture will result if larger ice crystals are present (Tharp
2019).
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1.4.2 Shrinkage
Shrinkage is defined as “the loss of air combined with a corresponding loss in volume which
occurs in ice cream before any part of the product has been removed from the container.” (Meiser
1948; Goff and Hartel 2013; Mickle 1953; Sheuring 1952). Shrinkage visually is pulling away
from the sides and top of its container. The density of the ice cream increases as a result of loss of
volume due to shrinkage. Heat shock and pressure changes are two common challenges that must
be overcome to deliver a quality product (Goff and Hartel 2013). These challenges are often
resolved by addition of stabilizers. Nickerson and Tarassuk (1955) stated ice cream that may be
“susceptible” due to composition or processing parameters is more likely to exhibit shrinkage
resulting from a number of factors. Shrinkage is an important issue to the manufacturer and the
consumer. Ice cream is sold by volume not by weight. If shrinkage has occurred, the consumer
may feel cheated which may result in loss of sales for the manufacturer (Meiser 1948).
Shrinkage is hard to predict but has been common in high protein ice cream, despite proteins
having good foam capacity and stability (Dubey and White 1997; Goff and Hartel 2013). The
mechanism of shrinkage is not clear or understood in these high-protein ice creams because many
factors could affect shrinkage. Even though high-protein ice cream contains multiple stabilizers
and stabilizing ingredients, shrinkage is still prevalent in the market. A leading high-protein ice
cream manufacturer is facing a class action lawsuit most likely due to shrinkage. However,
consumers believe that they are receiving underfilled pints despite the product being the correct
weight (Brown 2018). Further investigation of shrinkage in high protein is needed to broaden
understanding of the problem.
1.4.2.1 Modes of Shrinkage
Compositional changes, freezing parameters, and storage conditions can all play a role in
shrinkage. Nickerson and Tarassuk (1955) hypothesized that many factors can induce shrinkage
in an ice cream but any one of these factors alone may not consistently induce shrinkage. They
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listed ingredients (i.e., increased solids non-fat, milk fat, sugar), processing factors (i.e.,
pasteurization temperature, overrun, dynamic freezing, hardening, storage, container type, use of
dry ice), and chemical factors (i.e., acidity, salt balance in protein, milk composition, rancidity,
denatured whey proteins, incidence of proteolysis, and protein hydrolysis) that were linked with
incidence of shrinkage.
Compositional changes have been shown to induce shrinkage. For example, a study of ice
cream fortified with proteins showed that product containing the highest percentage of protein
was shrunken after heat shock (Patel, Baer, and Acharya 2006). In contrast, ice cream fortified
with milk protein products was shown to be stable to shrinkage (Goff, Kinsella, and Jordan 1989).
Nickerson and Tarassuk (1955) theorized that increasing the solids content (not fat), including
proteins, weakens the ice cream structurally, thus inducing shrinkage. Sheuring (1952) conducted
a series of experiments that explored how different components influenced shrinkage in ice
cream. He found that increased milk fat, increased serum solids, and the use of dextrose, and
emulsifiers lead to shrinkage. Dubey and White (1997) theorized that increased sugar content
would lead to shrinkage because soft ice cream (due to depressed freezing point) is known to
shrink.
Freezing parameters have also been shown to induce shrinkage in ice cream. High draw
temperatures and slow hardening have been associated with shrinkage (Nickerson and Tarassuk
1955). Air cell channeling has also been shown to occur after storage when the ice cream is
hardened too slowly (Chang and Hartel 2002). Dehydration of proteins and mineral salts have
also been blamed for destabilizing proteins during freezing, therefore resulting in shrinkage
(Dubey and White 1997).
There are multiple factors within storage that can lead to shrinkage. In storage freezers the
temperature often fluctuates resulting in heat shock. Foam destabilization can occur when ice
crystals begin to melt and recrystallize (E., Pei, and Schmidt 2010). When ice crystals melt air
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cells begin to escape, decreasing volume of the product. The use of dry ice can also induce
shrinkage because of the very low temperature (-78°C) (Nickerson and Tarassuk 1955; Goff and
Hartel 2013; Dubey and White 1997). Changes in pressure are associated with shrinkage in ice
cream because air cells can expand and contract, allowing the air to escape (Goff and Hartel
2013; Hartel, Rankin, and Bradley Jr. 2017; E., Pei, and Schmidt 2010).
1.4.2.2 Measurement of Shrinkage
Dubey and White (1997) investigated the traditional methods of measuring shrinkage in ice
cream and suggested a novel method. Traditionally, ice water was used to fill the spaces between
the ice cream and the container to determine volume loss, as well as measuring the space between
the ice cream and the container in millimeters (Sheuring 1952). However, Dubey and White
(1997) showed that measuring the volume of ice cream by displacement could be used to
determining shrinkage.
1.5 Summary
High-protein ice cream has emerged successfully onto the ice cream market (Kennedy
2018; Berry 2018). However, these products have been associated with defects, namely
shrinkage. It could be anticipated, that if not addressed, these defects will result in reduced sales
and loss of consumer trust. Little is known about the mechanism that causes shrinkage in these
specialty products. Additionally, there is contradicting evidence about the effect of high protein
ingredients (MPC, MPI) on sensory attributes of ice cream. Any ingredient could affect the
finished product and how it reacts to stressors. In the current study MPC, reduced mineral MPC
and stabilizers are investigated.
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Chapter 2

Statement of the Problem
There is a movement motivated by consumers to produce “healthy” alternatives to
classically “unhealthy” foods, along with a push to use natural ingredients. One example of this is
increased interest in fortifying frozen desserts with protein. In previous research ice creams
prepared with some protein ingredients had a creamy texture while other high-protein ice creams
on the market were found to be chalky in texture (Zlati and McLean 2018; Van Hare 2017; Porter
2014). In addition, some high protein ice creams have experienced significant problems with loss
of volume (“shrinkage”) during storage (Nickerson and Tarassuk 1955; Goff and Hartel 2013;
Dubey and White 1997). Research focused on shrinkage in ice cream in the 1940’s and 1950’s
revealed the problem could be minimized through use of stabilizers and processing parameters
(Meiser 1948; Mickle 1953; Sheuring 1952; Nickerson and Tarassuk 1955). The emergence of
novel high-protein ice cream formulations has resulted in an increase of incidences of shrinkage
in the marketplace.
Based on the available literature, I hypothesize a high protein, low fat ice cream
prepared with reduced-mineral MPC will have improved texture than ice cream prepared
with standard MPC and the addition of a blend of tamarind seed gum and locust bean gum
will inhibit shrinkage during storage when compared to products made without stabilizer
or with locust bean gum alone.
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Chapter 3

Materials and Methods
3.1 Ingredients
Idaho Milk Products (Jerome, ID) provided milk protein concentrate (MPC) and reducedmineral milk protein concentrate (rmMPC). Berkey Creamery (University Park, PA) provided
milk, cream, sugar (Golden Barrel, Good Food Inc. Honey Brook, PA), corn syrup solids (CSS)
(Ingredion Inc., Cardinal, ON Canada), and locust bean gum (LBG) (Danisco, St. Joseph, MO).
Socius (Evanston, IL) donated the stabilizer Glycoid 3S, tamarind seed gum (TSG). Danisco
(Danisco, St. Joseph, MO) donated the emulsifier Grindsted Mono-Di HV 52 K-A. Dextrose
powder was purchased from NOW Sport Nutrition (Bloomingdale, IL).
3.2 Protein Characterization
3.2.1 Total Protein
The protein content of the milk protein concentrate (MPC) powders was determined by
combustion using a Leco FP-528 (St. Joseph, MI). Total protein was calculated from the amount
of nitrogen collected using the N conversion factor for milk protein of 6.38 (Jones 1941). This
method was based on the procedure described by the United States Department of Agriculture
(USDA) (United States Department of Agriculture 2018).
3.2.2 Moisture Content
The moisture content of powders was measured using the method outlined in Analytical
Methods for Food and Dairy Powders (Schuck, Dolivet, and Jeantet 2012). A sample of MPC
was accurately weighed into a pre-dried metal dish containing sand. The dish with the sand and
sample were placed into a drying oven at 102°C for 12 hours. The sample was then removed and
placed into desiccator filled with desiccant for 24 hours. The dry matter was calculated using the
equation:
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(3.1)

where w0 is weight in grams of the container with sand and lid, w1 is the weight of the container,
sand, lid, and the sample, and w2 is the weight of the container, sand, lid and sample after drying.
The moisture content was be calculated by subtracting the percent dry matter from 100.
( = 100 − '(

(3.2)

3.2.3 Total Ash
The protocol outlined by Analytical Methods for Food and Dairy Powders was followed
to determining the total ash of the MPC powders (Schuck, Dolivet, and Jeantet 2012). Protein
powder sample was weighed into an empty pre-dried porcelain crucible. The crucible and sample
were heated in a muffle furnace at a temperature of 525 ± 25°C for 5 hours. After heating the
crucible was placed into a desiccator with desiccant for 24 hours. The total ash content was
calculated using the equation:
% ./ℎ =

!#"!$
!%"!$

× 100

(3.3)

where w0 is the weight of the empty crucible, w1 is the weight of the crucible with the sample, and
w2 is the crucible and sample after heating.
3.2.4 Calcium and Phosphorous Content
The MPC powders were sent to Certified Laboratories Inc. (Melville, NY) to determine
the calcium content and phosphorus content. Calcium was determined by coupled plasma-atomic
emission spectrometric method following FDA EAM 4.4 (Mindak and Dolan 2010). Phosphorus
was determined by atomic absorption spectrophotometric and colorimetric methods using AOAC
991.25 (AOAC 1991).
3.2.5 Solubility
The method to determine the solubility of the MPC powders over time was based on that
described by Biswas et al. (2015). Briefly, protein suspensions (8%) were prepared by mixing
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deionized water and protein powder in a high-shear 15-gallon blender (Breddo Likwifier, EnSight
Solutions, Kansas City, MO) for one minute at a low speed. After dispersion, the mixture was
transferred to metal milk cans, which were placed into a water bath and heated under gentle
agitation to 42°C. Forty-five milliliter (45 ml) samples were collected in 50 ml conical
polypropylene centrifuge tubes (Thermo-Scientific, Waltham, MA) in triplicate from the mixture
at time 0 and every 30 minutes for 2 hours held at 42°C.
Samples were placed on ice and then immediately centrifuged (Sorvall ST 16R, ThermoScientific, Waltham, MA) at 3075 x g for 10 minutes. Bulk phase (intact) samples were not
centrifuged. After centrifugation, 5 ml of supernatant was transfer pipetted off the top and stored
in 50 ml polypropylene centrifuge tubes (Thermo-Scientific, Waltham, MA). The total solids
were measured on the bulk phase and on the supernatant samples taken at various times using the
CEM Smart Trac II (Matthews, NC) (Cartwright et al. 2005). The percent solubility was
calculated at each time point using the equation:
1234256 789:;<9<6= =

% ()*+,( )-(./01234324
% ()*+,( )- 5.*6 /73(0

× 100

(3.4)

This data was graphed as a function of time.
3.2.6 Foaming
The foaming capacity and stability of the MPC powders was determined based on
methods of Raymundo, Empis, and Sousa (1998) and Sathe, Deshpande, and Salunkhe (1982).
Briefly, an 8% protein in deionized water suspension was prepared by mixing in a blender
(Vitamix Professional Series 200, Williams-Sonoma Inc., San Francisco, CA) at low speed for 10
minutes. After blending, 25 ml of the mixture was accurately pipetted into 50 ml conical
polypropylene centrifuge tubes (Thermo-Scientific, Waltham, MA). The tubes were vortexed at
high speed (~3200 rpm), upright for 30 seconds using a vortex mixer (Thermo-Scientific,
Waltham, MA). Immediately after vortexing the height of the foam was measured (time 0) and
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every 30 minutes for 8 hours. The foam expansion index (FEI) was calculated using the following
equation:
>?@ =

8$ "8%
8%

× 100

(3.5)

where Vt is the total volume of the foam and solution and Vs is the volume of the solution.
3.2.7 Molecular Weight
The molecular weight of the proteins in the MPC powders was determined by SDS-Poly
Acrylamide Gel Electrophoresis (SDS-PAGE) (Havea et al. 1998). The protein samples were
analyzed using the Mini-PROTEAN system with 12% Mini-PROTEAN TGX Precast Protein
Gels (Bio-Rad Laboratories, Inc., Hercules, CA) using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). One hundred milliliters (100 ml) of an 8% protein in deionized
water suspension was prepared and stored for 24 hours. Two protein samples were used to
determine the appropriate dilution to produce clear results. In this experiment the protein
%

%

%

solutions were diluted 9#, :;, and %#< with deionized water. The final dilution chosen for all
samples was

% => /1)40+2
=*

. Sample buffer (500 $l) and 500 $l of diluted sample were mixed in an

Eppendorf tube and placed into boiling water for 6 minutes to denature the proteins. After the
samples cooled 10 $l was pipetted into the gel wells. Precision Plus Protein standard (Bio-Rad
Laboratories, Inc., Hercules, CA) was used as the ladder. The gel was run at 160 V for 50
minutes. Following electrophoresis, the gel was stained (Coomassie R250, Bio-Rad Laboratories,
Inc., Hercules, CA) under agitation for an hour then de-stained (ethanol, glacial acetic acid, and
deionized water) while agitated for 24 hours. The resulting gels were photographed, and the size
was determined by comparison to the molecular weight standard ladder (Precision Plus Protein
standard, Bio-Rad Laboratories, Inc., Hercules, CA).
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3.2.8 Total Fat
The fat content of the MPC powders was measured using the Mojonnier method (AOAC
International 1992). Powders were dissolved in hot distilled water to prepare them for testing. The
fat extraction procedure, described in the AOAC method 989.05 was followed for the first,
second, and third extractions. The fat concentration was calculated using the equation:
% >A6 =

[(!0+>74 ,+(7A-34)"(!0+>74 ,+(7)]"3D013>0 !0+>74 5*326 10(+,.0
!0+>74 40(4 /)14+)2

× 100

(3.6)

All Mojonnier analyses were conducted by the Galloway Company (Neenah, WI).
3.2.9 Statistical Analysis
MPC characterization analyses were completed once each on three 50 lb bags from
different production dates. Each analysis was conducted in triplicate. The data was organized into
two groups, MPC and rmMPC to compare the protein sources. The averages from the two groups
were compared using a t-test and considered significantly different using a value of p < 0.05.
Minitab 19 statistical software was used for all statistical analyses.
3.3 Formulation
Table 3-1. Formulations for high protein, low fat ice cream with varying protein and stabilizer
source.
MPC No
rmMPC
MPC
rmMPC
MPC
rmMPC
Stabilizer
No
TSG
TSG
TSG-LBG TSG-LBG
Stabilizer
-----------------------------------------------%---------------------------------------------Milkfat
03.00
03.00
03.00
03.00
03.00
03.00
Sucrose
12.00
12.00
12.00
12.00
12.00
12.00
Protein
08.00
08.00
08.00
08.00
08.00
08.00
CSS
03.00
03.00
03.00
03.00
03.00
03.00
Dextrose
02.50
02.50
02.50
02.50
02.50
02.50
Stabilizer
00.00
00.00
00.30
00.30
00.30
00.30
Emulsifier
00.12
00.12
00.12
00.12
00.12
00.12
Total Solids
33.45
33.43
33.43
33.42
33.56
33.54
Mix composition was formulated using TechWizardTM (Owl Software, Columbia, MO).
MPC= milk protein concentrate, rmMPC= reduced-mineral milk protein concentrate, TSG=
tamarind seed gum, LBG= locust bean gum, CSS= corn syrup solids
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Six low-fat ice creams were formulated using TechWizardTM (Owl Software, Columbia,
MO) to contain 3% milk fat, 12% sucrose, 8% protein, 3% CSS, 2.5% dextrose, and 0.12%
emulsifier. The ice creams were formulated with no stabilizer, TSG, or a blend of TSG and LBG.
Table 3-1 contains the formulation for each treatment.
3.4 Ice Cream Production
A flow diagram showing the mix processing procedure for the ice creams is presented in
Figure 3-1. All wet (milk and cream) and dry (protein powder, CSS, sugar, dextrose, stabilizer,
and emulsifier) ingredients were pre-weighed before beginning mix manufacture. Wet ingredients
were added to a high shear 15-gallon blender (Breddo Likwifier, EnSight Solutions, Kansas City,
MO) equipped with a variable speed drive, the drive was set at 70% speed and ingredients were
added in the order sugar, CSS, and dextrose; protein powder; and stabilizer and emulsifier.
The ingredients were added in this order to ensure ingredient dispersion. One minute after
final ingredient addition, agitation was reduced to 30% speed and the mixture was blended for an
additional 10 minutes. This initial mixing allowed the solids to disperse and the proteins to begin
hydrating. After dispersion, the mixture was distributed into metal milk cans and placed into a
water bath and heated under gentle agitation to 42°C for 30 minutes to allow further protein
hydration (based on results of preliminary solubility experiments). The pre-warmed mix was
pasteurized in a continuous HTST pasteurizer (APV Junior, APV Invensys, Woodstock, GA) at
81°C (178°F) for 25 seconds and homogenized (Gaulin, Lake Mills, WI) in a two-stage process at
a total pressure of 17 MPa (2500 PSI), where the first stage was 13.8 MPa (2000 PSI) and the
second stage was 3.4 MPa (500 PSI). For convenience, the mixes were processed in the following
order: 1) MPC with no stabilizer, 2) reduced-mineral MPC with no stabilizer, 3) MPC with LBG,
4) reduced-mineral MPC with LBG, 5) MPC with LBG-TSG, and 6) reduced- mineral MPC with
LBG-TSG. The cooled mix was collected into sanitized milk cans and stored at <7°C for at least
24 hours.
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Wet
Ingredients

Dry
Ingredients

Dispersion
High Speed/1 minute
Blending
Low Speed/10 minutes
Heating and Mixing
42°C/30 minutes
Homogenize
2,500 PSI
Pasteurize
81°C/25 seconds
Aging
<21°C/24 hours
Vanilla
Extract

Mix Samples for
Analysis

Flavoring
Freezing
100% Overrun
Packaging
Hardening
-30°C
Storage
-30°C

Ice Cream
Samples for
Analysis

Figure 3-1. Ice cream production flow diagram
After aging, mixes were hand agitated with a dairy mixer and then samples were
collected with a sanitized dipper for mix characterization and microbiological analysis. The mixes
were flavored with two-fold vanilla extract (Tastepoint by IFF, Philadelphia, PA) at a rate of 5.5
ml per kilogram of mix. The mix was frozen using a Gram IF 600 continuous freezer (Gram
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Equipment Inc., Northvale, NJ) using a mix flow rate of 35 gal/h, viscosity of 30% and target
overrun of 100%. Before freezing, pint containers were filled in triplicate with mix and weighed
to determine mix weight for use in overrun calculations. After freezing, three pint containers were
filled with the frozen product and weighed for overrun and to measure the draw temperature. The
resulting ice cream was packaged (Compact Single Line Rotary Filler, T.D. Sawvel Co. Inc.,
Maple Plain, MN) into 4-ounce cups coded with a three-digit blinding number. The filled cups
were hardened and stored in a -30°C hardening room. Samples of each ice cream treatment were
saved for microbiological and physical characterization. Three repetitions of the complete
experiment were conducted using different lot numbers of MPC or rmMPC for each lot.
3.5 Mix and Ice Cream Characterization
3.5.1 Rheology
A Discovery HR-3 rheometer (TA Instruments, New Castle, DE) equipped with a double
wall concentric cylinder geometry (inside diameter = 40.77 mm, outside diameter = 43.88 mm,
cup diameter = 44.82 mm) was used to determine the rheological behavior of each unfrozen ice
cream mix. Shear stress versus shear rate curves were produced using a shear rate range from 0.0
to 100.0 s-1. The curves were graphed and modeled (Trios Software version 4.1.1.33073, TA
Instruments) using the Herschel-Bulkley equation (Singh and Heldman 2014).The apparent
viscosity was calculated as the slope of the curve using the equation:
B = BE + D(F)̇2

(3.7)

where τ is shear stress (Pa), τy is yield stress (Pa), m is consistency index (Pa*sn), γ is shear rate
(1/s), and n is flow index.
An orifice type viscometer (Zahn #2, Boekel Scientific, Feasterville, PA) was used to
determine the kinematic viscosity of the refrigerated (2-9°C) aged mixes (Sahin and Sumnu
2006). The instrument cup was submerged into a sample of mix (44 ml). The cup was withdrawn,
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and mix was allowed to flow out of the opening at the bottom. The time from withdrawal of the
cup to the first break in the stream of liquid flowing from the bottom of the cup was recorded.
The kinematic viscosity was calculated using the constants designated for the cup (ASTM
International 2005).
I<52DA6<4 J</48/<6= (476) = 3.5 × (6<D2 − 14)

(3.8)

3.5.2 Compositional Analyses
The total solids and fat content of ice cream mix was measured in triplicate using the
Smart Trac II (CEM Corp., Matthews, NC) (Cartwright et al. 2005). The total protein content of
each ice cream mix was measured in triplicate using a Sprint Protein Analyzer (CEM Corp.,
Matthews, NC) following AOAC Methods 967.12 and 2011.04 (AOAC 1970, 2011).
3.5.3 Color Analysis
The L* value of each ice cream mix and frozen ice cream treatment was measured in
triplicate using a handheld color analyzer (CR-400 Chroma Meter, Konica Minolta, Ramsey, NJ).
A sample (~50 ml) of ice cream mix was transferred to a clear petri dish to be measured. A
quarter section of ice cream was removed from the container and the center of the cut was placed
onto a piece of plastic wrap to be measured.
3.5.4 Particle Size
Particle size of mix and melted ice cream was measured using a laser diffraction particle
size analyzer (Mastersizer 3000, Malvern Instruments Ltd., Worcestershire, U.K.). One drop of
aged ice cream mix or melted ice cream was added to distilled water (diluent) with a refractive
index of 1.33 determined by the manufacturer. The particle refractive index was set to 1.52 (milk
fat). The size range was measured from 0 to 1000 μm and reported from 0 to 10 μm. The method
was revised from Rolon et al. (2017).
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3.5.5 Draw Temperature
The temperature of the partially frozen ice cream was immediately measured after
extrusion using a calibrated thermocouple (Fluke, Everett, WA).
3.5.6 Overrun
Overrun was assessed by comparing the weight of a full pint of ice cream mix and the
weight of a pint of the corresponding ice cream in triplicate. Using those measurements, the
overrun was calculated (Daw and Hartel 2015).
OJ233:5(%) =
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× 100

(3.9)

3.5.7 Meltdown Rate
The meltdown rate of each of the ice cream was quantified based on the method
described by Rolon et al. (2017). The ice cream (approx. 60 g) was removed from the 4-ounce
cup and placed on metal mesh atop a funnel, as shown in Figure 3-2. The ice cream was left to
drain into beaker at room temperature. The beaker was weighed, and photographs were taken of
the ice cream every 10 minutes for 90 minutes. The weight was graphed as a function of time and
meltdown rate was calculated according to the slope of the linear trendline.

Ice Cream
Metal Mesh
Funnel

Beaker
Scale
Figure 3-2. System for measuring meltdown rate.
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3.5.8 Shrink Analysis
3.5.8.1 Density Analysis
To assess volume loss in product (increase in density) over time (storage) a displacementbased density analysis system was built (Figures 3-3 and 3-4). The system consists of a metal
vessel density apparatus equipped with a one-inch diameter spout with a valve welded to the side
at an angle of -5° is filled with 50% propylene glycol (PG) at a temperature of -18°C. The PG
allows the analysis to take place in the freezer and maintain the ice cream’s integrity. A metal
four-pronged plunger was constructed, shown in Figure 3-4 (b), and is used to submerge the ice
cream in the density vessel.

Propylene
Glycol
Fill Line

Spout

Wire Plunger
Ice Cream
(Including Cup)
Figure 3-3. System for measuring ice cream density by displacement of PG. The dotted line
represents the PG before level before ice cream is placed into the vessel. The PG level rises due
to displacement and the spout is opened for 1 minute to drain.
The method employed was based on the procedure described by Dubey and White (1997).
Several experiments were preformed to develop and verify the method. Reproducibility was
confirmed by submerging a lidded pint container multiple times into water to determine that the
water displaced had a coefficient of variance < 5% (Zady 1999). To determine that PG at -17°C
did not damage the integrity of the ice cream, multiple samples were tested in diluted PG (50-
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60%). Density was measured by removing ice cream from the cup compared to ice cream still
intact with the cup to determine which method was more reproducible.

(a)
(b)
Figure 3-4. Density Analysis System Photographs. The density vessel is filled with propylene
glycol and is used in the walk-in freezer. (a) side view, (b) top view during analysis.
The density (g/ml) of 50% PG blend was determined in triplicate by accurately weighing
100 ml of the PG mix using an analytical scale (XA, Fisher Scientific, Hampton, NH). Using
those measurements PG density was calculated using the equation:
1P '25/<6= =

HI =3((
%$$ =*

(3.10)

The process for determining ice cream density was as follows:
1. A mixture of one-part water to one-part PG by volume was mixed and tempered at 18°C for at least 24 hours.
2. The density apparatus was equilibrated at -18°C for 24 hours.
3. The density vessel with the plunger inside was filled above the spout with tempered
PG mixture and allowed to drain.
4. One hundred-fifty milliliters (150 ml) of PG was added to the vessel before each
measurement. The valve was opened to drain until the stream broke and then the
valve was closed.
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5. A pre-weighed container was placed under the spout and the ice cream was placed
sideways into the PG then submerged upright using the plunger.
6. The valve was opened and PG was allowed to drain for one minute. Next, the valve
was closed and the container containing the displaced PG was weighed.
This process was repeated until 10 measurements were completed for each treatment.
The density of the ice cream can be calculated using the equation:
>
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3.5.8.2 Visual Analysis
Three ice creams from lot 1 and 3 and two from lot 2 were stored in a standard domestic
freezer (-17°C) and photographed immediately after manufacture (month 0) and every 3 months
for 12 months. These images were taken with the Protein Simple AlphaImager HP (Protein
Simple, San Jose, CA) a lightbox equipped with a digital camera to visually determine the
changes in the ice creams during storage. The following parameters were set for each photo:
aperture 5.60, Zoom 17.50, focus, 99.00. The reflective cabinet tray was illuminated white and
the cabinet door remained open to allow enough light into the cabinet.
3.5.9 Sensory Analysis
An untrained consumer sensory panel (N= ca. 100) was used to analyze each ice cream.
The participants were screened for food allergies and general ice cream consumption. Each
participant analyzed all six treatments one at a time, labeled with 3 digit-blinding codes in
counterbalanced order (Williams 1949). Compusense Cloud (Compusense Inc., Guelph, ON,
Canada) was used to collect the data.
For each sample, the appearance was assessed before tasting. Liking was measured using
a labeled affective magnitude scale (LAMS), modeled in Figure 3-5. The LAM scale was adapted
from Schutz and Cardello (Schutz and Cardello 2001) and is used to effectively determine the
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liking/disliking of food products. Each response on the scale is associated with a number. The
assigned numbers are as follows: greatest dislike= 0, dislike extremely= 12.3, dislike very much=
22, dislike moderately= 32.8, dislike slightly= 44.5, neutral= 50, like slightly= 55.5, like
moderately= 67.2, like very much= 77.8, like extremely= 87.7, greatest like 100.

Figure 3-5. Labeled affective magnitude scale used for liking analyses.
The panelists also completed a check-all-that-apply (CATA) focused on several product
attributes. In this section they were asked if the sample appeared white, shrunken from side of
cup, smooth, dense, fluffy/airy, shiny, and/or matte. The panelists were then prompted to taste the
ice cream and evaluate the overall liking and flavor liking using the LAM scale (Fig. 3-4). A
CATA for flavor asked if the sample was sweet, vanilla, creamy (flavor), cooked, and/or “off”.
The panelists were also asked to assess the texture of the sample with a LAM scale and a CATA.
The CATA inquired if the sample was icy, greasy, gummy, crumbly, fluffy/airy, smooth, dense,
creamy (texture), and if it melted fast or slow.
The remaining ice cream was stored in a walk-in freezer (-30°C). The plan was to assess
sensory attributes every 3 months for a total of 12 months.
3.5.10 Statistical Analysis
Each high protein low fat ice cream was produced three times using three different lots of
MPC. Mix and ice cream characterization analyses were conducted in triplicate from each
production, with the exception of shrink analysis which was measured 10 times per treatment at
each time point. Two-way Analysis of Variance (ANOVA) was used with a statistically
significant difference value of p < 0.05. The protein source and stabilizer type were fixed
variables. Tukey’s pairwise comparison (Lee and Lee 2018) with 95% confidence was used to
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group the data if a significant difference was found. To compare the sensory properties of the ice
cream the Pearson correlation analysis (SOCR Community 2007) was used. Minitab 19 statistical
software was used for all statistical analyses.
3.6 Changes Caused by the Covid-19 Pandemic
Due to restrictions imposed by the Governor and the University related to the global
pandemic many of the timed analyses could not be completed as planned. The mandated campus
shutdown began on March 17th, 2020 and I was approved to return to June 11, 2020. Specifically,
sensory analysis, visual analysis and microscopy. The first sensory analysis, time 0, was done on
all three batches of ice cream. All other sensory analyses were cancelled for the remainder of the
project. Visual analysis that was done every three months after production for all three batches
was also impacted. A few time points, either three month or six months after, are missing for each
of the batches.

44

Chapter 4

Results and Discussion
4.1 Protein Characterization
4.1.1 Milk Protein Composition
Meena et al. (2017) compiled data from multiple studies reporting on the composition of
multiple types of milk protein concentrates. For a MPC85 product composition ranges from 75%
to 85.9% protein, 1.4% to 4.6% lactose, 1% to 1.9% fat, 2.6% to 7.5% ash, and 0.8% to 6.3%
moisture. Table 4-1 shows the average composition of three different production dates each of
MPC and rmMPC as specified by the manufacturer’s certificate of analysis (COA). The measured
composition of the MPC and rmMPC products used in this study on an “as is” and on a “dry
basis” and the percent difference between the sources are presented in Table 4-2 and Table 4-3,
respectively. The experimental protein content in both, as-is and dry basis, were slightly lower
than the expected (Table 4-1). The experimental moisture content is higher than expected in both
sources. Since the samples were not tested immediately after arrival; they may have picked up
moisture during storage. The powders were stored in their bags wrapped in plastic wrap inside a
plastic container at ~7°C.
The experimental ash, calcium, and phosphorous contents are lower in the rmMPC than
the MPC. However, only the calcium and phosphorous contents were found to be significantly
lower in the rmMPC samples (p-values of 0.00). Sikand et al. (2011) reported the phosphorous,
calcium, and other mineral contents of four commercial samples of MPC80, which ranged from
0.38% to 1.09% phosphorous and 1.42% to 1.50% calcium. Marella et al. (2015) produced a
rmMPC which had 1.32% calcium, which is similar to the calcium content of the rmMPC
assessed. The study also found that the manufactured rmMPC had 4.69% ash content, which is
nearly 2% less than the rmMPC powders assessed in this study.
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Table 4-1. Average composition of milk protein concentrate powders as specified by the
manufacturer.
Property
MPC
rmMPC
-----------------------------%---------------------------Protein 1
86.16 ± 0.05
86.41 ± 0.20
Protein 2
81.68 ± 0.10
81.75 ± 0.25
Moisture
5.20 ± 0.05
5.40 ± 0.07
Ash
6.74 ± 0.02
6.74 ± 0.01
Fat
0.89 ± 0.03
0.87 ± 0.03
Reported as mean ± standard deviation of three samples.
1
: Dry Basis
2
: ”As-is” Basis
Table 4-2. Average composition of milk protein concentrate powders on an “as-is” basis.
Property
MPC
rmMPC
Percent
p-value
Difference
----------------------%-------------------Protein
79.41 ± 1.03 a
80.52 ± 1.60 a
1.39
0.14
a
a
Moisture
6.71 ± 1.32
5.96 ± 0.60
11.84
0.17
Ash
6.89 ± 0.33 a
6.80 ± 0.92 a
1.31
0.80
Fat
0.81 ± 0.16 a
0.73 ± 0.10 a
10.39
0.27
Calcium
2.16 ± 0.05 a
1.78 ± 0.05 b
19.29
0.00
a
b
Phosphorous
1.16 ± 0.05
1.01 ± 0.09
13.82
0.00
Reported as mean ± standard deviation of three samples. The Tukey pairwise comparison and pvalue were obtained from a one-way ANOVA.
a,b
: Means with different letters within same row indicate significant difference at α= 0.05.
Table 4-3. Average composition of milk protein concentrate powders on a dry basis.
Property
MPC
rmMPC
Percent
p-value
Difference
---------------------%--------------------Protein
85.29 ± 0.86 a
85.61 ± 1.22 a
0.37
0.57
Moisture
7.20 ± 1.46 a
6.34 ± 0.68 a
12.70
0.16
Ash
7.39 ± 0.38 a
7.23 ± 0.98 a
2.19
0.68
Fat
0.87 ± 0.17 a
0.78 ± 0.10 a
10.91
0.22
Calcium
2.32 ± 0.04 a
1.89 ± 0.06 b
20.43
0.00
Phosphorous
1.25 ± 0.06 a
1.07 ± 0.10 b
15.52
0.00
Reported as mean ± standard deviation of three samples. The Tukey pairwise comparison and pvalue were obtained from a one-way ANOVA.
a,b
: Means with different letters within same row indicate significant difference at α= 0.05.
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Figure 4-1. Two separate 8% protein powder solutions diluted to 1 mg/ml SDS-PAGE (12% acrylamide) results for MPC and rmMPC run at
160 V for 50 minutes. The gel was stained with Coomassie R250 and Precision Plus Protein standard was used as the reference protein
ladder. MPC or rmMPC is milk protein concentrate or reduced-mineral milk protein concentrate respectively, the first number under each
sample represents the lot and the second number represents the sample (ex. MPC 1.2 is milk protein concentrate, lot one, sample two).
BSA: bovine serum albumin
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Figure A-1 located in the Appendix shows preliminary SDS-PAGE results. The
preliminary experiments indicated loading 500 !l of a 1 mg/ml protein solution produced
acceptable gels.
Figure 4-1 contains the results of SDS-PAGE for all three replications in triplicate of
MPC and rmMPC. As has been observed by Banach, Clark, and Lamsal (2013), Havea (2006),
and Eshpari, Tong, and Corredig (2016) the milk proteins "-, #-, and $-casein, bovine albumin
serum (BSA), #-lactoglobulin, and "-lactalbumin were observed in both of the MPC samples
with no obvious differences.
4.1.2 Milk Protein Functional Properties
4.1.2.1 Solubility
Table 4-4. Solubility as a function of time of 8% protein solutions.
Time
MPC
rmMPC
p-value
Min
------------------------%---------------------0
86.28 ± 3.60B b
96.92 ± 0.22A bc
0.03
Aa
30
94.83 ± 1.50
96.38 ± 0.39A c
0.35
60
96.87 ± 1.30A a
98.54 ± 0.20A a
0.27
Aa
A ab
90
97.67 ± 0.95
97.90 ± 0.33
0.83
120
98.35 ± 0.63A a
98.07 ± 0.19A a
0.69
Results are presented as the mean ± standard error of the means (n=9) of three replications and
three samples. The p-value was obtained from a t-test comparison of treatments.
AB
: Means with different letters within same row indicate significant difference at α= 0.05.
abc
: Means with different letters within same column indicate significant difference at α= 0.05.
Solubility results are presented in Table 4-4 and the data are graphed in Figure 4-2.
Solubility analysis was completed once on two lots of MPC and rmMPC. A significant difference
was found between the solubility of MPC and rmMPC at time 0 of heating. However, both 8%
protein in water solutions reached ~95% solubility after 30 minutes of heating. Similarly, Mao et
al. (2012) observed that a rmMPC is more soluble than a standard MPC. Additionally, Udabage et
al. (2012) studied the effect of high-pressure processing on solubility of MPC powders. They
found that products with dissociated casein (nonmicellar) are more soluble than a standard MPC.
A rmMPC would have a similar nonmicellar casein, which may result in better solubility because
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of surface available proteins. Thirty minutes was chosen as the hydration time when
manufacturing ice creams.
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Figure 4-2. Average percent solubility ± standard error of 8% MPC and rmMPC in water after
heating 42°C for 120 minutes.
4.1.2.2 Foaming
Foam stability for MPC and rmMPC is presented in Figure 4-3. The foam expansion
index was 21.33 ± 3.50 for MPC and 39.56 ± 0.44 for rmMPC, which are significantly different
as a result of a t-test comparison of the treatments. The MPC foam height immediately after
vortexing (Figure 4-3) is only 5.33 ml while the rmMPC is 9.89 ml. After 8 hours MPC is 3.89 ml
and rmMPC is 3.44 ml. Neither foam completely collapsed after 8 hours. Zhang and Goff (2004)
studied the properties of ice cream with partial dissociated casein micelles by EDTA
(ethylenediaminetetraacetic acid). They found that the additions of EDTA and the dissociation of
the micelle increased foaming capacity for skim milk powder and WPI. The higher foaming
capacity of the rmMPC may be the result of nonmicellar casein. Foaming characteristics are
important for ice cream, if an ingredient has the ability to produce and maintain a foam, it can
improve the overrun capacity and possibly improve the body (Uluko et al. 2016).
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Figure 4-3. Average foam height ± standard error of the means of three lots of MPC and rmMPC
in 8% solution as a function of time. Twenty-five millimeters of solution were vortexed at high
speed for 30 seconds and the height of the foam was measured at time 0, 30 minutes, and every
hour after vortexing for 8 hours.
4.2 Mix Characterization
4.2.1 Mix Composition
The ice cream mixes (Table 3-1) were analyzed for fat, total solids, and protein
composition to verify formulation. The results are presented in Table 4-5. A significant difference
is seen in fat content of one treatment; however the maximum difference was only 0.17% which
is likely too small to be practically important. Similarly, significant differences are seen in the
total solids. When formulating, the total solids were not considered a fixed factor but were still
calculated. The calculated total solids for the treatments ranged between 33.42% to 33.56%. The
observed total solids varied from 32.45% to 34.21%. The maximum absolute difference between
the observed values is 1.76% total solids, which is likely too small to be practically important.
The protein content was consistent between the samples, no significant differences are observed,
but slightly lower (0.55% maximum) than the target of 8%. This may have been because of lower
protein percentage in the protein powders than what was provided with the COA. The MPC non-
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stabilized treatment had significantly lower fat and total solids than the other treatments. The
MPC non-stabilized treatment for each processing date was always processed first to reduce the
likelihood of stabilizer contamination between the treatments. When pasteurizing, water is used
first in the pasteurizer, then the samples are processed. The first sample may be diluted because it
is processed after water, while the other samples are processed directly one after another. The
lower values in the MPC non-stabilized treatment suggests that dilution may have occurred.
Table 4-5. Composition of three repetitions of six ice cream treatments.
MPC
rmMPC No
MPC
rmMPC MPC TSG- rmMPC
pNo
Stabilizer
TSG
TSG
LBG
TSG-LBG value
Stabilizer
-------------------------------------------------%-----------------------------------------------Fat
3.11±0.03B 3.21±0.02A 3.25±0.01A 3.28±0.02A 3.28±0.01A 3.27±0.01A 0.00
Total
32.45±0.10C 33.52±0.14B 33.94±0.08AB 34.21±0.12A 33.89±0.09AB 33.77±0.14AB 0.00
Solids
Protein 7.45±0.10A 7.68±0.10 A 7.65±0.10 A 7.70±0.07 A 7.73±0.07 A 7.68±0.09 A 0.31
Results are presented as the mean ± standard error of the means (n=9) of three batches and three
samples. The p-value was obtained from a one-way ANOVA comparison of treatments. Different
letters within the same row indicate significant difference at α= 0.05.
Target composition was 3% fat, ~33% total solids, and 8% protein.
4.2.2 Mix Physical Properties
The physical properties of the ice cream mixes with varying protein and stabilizer source
were analyzed and are reported in Table 4-6.
Viscosity measured using a #2 Zahn cup, is reported in terms of kinematic viscosity (cSt).
Additionally, viscosity was measured using a rheometer presented in terms of dynamic viscosity
(Pa.s). As other researchers have found, the use of stabilizers significantly increase the viscosity
of ice cream mix (Ruger, Baer, and Kasperson 2002; Goff and Davidson 1992; Cropper et al.
2013). The TSG-LBG treatments had the highest viscosity by a minimum difference of 22.7 cSt.
The treatments with no stabilizer are significantly lower than the other treatments. The TSG and
TSG-LBG containing samples showed no significant differences in kinematic viscosity but
differences were observed in dynamic viscosity at the same total usage level (0.3%). The results
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from the stabilizers suggest that the stabilizer blend of TSG and LBG create a firmer gel than
TSG alone. Multiple studies have shown that the use of LBG creates a weak gel when used
(Patmore, Goff, and Fernandes 2003; Goff, Ferdinando, and Schorsch 1999). Danesh, Goudarzi,
and Jooyandeh (2017) found that reduced fat ice cream made with WPI and WPI with
transglutaminase significantly increased the viscosity compared to low fat ice cream with no
protein added.
L-value varied between treatments (Table 4-6). The treatments with no stabilizers had
significantly higher L-values (L*) than the treatments with stabilizers. Although a small amount
of stabilizer is added to the mix, it changed the color. Overall, the rmMPC treatments are lighter
in color than the MPC treatments (Table 4-6). The rmMPC is likely slightly lighter in color than
the MPC.
The mix particle size was done only on batch 1 and 2 because of deleted data on a shared
computer (Materials Research Institute, Penn State). The mix particle size is reported in Table 4-6
and presented graphically in Figure 4-6 as volume weighted means (D4,3). The D4,3 varied
between the treatments. Regarding protein treatment, the MPC D4,3 is larger than the rmMPC D4,3
between 0.06 and 0.20 µm difference observed between the stabilizer treatments. Comparing the
stabilizer treatments, the smallest particle size is observed in the non-stabilized treatments, TSG
treatments are slightly larger (0.47 and 0.33 µm), and the stabilizer blend treatments are the
largest with a difference of 0.02 and 0.13 µm between the protein variables. However, the overall
difference in particle size between the largest and smallest is only 0.55 µm. As discussed in the
literature review, the addition of stabilizer has been shown to increase fat particle size by
promoting fat destabilization (Cropper et al. 2013).

52

Table 4-6. Unfrozen ice cream mix properties of three repetitions of six ice cream treatments.
MPC
rmMPC No
MPC
rmMPC
MPC
rmMPC
pNo stabilizer
stabilizer
TSG
TSG
TSG-LBG
TSG-LBG
value
Viscosity (cSt)
12.00 ± 0.35B
13.02 ± 0.21B
106.00 ± 6.06A
104.70 ± 4.35A
128.70 ± 17.45A 119.80 ± 10.41A 0.00
Viscosity
0.01±0.00C
0.01±0.00C
0.32±0.02B
0.33±0.01B
0.50±0.01A
0.36±0.01B
0.00
(Pa.s)
Color L*
84.19 ± 0.31A
82.92 ± 0.27A
80.43 ± 0.22B
78.14 ± 0.43D
79.84 ± 0.31BC
78.69 ± 0.44CD 0.00
a
BC
C
A
BC
A
D4,3 (µm)
0.81 ± 0.10
0.75±0.02
1.28±0.17
1.08 ± 0.01
1.30±0.14
1.21 ± 0.02AB 0.00
Results are presented as the mean ± standard error of the mean (n=3). The p-value was obtained from the one-way ANOVA for the treatment
effect. Different letters within the same row indicate significant differences at α= 0.05.
a
: Results only for batch 1 and 2. Color L*: 100 being white and 0 being black
4.3 Ice Cream Characterization
Table 4-7. Properties of ice cream properties made with MPC and rmMPC with and without stabilizers
MPC
rmMPC No
MPC
rmMPC
MPC
rmMPC
p-value
No stabilizer
stabilizer
TSG
TSG
TSG-LBG
TSG-LBG
Overrun (%)
102.49 ± 1.33A
99.74 ± 3.00A
93.02 ± 3.82A 101.33 ± 3.28A 97.87 ± 2.92A
105.22 ± 3.84A
0.13
Draw Temp. (°C)
-5.78 ± 0.03C
-5.91 ± 0.05C
-5.61 ± 0.39B
-5.44 ± 0.02A -5.49 ± 0.04AB -5.46 ± 0.04AB
0.00
Melt Rate (g/min)
12.23 ± 0.39A
13.13 ± 0.07A
12.34 ± 0.18A
12.95 ± 0.16A
2.94±0.28C
4.17±0.22B
0.00
Color L*
92.04 ± 0.65A
92.25 ± 0.66A
91.92 ± 0.71A
92.15 ± 0.54A 91.53 ± 1.36A
91.49 ± 0.56A
0.98
a
B
B
AB
AB
A
AB
D4, 3 (µm)
0.77±0.06
0.77±0.04
1.12 ± 0.12
0.99 ± 0.01
1.20 ± 0.14
1.07 ± 0.04
0.00
Results are presented as the mean ± standard error of the mean (n=9). The p-value was obtained from the one-way ANOVA for the treatment
effect. Different letters within the same row indicate significant differences at α= 0.05.
a
: Results only for batch 1 and 2.
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The physical properties of the frozen ice creams are presented in Table 4-7. The target
overrun for each ice cream was 100%. Overruns varied from 93.02% to 105.22% and there were
no significant differences between treatments. By reaching this target all treatments demonstrated
the ability to incorporate and hold air. Previous studies have shown in full-fat and reduced fat ice
creams fortified with various milk derived proteins (i.e., whey, caseinate) have enhanced overrun
(Danesh, Goudarzi, and Jooyandeh 2017; Goff, Kinsella, and Jordan 1989).
Draw temperature differed significantly between treatments, the non-stabilized treatments
had slightly lower (largest difference of 0.34°C) temperatures than the other treatments. The ice
cream freezer was set to extrude the ice cream when it reached a specified viscosity. Based on the
mix viscosity data (Table 4-6) the non-stabilized mix treatments were significantly less viscous
than the other treatments. Because of this, non-stabilized mix needed to freeze to a lower
temperature to reach the extrusion viscosity.
Figure 4-4 shows the average meltdown curves of three repetitions for each of the ice
cream treatments. In the graph, the treatments with the TSG-LBG stabilizer blend appeared to
melt significantly more slowly than the other treatments. The estimated time of first drop (xintercept) was calculated from extrapolation of the linear portion of the curve. The MPC nonstabilized, rmMPC non-stabilized, MPC with TSG, and rmMPC with TSG treatments predicted
first drops were 29.02, 26.64, 26.91, 26.60 minutes, respectively. The MPC and rmMPC
stabilized with TSG-LBG predicted first drop was 36.05 and 38.32 minutes respectively, nearly
10 minutes later than the other treatments.
The meltdown rate (i.e., slope of the linear portion of the curve) is reported in Table 4-7.
The non-stabilized and the TSG alone treatments are not significantly different. The MPC TSGLBG is significantly lower than the rmMPC TSG-LBG treatment and they are both significantly
lower than the other treatments. A study showed that demineralized casein (nonmicellar) used in
acid gels improved gelation (Meletharayil et al. 2018). Additionally, another study suggests that
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nonmicellar casein increases the available surface active protein, which could form new bonds
that may promote a stronger gel (Udabage et al. 2012). Both of these studies suggest that gel
strength of food increases when produced with nonmicellar compared to an intact casein micelle.
A strengthened gel in ice cream could impact the rate of meltdown.
Figure 4-5 displays the results of each ice cream treatment 10, 40, and 90 minutes after
melting at room temperature. The TSG-LBG treatments are shown to be melting in Figure 4-5,
however they are so viscous that they are not dripping through the screen mesh; this could explain
the low meltdown curve. However, the shape of the ice cream is preserved even after 90 minutes
of melting as compared to the other treatments.
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Figure 4-4. Average meltdown curves ± standard error of the means of three repetitions for all
ice cream treatments. Ice cream was melted at room temperature through a screen for 90 minutes.
The weight of melt was weighed every 10 minutes.
Once the ice cream mix was frozen and hardened, the L* values were not significantly
different in the ice cream despite differences between the mixes. This is likely because ice
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crystals and air cells reflect light caused the frozen ice cream to appear whiter (Tharp and Young
2009).
After quiescent freezing the particle size was reevaluated in melted ice cream (Table 4-7).
Similar to the mix results, the non-stabilized treatments are slightly lower than the other
treatments. Figure 4-6 shows each treatment’s mix and ice cream particle size distribution. From
the graphs we can see that there is a slightly wider distribution and shift of the peak in the MPC
treatments but little to no change in the rmMPC treatments. All curves peak approximately at
0.50 µm. The little variation seen between the treatments is interesting because generally, mix
particle size increases after freezing (Alvarez et al. 2005; Cropper et al. 2013; Rolon et al. 2017).
This may be the result of protein source, however a mixed effect one-way ANOVA (Appendix B1) showed that protein was not a significant effect of particle size.
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Figure 4-5. High protein ice cream after 10, 40, and 90 minutes of melting at room temperature.
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Figure 4-6. Particle size distribution (D4,3) of high protein ice cream mix and ice cream made
with varying protein and stabilizer type measured on a Malvern Mastersizer 3000 with distilled
water (refractive index, 1.33) and refractive index of 1.52 (milk fat). Each curve is an average of
two batches with three samples.
IC: ice cream
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4.3.1 Shrink Analysis
4.3.1.1 Density Measurements
Preliminary experiments were performed to determine the protocol for density analysis.
The density was measured on ice cream removed from the cup and ice cream in the cup. The
results are reported in Table 4-8. The ice cream in the cup was found to be less variable than the
ice cream removed from the cup.
Table 4-9 shows the average density of each ice cream treatment from month 0 to month
9 after production. Figure 4-7 shows the change in density. In the graph, the density appears to
decrease after month 0, which is not expected. A slight modification was made to the method
between month 0 and month 3. A slotted spoon was used to submerge the ice cream into the PG
for month 0 and a metal plunger (Figure 3-4) was constructed to hold the ice cream without
manually holding it down. This may explain the significantly different density for month 0 when
compared to the other time points, with the exception of the rmMPC TSG-LBG treatment. If
month 0 is excluded from the data, there is no significant differences occurring between months 3
through 9. Therefore, we can conclude that under the conditions the product was stored (-30°C)
the density did not change over time for any of the treatments.
The density of ice creams stored in a domestic freezer (-17°C) was assessed for each
treatment and sample after visual assessment (Section 4.3.1.2). The results and the results from
the density characterization over time (month 3-9) are presented in Table 4-10. There are
significant differences between the treatments in the domestic freezer row. The TSG stabilized
treatments are significantly denser than the other treatments. Additionally, the rmMPC stabilized
with TSG is significantly denser than the MPC stabilized with TSG. When comparing the
domestic freezer samples to the other month density measurements, the domestic freezer samples
are significantly denser. The largest difference between the domestic freezer samples and the last
month density recorded was the rmMPC stabilized with TSG (0.1289), which also had the largest
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density compared to the other domestic freezer samples. We may conclude that TSG may induce
or promote shrinkage, as compared to the non-stabilized treatments which didn’t shrink as much.
Additionally, we cannot conclude that the stabilizer blend of TSG-LBG reduced shrinkage in high
protein ice creams.
Table 4-8. Density preliminary experimental data.
In Cup
Removed
p-value
------------------------g/ml---------------------Mean
0.5869
0.7330
0.11
Standard Deviation
0.0326
0.1540
Standard Error
0.0150
0.0696
Coefficient of Variation
5.5561
21.0130
Results are presented as the density of five ice cream samples still in the cup and five sample
removed from the cup. The p-value was obtained from a t-test comparison of treatments.
Table 4-9. Density characterization of high protein ice cream over storage time.
MPC
rmMPC
MPC
rmMPC
MPC
rmMPC
pNo stabilizerNo stabilizer
TSG
TSG
TSG-LBG TSG-LBG value
-----------------------------------------------g/ml--------------------------------------------Month 01
0.7090 ±
0.7291 ±
0.6987 ±
0.6673 ±
0.6607 ±
0.6796 ±
0.45
0.0224A a
0.0387A a
0.0218A a
0.0178A a
0.0157A a
0.0361A a
Month 3
0.6332 ±
0.6300 ±
0.6258 ±
0.6190 ±
0.6160 ±
0.6058 ±
0.00
Ab
AB b
AB b
ABC b
BC b
0.0047
0.0049
0.0037
0.0028
0.0031
0.0043C a
Month 6
0.6333 ±
0.6334 ±
0.6229 ±
0.6196 ±
0.6120 ±
0.6102 ±
0.00
0.0055A b
0.0039A b
0.0024AB b 0.0029AB b
0.0038B b
0.0017B a
Month 9
0.6249 ±
0.6360 ±
0.6276 ±
0.6278 ±
0.6199 ±
0.6186 ±
0.00
0.0024B b
0.0039A b
0.0021AB b 0.0018AB ab
0.0026B b
0.0017B a
p-value
0.00
0.00
0.00
0.00
0.00
0.04
Results are presented as the mean ± standard error of the mean (n=3). The p-value was obtained
from the one-way ANOVA for the treatment effect. A plunger tool was implemented into the
protocol between month 0 and month 3. Therefore, differences are seen. The remaining data show
little to no significant difference between the months.
1
density measurement was modified after Month 0 (see text).
ABC
: Means with different letters within same row indicate significant difference at α= 0.05.
ab
: Means with different letters within same column indicate significant difference at α= 0.05.
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Figure 4-7. Average volume loss with standard error bars as a function of storage time across
three repetitions. The ice cream was processed and then stored in -30°C conditions. A change in
methodology occurred between month 0 and month 3 evaluation.
4.3.1.2 Visual
Samples of each ice cream from all three reps were stored in a standard domestic freezer
for the duration of this study to assess the effect of storage on ice cream stability. Figure 4-8 show
the results of the six ice cream treatments that were stored. Some dates are missing due to the
inability to carryout research due to Covid-19 restrictions imposed by the Governor.
In contrast to the density results for samples stored at -30°C, the ice creams appear to be
shrinking when stored at -17°C. Additionally, the ice creams appear to get icier and more textured
as they are stored.
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Figure 4-8. Photographs of ice cream stored in standard domestic freezer over a 9-month period. From month 0 to month 9, shrinkage and icy
crystal formation is visible.
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Table 4-10. Density characterization of high protein ice cream, comparing storage conditions.
MPC
rmMPC
MPC
rmMPC
MPC
rmMPC
pNo
No stabilizer
TSG
TSG
TSG-LBG TSG-LBG value
stabilizer
--------------------------------------------g/ml--------------------------------------------Month 3
0.6332 ±
0.6300 ±
0.6258 ±
0.6190 ±
0.6160 ±
0.6058 ±
0.00
0.0047A b 0.0049AB a 0.0037AB b 0.0028ABC b 0.0031BC b
0.0043C c
Month 6
0.6333 ±
0.6334 ±
0.6229 ±
0.6196 ±
0.6120 ±
0.6102 ±
0.00
0.0055A b
0.0039A a 0.0024AB b 0.0029AB b
0.0038B b
0.0017B bc
Month 9
0.6249 ±
0.6360 ±
0.6276 ±
0.6278 ±
0.6199 ±
0.6186 ±
0.00
Bb
Aa
AB b
AB b
Bb
0.0024
0.0039
0.0021
0.0018
0.0026
0.0017B b
Domestic
0.6693 ±
0.6467 ±
0.7146 ±
0.7567 ±
0.6552 ±
0.6729 ±
Freezer
0.00
Ca
Ca
Ba
Aa
Ca
0.0131
0.0070
0.0066
0.0127
0.0043
0.0086C a
(9 months)
Results are presented as the mean ± standard error of the mean (n=3). The p-value was obtained
from the one-way ANOVA for the treatment effect. Month 3-9 ice creams were stored at -30°C
and the domestic freezer ice creams were stored at -17°C.
ABC
: Means with different letters within same row indicate significant difference at α= 0.05.
ab
: Means with different letters within same column indicate significant difference at α= 0.05.
From these results and the photographs in Figure 4-8, we can conclude that the storage
conditions are an important factor for these ice creams. In a standard domestic freezer condition,
shrinkage and density changes were observed.
4.3.2 Sensory
The time 0 sensory attributes are reported in Table 4-11 (LAM) and Table 4-13 (CATA).
There are no significant differences seen in any of the treatments for overall, appearance, flavor,
or texture liking. The values are between 61 and 70 indicating that the attribute is “moderately
liked” by panelists. There was also no significant difference in the “appears shrunken” attribute.
This is expected because each batch was freshly made, there should have been no indication of
shrinkage in the ice creams at this stage. Due to the restrictions on in-person testing all
succeeding sensory tests were cancelled.
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Table 4-11. Sensory LAMS attributes of three repetitions of six ice cream treatments.
MPC
rmMPC
MPC
rmMPC
MPC
rmMPC
pNo
No
TSG
TSG
TSG-LBG TSG-LBG
value
stabilizer stabilizer
Appearance
67.57 ±
69.87 ±
67.53 ±
69.33 ±
68.17 ±
69.33 ±
0.77
Liking
1.19A
0.79A
1.28A
0.39A
2.73A
0.81A
Overall
63.43 ±
66.30 ±
64.70 ±
67.47 ±
66.67 ±
67.40 ±
0.28
Liking
2.38A
1.42A
1.33A
0.95A
0.46A
0.45A
Flavor
63.23 ±
66.30 ±
64.10 ±
66.37 ±
66.20 ±
66.10 ±
0.58
Liking
2.50A
1.56A
1.27A
1.33A
0.59A
1.26A
Texture
61.50 ±
66.47 ±
65.30 ±
66.33 ±
67.00 ±
67.13 ±
0.21
A
A
A
A
A
Liking
3.44
0.58
1.40
1.01
0.75
0.32A
Appear
7.80 ±
10.87 ±
10.73 ±
14.17 ±
11.90 ±
18.77 ±
0.44
Shrunken
2.48A
3.10A
5.24A
2.86A
2.55A
4.83A
Results are presented as the mean ± standard error of the mean (n=3). The p-value was obtained
from the one-way ANOVA for the treatment effect. LAM= labeled affective magnitude scale
A
: Means with different letters within same row indicate significant difference at α= 0.05
Table 4-12. Correlation between LAMS sensory attributes of high protein ice cream after
production.
Appearance Overall
Flavor
Texture
Liking
Liking
Liking
Liking
Overall
0.45
Liking
0.06
Flavor
0.41
0.94
Liking
0.10
0.00
Texture
0.46
0.88
0.79
Liking
0.05
0.00
0.00
Appears
0.43
0.37
0.23
0.37
Shrunken
0.08
0.13
0.35
0.14
The top of each cell is the Pearson coefficient r and the bottom is the p-value with a significance
level of α= 0.05 (n=18). Bolded cells are strongly correlated.
Table 4-12 represents the correlation between the LAMS sensory attributes. Predictably,
the flavor liking, and overall liking are highly correlated (r = 0.94). Similarly, the texture and
overall liking are highly correlated (r = 0.88). Thus, the flavor and texture likings are strongly
correlated (r = 0.79).
Table 4-13 represents the sensory CATA attributes of the six treatments. As the
participants sampled the ice creams, specified characteristics were evaluated for appearance,
flavor, and texture attributes. The appearance section was not significantly different for any of the
characteristics. The samples appeared white, a low percentage appeared shrunken (7.18-18.78%),
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a mid-range appeared smooth (36.23-55.76%), dense (37.86-53.28%), fluffy (35.76-58.16%),
shiny (19.22-26.87%) and matte (49.98-61.85%). Sweet, vanilla, cooked and off flavors were
perceived as statistically the same between treatments. Creamy flavor was significantly lower in
the MPC non-stabilized treatment than the stabilized treatments. The texture characteristics were
all significantly different with the exception of greasy and fluffy, which were not significantly
different. The non-stabilized treatments were perceived as icer compared to the stabilized
treatments. The stabilizer blend (TSG-LBG) treatments were perceived as gummier than the nonstabilized and the TSG stabilized treatments. The MCP non-stabilized treatment was perceived as
the crumbliest treatment and the stabilizer blend treatments were the least crumbly. The stabilizer
blend treatments were perceived as the smoothest and significantly different when compared to
the MPC non-stabilized treatment. The rmMPC TSG-LBG blend treatment is significantly denser
in texture than the MPC non-stabilized treatment. For melting perceived by the panel, the nonstabilized treatments melted significantly faster in the mouth than the stabilized treatments. The
creamiest treatments were the stabilized treatments which were significantly different than the
non-stabilized treatments.
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Table 4-13. Sensory CATA attributes of three repetitions of six ice cream treatments.
MPC
rmMPC
No stabilizer No stabilizer

MPC
TSG

rmMPC
TSG

MPC
TSG-LBG

rmMPC
TSG-LBG

--------------------------------------------------%------------------------------------------------91.63 ±
92.67 ±
90.78 ±
89.42 ±
90.10 ±
89.97 ±
2.48A
0.38A
2.96A
4.74A
3.77A
5.10A
Shrunken 18.78 ±
11.89 ±
14.15 ±
8.38 ±
13.80 ±
7.81 ±
8.36A
4.45A
4.94A
5.05A
8.30A
4.29A
Smooth
36.23 ±
48.45 ±
40.44 ±
45.74 ±
38.88 ±
55.76 ±
2.24A
1.34A
11.47A
3.91A
19.80A
5.98A
Dense
46.80 ±
45.83 ±
45.05 ±
53.28 ±
37.86 ±
48.74 ±
7.90A
9.10A
10.09A
3.45A
7.39A
8.04A
Fluffy
42.02 ±
41.64 ±
46.19 ±
37.61 ±
58.16 ±
35.76 ±
7.00A
8.46A
13.74A
1.92A
11.84A
9.63A
Shiny
25.18 ±
26.87 ±
24.76 ±
19.22 ±
19.45 ±
20.94 ±
0.37A
2.59A
8.91A
7.44A
8.06A
5.79A
Matte
49.98 ±
51.87 ±
54.50 ±
60.77 ±
57.55 ±
61.85 ±
6.94A
7.42A
13.97A
8.14A
10.15A
7.64A
Sweet
69.58 ±
74.03 ±
70.75 ±
74.07 ±
73.71 ±
72.22 ±
6.10A
5.93A
4.32A
7.14A
4.23A
3.79A
Vanilla
80.38 ±
82.69 ±
81.70 ±
82.46 ±
83.79 ±
82.75 ±
4.00A
5.93A
5.60A
5.00A
0.80A
5.24A
Creamy
44.85 ±
54.57 ±
65.77 ±
66.46 ±
74.05 ±
70.20 ±
8.90B
7.83AB
8.03A
9.35A
4.98A
3.72A
Cooked
11.53 ±
8.79 ±
10.59 ±
10.32 ±
9.42 ±
11.28 ±
3.77A
3.33A
5.43A
4.09A
5.18A
6.96A
Off
12.70 ±
11.35 ±
12.39 ±
8.89 ±
11.51 ±
10.92 ±
6.49A
4.12A
7.83A
4.32A
2.77A
4.95A
Icy
57.83 ±
47.06 ±
24.17 ±
22.48 ±
13.41 ±
14.73 ±
12.00A
6.83A
4.11B
11.75B
1.83B
2.12B
Greasy
3.14 ±
4.64 ±
5.46 ±
6.24 ±
7.83 ±
9.73 ±
1.24A
3.20A
6.00A
2.93A
2.76A
5.00A
Gummy
6.36 ±
7.79 ±
15.67
9.44 ±
23.51 ±
23.57 ±
1.34B
4.03B
± 6.76AB
2.56B
2.77A
1.12A
Crumbly
22.38 ±
17.08 ±
6.60 ±
7.44 ±
4.09 ±
1.83 ±
8.32A
4.18AB
3.44BC
2.51BC
1.14C
1.77C
Fluffy
25.46 ±
27.09 ±
21.10 ±
14.18 ±
17.86 ±
15.02 ±
0.88A
8.42A
3.09A
3.51A
7.78A
1.15A
Smooth
40.87 ±
49.62 ±
58.33 ±
60.88 ±
64.44 ±
67.71 ±
12.26B
1.50AB
4.14AB
12.25AB
8.54A
5.00A
Dense
41.46 ±
43.33
63.05
61.25 ±
63.52 ±
65.62 ±
12.31B
± 12.80AB
± 6.89AB
2.50AB
3.54AB
6.32A
Melts Fast 46.38 ±
42.03 ±
21.05 ±
18.52 ±
14.22 ±
14.65 ±
4.32A
7.12A
6.30B
7.52B
2.35B
3.51B
Melts
23.64 ±
35.08 ±
47.47 ±
49.33 ±
55.55 ±
47.74 ±
Slow
5.04C
10.6BC
5.17AB
6.36AB
4.01A
7.19AB
Creamy
38.07 ±
50.74 ±
62.84 ±
61.94 ±
71.06 ±
69.28 ±
12.25B
4.53AB
6.18A
10.02A
3.21A
4.52A

Texture

Flavor

Appearance

White

pvalue
0.88
0.32
0.23
0.36
0.13
0.57
0.58
0.86
0.97
0.00
0.98
0.96
0.00
0.41
0.00
0.00
0.04
0.02
0.01
0.00
0.00
0.00

Results are presented as the mean ± standard deviation of the mean (n=3). The p-value was
obtained from the one-way ANOVA for the treatment effect. CATA= check-all-that-apply
A
: Means with different letters within same row indicate significant difference at α= 0.05
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Chapter 5

Conclusion
High protein, low fat ice creams produced with a typical MPC or a reduced-mineral MPC
and varying stabilizers behaved differently. The rmMPC did not produce a significantly higher
liked texture which does not support the first part of the hypothesis that stated that a reducedmineral MPC would have superior texture to a standard MPC in ice cream. Shrinkage of the
products made with MPC and rmMPC with or without stabilizer stored at -30°C was found to be
similar. The second part of the hypothesis was not supported that a stabilizer blend of TSG and
LBG would inhibit shrinkage when compared to the other stabilizer systems. When stored at 17°C the use of the stabilizer TSG induced shrinkage when compared to the samples produced
with no stabilizer or with a 50:50 TSG and LBG. It was observed that storage conditions
influence shrinkage.
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Chapter 6

Suggestions for Future Research
In future studies, it would be beneficial to evaluate the fat destabilization and ice crystal
size of high protein ice cream. One of the findings of the current study was the significant
difference in meltdown rate between the treatments. It would be interesting to evaluate the
amount of fat destabilization and the ice crystal size of the product to determine if those
characteristics influenced the meltdown rate.
Additionally, microscopy could be used to evaluate the initial differences between the
treatments as well as changes in each treatment during shelf life. This would show how the
ingredients influence the initial ice crystal size and the rate they are growing.
From this study we found that frozen storage conditions influence the amount of
shrinkage seen in the products. In a future study, multiple storage conditions should be evaluated
and their effects of shrinkage. Furthermore, induced abuse could be valuable to understand how
these products lose volume. A study mimicking the ordinary lifecycle of a pint of ice cream
would be interesting because they most likely would experience heat shock multiple times before
being eaten.
The relationship between LBG and TSG could be further investigated by more variations
in ratio. In the current study TSG was used alone and in a 50:50 blend with LBG. With stabilizer
percentage staying constant in the ice cream mix, multiple ratios of TSG and LBG could be
evaluated on their effects on the physical characteristics of ice cream, such as meltdown rate and
viscosity.
Lastly, in the present study the evaluation of consumer perception during shelf life was
not fulfilled. It would be interesting to evaluate the change in perception of these high protein ice
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creams over time. In combination with a change in storage conditions, the consumer perception
over time would be valuable to producers of similar high protein ice creams.
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Appendix
Preliminary and Additional Analysis of Milk Protein Sources and High
Protein Ice Cream
A.1 Preliminary SDS-PAGE results on powdered protein sources.

Figure A-1. Preliminary 8% protein powder solutions diluted to 2 mg/ml (1/32), 1 mg/ml (1/32)
and 0.5 mg/ml on SDS-PAGE (12% acrylamide) results for MPC and rmMPC run at 160 V for
50 minutes. The gel was stained with Coomassie R250 and Precision Plus Protein standard was
used as the reference protein ladder. MPC or rmMPC is milk protein concentrate or reducedmineral milk protein concentrate respectively.
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A.2 Correlation of protein characteristics by protein source.
Table A-1. Correlation between protein characteristics broken down by protein source.
MPC
rmMPC
Fat
P
Ca Protein Moisture Ash FEI F.S.
Fat
P
Ca Protein Moisture Ash FEI F.S.
P
0.00
0.02
0.99
0.96
Ca
-0.02 0.00
-0.22 -0.32
0.97 1.00
0.58
0.40
Protein
-0.01 0.03
0.99
0.43 -0.55
0.08
0.99 0.94
0.00
0.25
0.13 0.83
Moisture 0.61 0.22
-0.44 -0.44
-0.42 0.40
0.20 -0.92
0.11 0.60
0.27 0.33
0.26
0.29 0.61 0.00
Ash
0.18 0.21
-0.19 -0.11
0.07
0.36 0.02
0.65 0.04
0.10
0.64 0.59
0.63 0.80
0.87
0.34
1.00 0.06 0.92
0.81
FEI
-0.24 0.06
-0.38 -0.33
0.56
-0.12
0.10 0.90
-0.10 -0.52
0.41
0.27
0.53 0.88
0.31 0.43
0.15
0.77
0.79
0.00 0.80 0.15
0.27
0.48
F.S.
-0.04 0.01
-0.50 -0.48
0.65
0.17 0.93
0.21 -0.08 -0.30 0.63 -0.56
-0.45 -0.19
0.92 0.98
0.17 0.23
0.08
0.66 0.00
0.59
0.84 0.43 0.07
0.12
0.23 0.63
Solubility 0.02 0.03
0.98 1.00 -0.96
-0.15 -0.94 -0.98 -0.77 -0.80
0.71 -0.61
0.69
-0.03
-0.23
__
0.97 0.95
0.00 0.00
0.00
0.77 0.01 0.00 0.08
0.06 0.11 0.20
0.13
0.95
0.66
The top of each cell is the Pearson coefficient r and the bottom is the p-value with a significance level of α= 0.05 (n=18). Bolded cells
represent significant correlations >0.50.
MPC: milk protein concentrate, rmMPC: reduced-mineral milk protein concentrate, P: phosphorous, Ca: calcium, FEI: foam expansion index,
F.S.: foam stability.
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A.3 Analysis on the Effect of Ingredient Source on Physical Properties of High Protein Ice Cream
Table A-2. One-way ANOVA results for properties with fixed effects of protein, stabilizer and protein + stabilizer.
Property
Source
P-Value
Significance
Fat M
Protein
0.005
*
Stabilizer
0.000
*
Stabilizer*Protein
0.004
*
Replicate
0.217
Protein
0.000
*
Stabilizer
0.000
*
M
Total Solids
Stabilizer*Protein
0.000
*
Replicate
0.178
Protein
0.000
*
Stabilizer
0.000
*
M
Protein
Stabilizer*Protein
0.000
*
Replicate
0.159
Protein
0.627
Stabilizer
0.000
*
Kinematic Viscosity M
Stabilizer*Protein
0.797
Replicate
0.188
Protein
0.000
*
Stabilizer
0.000
*
M
Dynamic Viscosity
Stabilizer*Protein
0.000
*
Replicate
0.211
Protein
0.000
*
Stabilizer
0.000
*
L* M
Stabilizer*Protein
0.006
*
Replicate
0.163
Protein
0.057
Stabilizer
0.000
*
M
D4,3
Stabilizer*Protein
0.616
Replicate
0.248
Protein
0.019
*
Stabilizer
0.098
Overrun IC
Stabilizer*Protein
0.026
*
Replicate
0.168
Protein
0.342
Stabilizer
0.000
*
IC
Draw Temperature
Stabilizer*Protein
0.000
*
Replicate
0.191
Protein
0.840
Stabilizer
0.693
IC
L*
Stabilizer*Protein
0.983
Replicate
0.495
Protein
0.176
Stabilizer
0.000
*
IC
D4,3
Stabilizer*Protein
0.604
Replicate
0.294
Protein
0.000
*
Stabilizer
0.000
*
IC
Meltdown Rate
Stabilizer*Protein
0.161
Replicate
0.167
Protein
0.064
Stabilizer
0.000
*
IC
Density (-17°C)
Stabilizer*Protein
0.001
*
Replicate
0.189
*: p-values less than 0.05 are significant
M
: Measured on the ice cream mix IC: Measured on the ice cream
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