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ABSTRACT

EFFECT OF MICRO-ENCAPSULATED FERROUS SULFATE ON CHEDDAR
CHEESE COMPOSITION, DIVALENT CATION BALANCE AND ACCEPTABILITY

By
Abraham Arce

Cheddar cheese was manufactured using standard Cheddar cheese procedures a total of
three times. Cheddar cheese was fortified with LMFS (Large Micro-Encapsulated Ferrous
sulfate, 700-1000 um) or Small Micro-Encapsulated ferrous sulfate, 220-422 um). After 90 d
aging, mineral content was analyzed using Atomic Absorption Spectroscopy (AAS). In order to
provide further information, lipid oxidation assessment, sensory evaluation, and proximate
analysis were performed. All collected data was analyzed using one-way ANOVA and Tukey’s
HSD Test (p = 0.05). Iron content for all treatments were significantly different (p<0.05);
approximately 0.030 mg Fe/ g cheese for the control, 0.134 mg Fe/ g cheese for LMFS, and
0.174 mg Fe/ g cheese for SMFS. Results showed 66.0% iron recovery for LMFS and 91.0%
iron recovery for SMFS. Fat, protein, ash, moisture, magnesium, zinc and calcium content were
not significantly different when comparing fortified cheeses with the control. No lipid oxidation
changes due to fortification were reported in the iron fortified Cheddar cheese. Consumer
acceptance testing demonstrated that iron fortification negatively affected Cheddar cheese
sensory attributes. Micro-encapsulation of ferrous sulfate failed to mask iron distinct taste, color
and odors. Overall, micro-encapsulated ferrous sulfate caused no major changes in composition
and successfully increased iron content in Cheddar. SMFS showed slightly better results for iron
retention and sensory evaluation in Cheddar cheese. This study provides new information on
fortification, size particle and micro-encapsulation research. In the future, it is recommended to

select a lower fortification dose for SMFS to analyze possible sensory evaluation benefits.
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1.0 INTRODUCTION

Food is vital for living, proper body functioning and overall health. Micronutrients and
macronutrients are obtained from food and utilized by the body for numerous biochemical
reactions and processes. However, micronutrient intake is commonly overlooked because it is
needed in much smaller quantities than macronutrients. Globally, iron, iodine, folate, vitamin A
and zinc are the most deficient micronutrients in the diet (Bailey and others 2015). The most
susceptible populations for these deficiencies are children and pregnant women (Fulgoni and
others 2011; Keast and others; 2013 Malpeli and others 2013). Iron deficiency is constantly
listed as a worldwide problem, including in the United States, regardless of worldwide awareness
and numerous strategies to fight the issue. The World Health Organization (WHO 2016)
reported that one third of the world’s population, 2 billion people, suffers some level of iron
deficiency.

Iron plays very important roles in the functionality of the hemoglobin protein, part of the red
blood cell, which is responsible for carrying oxygen throughout the body. Each red blood cell
contains approximately 280 million hemoglobin molecules, and each hemoglobin molecule
contains four iron atoms with strong affinity to oxygen (Savada and others 2008). Anemia is the
result of poor red blood cell functionality, and it is usually diagnosed based on hemoglobin levels
in the blood rather than red blood cell counts. Iron content generally reflects the ability of red
blood cells to work efficiently. On average, blood contains 13.5-17.5 g hemoglobin/dL in
healthy individuals (Marthur and others 2011).

Iron deficiency and anemia lead to problems that might persist throughout the life of the
affected individual. Premature births, maternal and fetal death, low immunological competency,

and impair psychomotor development are some of the consequences of consistent iron intake and



absorption (Cheravil 2011; Georgiff 2011). Bioavailability of iron in foods depends on many
factors. Iron found in red meats is known to be in a heme structure, or porphyrin ring, which is
higher in bioavailability than non-heme iron sources found in plant-based products (Bothwell
1979). Most enzymes and biochemical processes involved in the absorption and utilization of
iron require iron (Fe *2) in a heme structure due to binding/activation site specificity (Palmer
2014). Recommended iron intake is commonly reported as Recommended Dietary Allowance
(RDA), which is the average daily intake sufficient to meet the nutrient requirements of 97-98%
of healthy individuals. Iron RDA values in the United States range between 7-18 mg/day, with
adults and pregnant women having the highest requirements (Gibson and others 2014).
Vegetarians and women are advised to have double the iron intake compared to the rest of the
population through a variety of foods, supplements and fortified foods.

The two most widely approaches to fighting malnutrition are food fortification and
micronutrient supplementation.  Supplementation through pills or capsules, provides large
amounts of a specific nutrient and it is the most immediate solution to increase micronutrient
status (Lindsay and others 2006). Food fortification is defined as the practice of adding
micronutrients to a food in order to improve nutritional quality of the food supply and public
health (Lindsay and others 2006). Also, food fortification is relatively cheap compare to other
strategies and has long-lasting benefits for an entire population (Horton 2008). There is many
successful fortification programs (Martorell and others 2015; Tazhibayey and others 2008) but
many others have failed to increased micronutrient status for a target population (Dos Santos and
others 2015). When fortifying a food, it is important to consider current micronutrient status, the
properties of the food, the target population, intake of the food by the target population,

micronutrient stability and bioavailability, distribution, cost, and many other factors. Despite



known problems with food fortification, it is currently the most promising and cost-effective
strategy to reduce malnutrition on a global scale (Fiedler and others 2009).

Iron compounds for fortification, or iron fortificant, can be divided into four groups:
group 1, with the highest bioavailability, are compounds soluble in water; group 2 are poorly
water soluble compounds; group 3 are water-insoluble compounds; and group 4 includes
encapsulated compounds (Allen and others 2006). Iron is considered one of the most
challenging micronutrients to add to foods because as fortificant bioavailability increases its
potential to negatively affect organoleptic attributes increases as well (Linsday and others 2006).
Recently encapsulated iron compounds have received special attention because of their potential
to reduce sensory changes in foods. Microencapsulation can help mask iron distinctive color and
taste. It can also can help increase iron stability by providing a barrier against undesirable
reactions (Dubey and others 2009). For example, microencapsulation has promising applications
in reducing the initiation of lipid oxidation in milkfat. lron, a pro-oxidant, when added to foods
can produced distinctive oxidation reactions with unsaturated fats leading to the development of
rancid flavors (Frankel 2014).

In the United States, majority of milk is consumed as cheese, ice-cream, yogurt, or other
dairy product. In 2013, per capita consumption of natural cheeses was 33.7 pounds (IDFA
2016). Cheddar cheese consumption alone represents 28.50% of the total cheese consumption in
the United States (IDFA 2016). Milk and cheese are naturally very low in iron. A serving of
Cheddar cheese (28 g) provides 113 kcal, 6.40 grams of protein, 9.33 grams of fat, 199 mg of
calcium, 8 mg of magnesium, and very small amounts of zinc (1.02 mg) and iron (0.04 mg)

(USDA National Nutrient Database for Standard Reference 2016). Fortification of staples foods,



such as cheeses in the United States, with iron can increase their nutritional status and potentially
reduce iron deficiency and anemia status.

Zhang and Mahoney (1988, 1990) fortified Cheddar cheese with iron but they didn’t
report any formal sensory evaluation results, and most importantly, some of the selected iron
compounds were not suitable for food fortification due to limited information about their
bioavailability (Allen and others 2006). Rice and McMahon (1998) fortified Mozzarella cheese
with whey-iron complex compounds but negative sensory attributes, including metallic taste and
off-odors, were reported. When looking at bioavailability, encapsulated ferrous sulfate showed
better results in terms of bioavailability when compared to non-encapsulated iron compounds but
no information was provided about acceptance of the product or its sensory characteristics
(Boccio and others 1997). Besides bioavailability, it is important to consider particle size when
fortifying foods. Wegmuller and others (2004) found that reducing particle size of micro-
encapsulated ferric pyrophosphate, from 21 um to 0.5 pum, increased bioavailability by 50%,
leading to questions about the ideal particle size for absorption (Motzok and others 1975). More
research is necessary to assess appropriate particle size standards in food fortification, especially
when working with micro-encapsulated compounds.

Divalent cation minerals can displace one another in many biochemical systems and
reactions, mainly because of their similar charge (+2) (Vasudevan and others 2002). Gonzasles-
Martin and others (2009) found that mineral profile in cheese played a key role in ripening time
and cheese yield. Also, some minerals are known to play important roles in cheese-making,
such as, coagulation process, whey draining, and curd texture (Patifio and others 2005).
Furthermore, in Cheddar cheese successfully fortified with zinc sulfate (Kahraman and Ustunol

2012) authors suggested a possible zinc-calcium displacement at the casein micelle level. The



major milk proteins, caseins, have strong affinity to divalent cations. Binding affinity depends on
different factors including pH, ionic strength, temperature and phosphate group content (On-
Nom and others 2010). The goal of fortification is to increase nutritional content in a food and
the addition of iron should not comprise other nutrients. It is expected that fortified foods should
have a similar nutrient content as non-fortified foods (except for the added mineral). If there is
any mineral displacement in cheese, the displaced divalent cation mineral (calcium, magnesium
or zinc; nutritionally important and present in significant amounts in cheese) will be lost during
the whey-draining and cheese-pressing steps. Currently, there is limited literature available on

divalent cation balance disturbances when fortifying cheese.



2.0 HYPOTHESIS & OBJECTIVES
2.1 HYPOTHESIS

Ferrous sulfate was selected for the fortification of Cheddar cheese because of its high
iron bioavailability. Furthermore, only micro-encapsulated salts, with two different sizes, were
chosen because of the potential for fewer organoleptic and compositional changes compared to
non-microencapsulated iron salts.

This study hypothesizes that fortification of Cheddar cheese with micro-encapsulated
ferrous sulfate will increase iron content with no major compositional changes after 90-day
aging. The addition of iron (Fe*?) to Cheddar cheese will produce some divalent cation balance
disturbances in the matrix due to iron replacing calcium, or any other divalent cation mineral, in
the casein micelle.  Additionally, it is expected that reducing the size of micro-encapsulated

ferrous sulfate will affect iron retention and sensory attributes.

2.2 OBJECTIVES

1. To successfully develop a strategy to fortified Cheddar cheese with micro-
encapsulated ferrous sulfate.

2. To evaluate the effect of micro-encapsulated ferrous sulfate on Cheddar cheese
quality.

3. To assess composition, lipid oxidation and sensory differences when fortifying
Cheddar cheese using iron fortificants with different particle size.

4. To evaluate divalent cation balance disturbances when fortifying Cheddar cheese

with iron.



3.0 LITERATURE REVIEW

3.1 Micronutrient deficiencies

Humans obtain macronutrients and micronutrients from a variety of food sources but it is
known that nutritional requirements for each individual depend on many factors including age,
sex, geographical location, ethnicity, weight, height, and environment (Black 2014). The human
body needs large amounts of macronutrients for energy and uses micronutrients (in smaller
quantities) to enable biochemical reactions essential for body functioning (UNICEF 2016). A
diet consisting of a variety of nutrient-dense foods is necessary to maintain a healthy status but
usually micronutrient intake is overlooked because they are needed in much smaller quantities
than macronutrients. Globally, iron, iodine, folate, vitamin A and zinc deficiencies are the most
common problems, which lead to poor growth, intellectual impairment, and an increased risk of
disease and death (Bailey and others 2015).

The populations most vulnerable to malnutrition are pregnant women and their children,
especially in developing countries. Studies assessing micronutrient deficiencies in India (Pathak
and others 2004), Nepal (Jiang and others 2005), Southeast Asia (Seshadri 2001), and Argentina
(Malpeli and others 2013) reported high numbers for iron, iodine, folate, vitamin A and zinc
deficiencies among pregnant women, with zinc and iron deficiencies receiving special attention
due to their high prevalence (40-50% of the pregnant women surveyed). Pregnant women are
vulnerable to malnutrition because their nutritional requirements increase in order to compensate
for fetal growth and other metabolism changes (Tennant 2014). The American Institute of
Medicine (I0OM 2002) recommends no energy increase for the first trimester, a daily increase of
340 Kcal/day during the second trimester, and a 450 kcal/day increase during the third trimester.

Nutrient deficiencies during pregnancy can bring short- and long-term consequences to both the



mother and fetus. Folic acid deficiency is known to be associated with neural tube defects, iodine
is essential for thyroid hormones, zinc is heavily involved in cellular metabolism and immune
system responses, vitamin A deficiency can affect immunity and vision, and iron is essential for
red blood cell integrity and functionality (Bailey and others 2015).

Globally, the prevalence of micronutrient deficiencies in children is also a serious
concern. Won and others (2014) reported that malnutrition is a current problem in China and that
zinc deficiency is more prevalent in children (< 18 y old) than rest of the population. A survey
done in Bhubaneswar, India, showed that average calcium intake in children (1-3 y old) was 288
mg/d compared to the ideal 1000 mg/d; this deficiency causes bone deformities and diarrhea, and
exacerbates skin infections (Karl and others 2014). According to the WHO (de Benoist and
others 2008), about 2 billion people around the world are iodine deficient, one third of them
being children; Europe, South East Asia and Sub-Saharan countries are the regions with the
highest iodine deficiency prevalence (approximately 50% prevalence). Adequate nutrient intake
is very important for child development. For example, iodine deficiency can impair growth and
cognitive and motor function (Zimmermann 2009). Any micronutrient deficiency can have fatal
consequences for individuals in any stage of life. Recent research had focused on iron and zinc
status.

Micronutrient deficiencies are usually associated with developing countries but
malnutrition is also a concern in developed countries. lodine deficiencies are common in
England, where there is 52% iodine deficiency prevalence (de Benoist 2008). Fulgoni and others
(2011) conducted a national assessment of the intake of 19 micronutrients in the United States
and reported that vitamin B, folate, zinc, thiamin, riboflavin, niacin, vitamin B12, phosphorus,

copper, iron and selenium deficiencies were present in 6-8% of the population. Also, Fulgoni



and others (2011) reported that Americans suffer more severe deficiencies in calcium,
magnesium, and vitamins A, C, D and E regardless of current fortification, supplementation, and
dietary recommendations, probably because their diet is low in whole grains, fruits, vegetables,
lean meats and milk. Keast and others (2013) conducted a national survey assessing food
sources and nutrients in the United States showing that foods consumed by children are energy-
dense but nutrient-poor. Another explanation for the current micronutrient deficiencies in the
United States is poverty, which is associated with low access to food, housing and health care
(Bailey and others 2015). As a matter of fact, malnutrition is part of a vicious cycle in which
malnutrition, poverty and disease co-exist resulting in poor food quality, inadequate food intake

and the spread of disease (WHO 2015).

3.2 Anemia and iron deficiency anemia

Anemia is a condition where there are not enough healthy red blood cells to adequately
carry oxygen to the tissues. On average, the blood of healthy men and women contains 4.7-6.1
cells/uL and 4.2-5.4 cells/uL, respectively (Marthur and others 2011). Anemia can be the result
of vitamin deficiencies, some chronic diseases, sickle cell anemia and other factors, but the
number one cause for anemia is iron deficiency (Camaschella 2015). Therefore, iron deficiency
anemia is defined as the result of consistent inadequate dietary iron consumption causing very
low levels of red blood cells (Brody 2011). According to the World Health Organization, one
third of the world’s population, 2 billion people, suffers some level of iron deficiency (WHO
2015b). Iron deficiency is more prevalent in infants and young children in Southeast Asia and

Africa, but also present in the United States (Fulgoni and others 2011).



In Ghana, Ewusie and others (2014) reported that 78.4% of children (< 5 y old) were
anemic and that 7.8% were severely anemic due to iron deficiency. Won and others (2014)
showed that iron deficiency in China is more prevalent in children (< 18 y old) when compared
to the rest of the population, leading to severe negative consequences in cognitive development
that might persist throughout the life of the individual. Other short- and long-term consequences
of iron deficiency include premature births, maternal and fetal death, low immunological
competency, and impair psychomotor development in children and adults (Cheravil 2011,
Georgiff 2011). In addition, the WHO stated that iron deficiency and anemia are contributors to
the poverty cycle in developing countries because both conditions reduce work capacity, which

has serious economic consequences (WHO 2016).

3.3 Iron

Iron is an essential mineral because it plays important roles in many biochemical
processes. Iron is a key component of the hemoglobin protein, part of the red blood cell, which is
responsible for carrying oxygen throughout the body. Each red blood cell contains
approximately 280 million hemoglobin molecules, and each molecule contains four iron atoms,
which have strong affinity to oxygen. Consequently, hemoglobin can transport up to four
oxygen molecules (Savada and others 2008). Anemia is usually diagnosed based on
hemoglobin levels in the blood rather than red blood cell counts. On average, blood contains
13.5-17.5 g hemoglobin/dL in healthy individuals (Marthur and others 2011). Hemoglobin
levels reflect the ability of red blood cells to carry oxygen, while, red blood cell counts do not
indicate the number of red blood cells that can function correctly. Iron is stored in the liver as

hemosiderin and ferritin, and is transported when needed by transferrin (Wang and others 2009);

10



levels of hemoglobin, transferrin saturation, serum ferritin, transferrin receptors, total iron
binding capacity and erythrocyte protoporphyrin are usually used as biomarkers to assess iron

status and anemia (Thompson 2011).

Table 3.3.1. Recommended Daily Allowance for Iron (mg/day). Adapted from U.S. Institute
of Medicine 2001.

Age Male Female Pregnancy Lactation

7-12 months 11 11 N/A N/A

1-3 years 7 7 N/A N/A
4-8 years 10 10 N/A N/A
9-13 years 8 8 N/A N/A
14-18 years 11 15 27 10
19-50 years 8 18 27 9

51+ years 8 8 N/A N/A

Iron is naturally found in a variety of foods. Red meats and animal-derived products
contain iron in a heme structure. This iron is more bioavailable to the body than non-heme iron
present in nuts, vegetables, and beans (Bothwell 1979). Most enzymes and biochemical
processes involved in the absorption and utilization of iron have binding/activation sites that
require iron (Fe *2) in a porphyrin ring structure, commonly found in animal tissues (Palmer
2014). Consequently, iron bioavailability depends on the heme structure, food composition, and
physiologic and metabolic necessities of each individual (Whittaker and others 2001). The
Dietary Reference Intake (DRI) for iron is age-, sex-, and population-specific. Recommended
iron intake is commonly reported as Recommended Dietary Allowance (RDA), which is the
average daily intake sufficient to meet the nutrient requirements of 97-98% of healthy
individuals. Iron RDA values are between 7-18 mg/day, with adult and pregnant women having
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the highest requirement (Table 3.3.1). Vegetarians are another important population to consider
with respect to RDA values because they obtain iron from non-heme sources; children and adults
following a vegetarian diet usually have lower serum ferritin (iron stores) levels compared to
meat eaters (Gibson and others 2014). Vegetarians and women are advised to have double the
iron intake compared to the rest of the population through a variety of foods, supplements and

fortified foods.

3.4 Food fortification

Solutions to micronutrient deficiencies include: monitoring of micronutrient intake of
single individuals, increasing food accessibility, nutrition education programs, diet supplements,
bio-fortification (the process of increasing nutritional status of food crops through agronomic
practices, conventional plant breeding, or modern biotechnology), and food fortification, each of
which has specific advantages and disadvantages. The two most widely used approaches to
fighting malnutrition are food fortification and food supplementation. Food fortification is
defined as the practice of adding micronutrients to a food in order to improve nutritional quality
of the food supply and public health; it provides a strategy for preventing deficiencies by slowly
increasing micronutrient status at population level. On the other hand, food supplementation,
through pills or capsules, provides large amounts of a specific nutrient and it is the most
immediate solution to increase micronutrient status (Allen and others 2006). Food fortification is
considered the most appropriate solution at a large scale because it is relatively cheap and has
long-lasting benefits for a population (Horton 2008). The goal of fortification is to improve food
quality. Consequently, it has the potential to reduce current micronutrient deficiencies and
prevent future problems. In other words, food fortification tries to completely eradicate
micronutrient deficiencies in a population.
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Developing countries have a long history of using fortification to fight vitamin A, iodine,
iron, and riboflavin deficiencies. lron has been used to fortify wheat and corn flours in different
countries leading to a decrease in the prevalence of anemia. For example, after the mandatory
fortification of cereal flours in Costa Rica, anemia and iron deficiency prevalence in children
decreased significantly, showing the success of fortification programs (Martorell and others
2015). Also, iodine and iron status of children and pregnant women increased significantly after
the implementation of food fortification programs in Azerbaijan, Kazakhstan, Kyrgyzstan,
Mongolia, Tajikistan, and Uzbekistan (Tazhibayey and others 2008). In the United States, table
salt started to be fortified with iodine during the 1920s, vitamin D was added to fluid milk in the
1930s, vitamin A was added to milk in the 1940s, and cereal flours were fortified with vitamin B
and iron by the 1950s. Table salt was recommended for iodine fortification by Michigan State
Medical Society (1937) in response to the alarming goiter number cases in the Midwest at the
beginning of the twentieth century. Milk was selected for Vitamin D fortification because it was
considered a perfect vehicle to deliver Vitamin D and reduce rickets cases (Hess 1932). The
medical community played important roles in promoting and advertising the fortification of salt
and milk (Weart 1938). Vitamin A was added to milk for other reasons, during milk
standardization some vitamin A, fat soluble, is loss in low-fat dairy products. In order to
compensate the loss of vitamin A during milk processing vitamin A is added (Dairy Practices
Council 1993), iron and vitamin B were added to flours based on the same concept. After the
removal of the bran and germ (milling process) in wheat kernels, a large portion of vitamins B
and iron are lost and in order to compensate the decrease in nutritional value during milling

(Dewettinck and others 2008) the micronutrients are added back as fortificants.
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Overall, implementation of American food fortification programs resulted in significant
nutrition improvement (Bishai 2002). Recently, a variety of different micronutrients have been
added to a range of different foods in order to meet for the constant demand for more “healthier”
and nutritious foods. The addition of calcium, since the 1980s, to juices has been voluntary
(Allen and others 2006), more for marketing than nutritional purposes. Mandatory fortification
is implemented by the government and specifies the micronutrients and the foods to be fortified.
On the other hand, voluntary fortification is encouraged by government but there is no legal
obligation. Voluntary fortification must provide potential benefits to consumers and must be
approved by the government (Allen and others 2006). Mandatory and voluntary guidelines, and
recommendations for food fortification differ among countries and are based on current
deficiencies and potential benefits (Allen and others 2006). In the U.S., the Food Drug
Administration mandates that flours should be fortified with iron, folic acid, niacin, riboflavin
and thiamin (FDA 2016d). Also, it has specific guidelines for the addition of folic acid and
thiamin to rice, iodine to commercial table salt and Vitamin D and/or Vitamin A to fluid milk
(FDA 2016a). Other products such as iron in infant formula follow mandatory fortification
regulation and are added to foods in order to target a specific group at risk (infants in this
example).

Food fortification is not a suitable solution for all populations and many factors need to
be considered before it is implemented in a given country. Dos Santos and others (2015)
reported that current mandatory iron fortification of wheat and corn flours failed to meet iron
daily recommended iron intake because the amount of flour consumed by the general population
was not enough to provide a significant iron source; consequently, fortification failed to decrease

anemia prevalence in Brazil. In Africa, fortification programs failed because they did not reach
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the most susceptible populations. Communities with highest micronutrient deficiencies in
Malawi, Senegal, and Tanzania are located in rural areas where foods are obtained from local
farms and people often do not have access to commercially fortified foods (Mildon and others
2015). In addition, the success of any food fortification program depends on economic
development of a country since it requires modern food-processing facilities, distribution
infrastructure, regulatory support, and a monitoring system (Bishai 2002). When fortifying a
food, it is important to consider current micronutrient status, the properties of the food, the target
population, intake of the food by the target population, micronutrient stability and
bioavailability, distribution, cost, and many other factors. Despite known problems with food
fortification, it is currently the most promising and cost-effective strategy to reduce malnutrition
on a global scale (Fiedler and others 2009). In a cost-benefit analysis done by the WHO (Allen
and others 2006), iodine, vitamin A, and iron fortification had significant high benefits based on
the prevalence of micronutrient deficiencies and economic situations of many low-income
countries. In the same report it was concluded that fortification becomes increasingly cost-
effective as increasing number of micronutrient deficient individuals are reached (Allen and

others 2006).

3.5 Iron fortificants

A variety of compounds can be used for iron fortification. Currently, the WHO
recommends at least 20 compounds for fortification. Each iron compound has unique
characteristics; iron content, bioavailability, cost and chemical interactions with a food are
specific for each compound. Iron fortificants can be divided into four groups: group 1, with the

highest bioavailability, are compounds soluble in water such as ferrous sulfate, ferrous
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gluconate, and ferrous lactate; group 2 are poorly water soluble compounds such as ferrous
fumarate, and ferrous succinate; group 3 are water-insoluble compounds such as ferric
orthophosphate, ferric pyrophosphate, and elemental iron; and group 4 includes encapsulated
compounds such as ferrous sulfate and fumarate (Allen and others 2006). When formulating an
iron fortified-food, the selection of fortificant will depend on bioavailability, food matrix
compatibility, possible sensory changes, and food processing steps. Indeed, iron is considered
one of the most challenging micronutrients to add to foods because as fortificant bioavailability
increases its potential to negatively affect organoleptic attributes increases as well (Linsday and
others 2006). Water soluble iron compounds are the most likely to produce rancid flavors,
degrade other nutrients, and cause color and flavor changes. Water soluble compounds are
commonly used in flours and cereals, ferrous sulfate being the most popular because it is
inexpensive. Group 2 compounds have moderate bioavailability. Group 3 compounds are the
least desired iron forms for fortification but are still used in the food industry because of their
low price and low impact on sensory attributes. Further details on bioavailability, solubility and
cost of iron compounds are shown in Table 3.5.1.

The data collected on the efficacy of iron compounds in decreasing anemia prevalence
around the world are often in disagreement. It is usually assumed that highly bioavailable
compounds are potentially most successful in improving iron status. Dos Santos (2015) reported
that the wheat fortification program in Brazil failed to increase iron status for the general
population because of the use of elemental iron, a water insoluble compound with low
bioavailability. Successful iron fortification initiatives, such as the one in Costa Rica, have
shifted from the use of elemental iron to ferrous bisglycinate, a water soluble compound

(Martorell and others 2015). In Venezuela, ferrous fumarate, a poorly water soluble compound,
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used in the fortification of wheat and corn flours has successfully decreased anemia prevalence

(Layrisse 2002).

Table 3.5.1. Iron content, relative bioavailability and relative cost of available iron compounds
for food fortification. Guidelines for on food fortification with micronutrients. World Health
Organization. Adapted from Allen and others 2006.

Iron
content Relative Relative cost

Compound (weight %) | bioavailability * (per gm)
Water Soluble

Ferrous Sulfate 33 100 1.0

Ferrous gluconate 12 89 6.7

Ferrous lactate 19 67 7.5

Ferrous bisglycinate 20 100 17.6

Ferric ammonium citrate 17 51 4.4

Sodium iron EDTA 13 100 16.7
Poorly water soluble

Ferrous fumarate 33 100 2.2

Ferrous succinate 33 92 9.7

Ferric saccharate 10 74 8.1
Water insoluble

Ferric orthophosphate 29 25-32 4.0

Ferric pyrophosphate 25 21-74 4.7

Elemental iron, Hydrogen reduced 96 13-148 0.5

Elemental iron, carbon monoxide reduced 97 12-24 1.0

Elemental iron, electrolytic 97 75 0.8
Encapsulated forms

Ferrous sulfate 16 100 10.8

Ferrous fumarate 16 100 17.4

& Relative to ferrous sulfate, in either human or rat studies.

b Relative to ferrous sulfate.
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3.6 Microencapsulation: A promising technology

Almost all available iron fortificants have distinct colors and taste that might make food
unacceptable. In South Asian countries, numerous attempts to fortify rice failed because of
consumer rejection due to intense yellow color formation, off-flavors and unusual chewiness
when adding iron (Prom-u-thai and others 2009). Negative organoleptic changes in iron fortified
products are caused by redox potential of iron, which can promote lipid oxidation reactions.
Transition metals, such as iron, have the ability to be oxidized or reduced when in contact with
oxygen, resulting in the formation of a free radical; free radical compounds are highly unstable
and are known to cause the degradation of lipids, vitamins, flavors, and pigments. Usually, the
degradation of food components results in the formation of epoxides, ketones, aldehydes, and
alcohol groups, which are associated with rancid and off-flavors in oxidized foods. Foods high
in unsaturated fats are susceptible to lipid oxidation because they contain electron-rich double
bonds that will easily react with electron-poor free radicals (Frankel 2014).

Recently encapsulated iron compounds have received special attention because of their
potential to reduce sensory changes in foods. Encapsulation is the process of coating a target
particle with a membrane for specific purposes. Microencapsulation refers to encapsulates
ranging in size from 1 pm to 2 um diameter. The most widely used coating materials are
polymers such as ethyl cellulose, polyvinyl, gelatin, and sodium alginate. Freeze- and spray-
drying technologies are commonly used to produce microencapsulates at a commercial level,
spray-drying consists in the conversion of a liquid into a powder using a stream of heated air,
while, freeze-drying consists in the conversion of liquid to a powder by sublimation using a
vacuum system. In both methods, the active compound is suspended or dissolved in a polymer
solution, and when “drying” techniques are applied active compounds will become trapped
(Figure 3.6.1) (Dubey and others 2009).
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In foods, microencapsulation is done to increase stability and to protect the active
material from undesirable reactions with environmental conditions or food components. Usually
aroma and flavor compounds, probiotics or micronutrients are isolated from their surroundings
during microencapsulation in order to reduce chemical degradation (Dubey and others 2009).
Microencapsulation of fish oils and spice extracts with maltodextrin and gum Arabic using spray
drying significantly improved aroma and lipid stability (Edris and others 2016). Micro-
encapsulation of crude palm oil with cassava starch improved oxidative parameters and color,
also, total carotenoids and peroxide values significantly improved with micro-encapsulation
(Ferreirra and others 2016). Also, soy protein has been used to micro-encapsulate Vitamin A
and Vitamin E, which are susceptible to lipid oxidation. The soy capsule significantly reduced
oxygen interactions and reactivity (Nesterenko and others 2013). Microencapsulated probiotic
bacteria showed increased cell viability in a simulated gastrointestinal system (Dolly and others
2011). In Spain, orange juice fortified with iron pyrosphosphate coated with lecithin improved
iron status in menstruating women showing the potential usefulness of this technology for
fighting anemia (Blanco-Rojo and others 2011). This technology could be used for fortifying

many ‘“healthy” products such as polyunsaturated fats, micronutrients and probiotics.

Polymer + active

compound Drying Microcapsules
0 OOOOo i .0:'0..‘ —> — Active material
0 DAOC -
[©OOC0leseese Spray-drying

Coating (Shell)

Figure 3.6.1. Microencapsulation process. Adapted from Dubey and others 2009.
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3.7 Milk and cheese composition
3.7.1 Milk

Milk is an important source of calories, micronutrients and macronutrients. Fluid milk in
the United States is defined as the lacteal secretion obtained from cows. By law, commercial
milk should be pasteurized or ultra-pasteurized and shall contain no less than 8.25% Milk-Solids-
Non-Fat (MSNF) and no less than 3.25% milkfat. Vitamin A and Vitamin D addition is
optional, and other ingredients such as carriers for vitamins, emulsifiers, flavoring compounds,
and stabilizers can be added as well (FDA 2016a). Other countries may include goat, camel,
sheep and buffalo milk. The composition of milk varies depending on species, breed, nutrition,
environmental factors, and stage of lactation. The most common breeds used in milk farming in
the U.S. are Holstein and Jersey. On average, the composition of milk in the United States is
88.32% water, 4.52% carbohydrates, 3.25% fat, 3.3% protein and 0.69% ash (Table 3.7.1)
(Jenkins and McGuire 2006). The main carbohydrate in dairy products is lactose. Casein, 80%,
(0-s1, a-s2-, B-, and k-caseins) and whey, 20%, (R-lactoglobulin, o-lactalbumin, bovine serum
albumin and immunoglobins) proteins are the most abundant proteins in milk (Farkye and
Nagendra 2015). Ash is composed of calcium, magnesium and other trace minerals. Milkfat is
composed mostly of saturated fats (64.9%) and small amounts of monosaturated (28.3%) and
polyunsaturated fats (6.8%) (Jenkins and McGuire 2006).

The standard of identity for milk mainly addresses adulteration, pasteurization, milkfat
and MSNF requirements (FDA 2016a). Standardization is commonly used in milk to achieve
uniformity nationally and to meet the legal requirements. Milk standardization is commonly
used to meet the standard of identity, in this process, milk is fractionated into skim milk (0.5%

milkfat) and cream using centrifugal separation. Then, the fractions are mixed together again,
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adjusting milkfat to 3.25% (or any other milkfat target) and MSNF to 8.25% (Walstra and others
1999).

Table 3.7.1. Average milk composition in the United States. Adjusted from: Jenkins and
McGuire 2006.

Component Weight Percent, %
Water 88.32
Protein 3.22
Ash 0.69
Carbohydrate 4.52
Fat 3.25

Extensive research has been done in milk proteins for many years. Casein micelles,
spherically shaped structures, are the consequence of strong association of casein molecues with
itself and with each other. Casein micelles range from 50 to 500 nm in diameter (Fox and
Brodkorb 2008). Models have been described trying to explain the properties and structure of
casein micelles but as of today there is no full understanding of their structure. Farkye and
Nagendra (2015) reviewed numerous accepted models such as submicelle, dual bonding, and
interlocked lattice models. Each model has unique properties but in all proposed models the
interior of the molecule is very hydrophobic with calcium-sensitive caseins located in the interior
as well. The surface of the casein structure is more polar than the interior and has the potential to
form colloidal calcium phosphates and hydrogen bonds with other casein subunits (Horne and
Banks 2004). Interactions between calcium, casein, and colloidal calcium phosphate bridges are
crucial for the structure of casein micelles. Whey proteins are defined as the proteins remaining

in solution after the precipitation of casein when milk is subjected to pH 4.6 and 30°C. By
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nature, whey proteins contain higher levels of leucine and cysteine compared to casein, and are
considered very important for skeletal and muscle development (Farkye and Nagendra 2015).
Calcium is naturally present in milk (314 mg/cup) and is very important for casein
micelle structure. According to the National Nutrient Database for Standard Reference (USDA
2016), other minerals present in milk are iron (0.12 mg/cup), magnesium (34 mg/cup),
phosphorus (245 mg/cup), potassium (397 mg/cup), sodium (127 mg/cup), and zinc (0.98
mg/cup). Milk is a nutrient-rich food but naturally low in important nutrients such as iron and
zinc that are important for children, women and immune compromised individuals. In the United
States the average daily intake of fluid milk is close to % cup, but children 2-11 years old
consume twice (1 % cups) as much milk as adults (Sebastian and others 2010). The estimated
U.S. per capita consumption of fluid milk in 2014 was 159 pounds (USDA Economic Research
Service 2016). The USDA, other nutritional organizations, and even the National Lunch School
Program in the U.S. strongly encourage the consumption of dairy products due to many scientific
studies proving numerous health benefits related to milk consumption. A total of 3 cups/ day of
dairy products is recommended. It is known that dairy consumers intake is as much as 180%
Vitamin D, 58% Vitamin A, 49% calcium, and 5% more protein than to non-dairy consumers
(Sebastian and others 2010). In conclusion, dairy products are considered an important staple in
the American diet and are necessary to meet current dietary recommendations (U.S. Department

of Health and Human Services 2010).

3.7.2 Cheddar cheese
In the United States, and around the world, most of the milk is not consumed as fluid

milk but as cheese, ice-cream, yogurt, or other dairy product. The estimated U.S. per capita
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consumption of all dairy products in 2014 was 614 pounds (USDA Economic Research Service
2016). Globally, the United States is the number 1 cheese producer; in 2013, the U.S. produced
11.1 billion pounds of cheese (IDFA 2016). Mozzarella (3.7 billion Ibs. annual production) and
Cheddar cheese (3.19 billion Ibs. annual production) are produced and consumed in the greatest
quantity in the United States. In 2013, per capita consumption of natural cheeses was 33.7
pounds (IDFA 2016). In the U.S., Cheddar cheese consumption alone represented 28.50% of the
total cheese consumption. Italian cheeses, including Mozzarella, accounted for 41.80% of the
total cheese consumption (IDFA 2016).

Mozzarella is a popular cheese around the world and is commonly used for the
preparation of different Italian dishes, including pizza. Mozzarella is traditionally manufactured
using Italian buffalo milk. In the U.S., Mozzarella is a white, high-moisture, and mild-flavored
cheese produced from cow milk (FDA 2016b). The cheese has good stretching properties after
melting, which make it perfect for pizzas and related products. Cheddar cheese is an American
style cheese, generally yellow or orange in appearance with mild to strong flavor profile and
semi-solid texture. For many years it was considered the most popular cheese in the U.S., but
was recently defeated by Mozzarella (IDFA 2016). The main ingredients in Cheddar are milk,
culture, rennet, annatto, and salt. The most commonly bacterial strains used in Cheddar cheese
are mesophilic and lactic acid producing bacteria, typically Lactococcus lactis subsp. lactis and
Lactococcus lactis subsp. cremoris (FDA 2016c¢). Starter culture, processing steps, and aging are
the main contributors in cheese flavor.

Cheddar cheese manufacturing follows similar processing steps as any other cheese
(pasteurization, addition of culture, rennet addition, cutting and curd cooking, whey draining,

milling, salting, hooping, pressing, and aging), but with the addition of a “Cheddaring step”. The
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Cheddaring step is typically added after whey draining and before milling. During this step the
curd is cut into blocks and flipped every 15 minutes until the target acidity is reached (0.62%
Titrable Acidity) (Walstra and others 1999). Starter culture, processing steps and aging are key
for the development of texture and flavors in Cheddar cheese. A serving of Cheddar cheese (28
g) provides 113 kcal, 6.40 grams of protein, 9.33 grams of fat, 199 mg of calcium, 8 mg of
magnesium, and very small amounts of zinc (1.02 mg) and iron (0.04 mg) (USDA National
Nutrient Database for Standard Reference 2016). Milk is very low in zinc and iron,
consequently, cheeses are also very low in these two important minerals. Fortification of cheeses
with important nutrients, like iron and zinc, can increase their nutritional status and potentially
reduce some micronutrient deficiencies since dairy products are considered an important staple

food in the United States.

3.8 Iron fortification of dairy products

Approaches for fortifying dairy products in the past had been unsuccessful for a variety
reasons; currently, there is limited information regarding this topic in the scientific community.
Zhang and Mahoney are considered two of the pioneers in iron fortification of dairy products.
Zhang and Mahoney (1989) fortified Cheddar cheese with iron; iron salts were added to the
cheese-milk during the early steps of the manufacturing process. In their study, ferric citrate,
ferric chloride, casein-ferric chloride protein complex, and whey-ferripyrophosphate protein
complex were selected as the iron fortificants. Overall, ferric chloride and iron-protein complex
sources had better percent recoveries but negative reported to enhance lipid oxidation reactions.
An acceptance sensory panel, seven scientists familiar with the study, described the samples as

having strong oxidized- and off-flavors. The same problem was reported by an acceptance
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sensory panel, ten scientists familiar with the study, in the fortification of milk with ferric
chloride and ferric citrate (Kurts 1973; Edmondon 1971). The iron-protein complex sources
were designed to provide high bioavailability and a fortification vehicle compatible with the
cheese matrix (Carmichael and others 1975; Zhang and Mahoney 1989). The process of making
iron-protein complex salts were developed by Zhang and Mahoney (1988) and Jones and others
(1972).

Zhang and Mahoney (1990) repeated their previous fortification approach in Cheddar
cheese but added whey-ferric chloride salt to their list of tested iron salts. The authors performed
a sensory evaluation using consumer acceptance testing (n=10) for the fortified products using a
trained panel (food scientists and nutritionists) and Quantitative Descriptive Analysis (QDA).
Oxidized- and off-flavors were induced by fortifying Cheddar cheese with ferrous sulfate (5 mo.
aged). Iron-whey complexes had the most acceptable results for sensory perception and lipid
oxidation assessment showing the potential success of these compounds in cheese fortification.
In addition, Reddy and Mahoney (1992) investigated the effect protein-iron complex salts on
coagulation enzymes during cheese-making, but found no inhibition or negative effects on
cheese clotting time or textural properties. It is important to note that adding ferric chloride is
not an approved method for fortifying foods. In addition, previously investigated iron salts are
considered very low in bioavailability (Allen and others 2006). Cheddar cheese research
contributed to a better understanding of cheese and iron fortification, but the results offered no
real solution to iron deficiency.

Rice and McMahon (1998) fortified Mozzarella cheese using ferric chloride, and whey-
iron and casein-iron salts; this was the first time that iron-protein complex salts were called

“Protein-chelated iron”. Chelating agents are commonly used to protect molecules by forming
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stable complexes, which will prevent interactions between the target molecule and the
surroundings. Fortification of Mozarella (50 mg Fe/kg of cheese) did not affect viscosity, color,
and lipid oxidation values. Cheeses were evaluated by trained panelists for the presence of
metallic flavors, oxidized flavors, and other undesirable flavors, all samples had strong metallic
and off-flavors resulting in low consumer acceptability (Rice and McMahon 1998). In summary,
ferric chloride and iron-protein compounds showed some positive results in Cheddar cheese but
not in Mozzarella, demonstrating that iron fortification research cannot be transfer to all types of
cheeses.

Micro-encapsulation technology has been introduced as an alternative tool to traditional
fortification methods for dairy foods. Ferrous sulfate coated with lecithin, showed similar
bioavailability as non-encapsulated ferrous sulfate (highest bioavailable iron compound) but
great potential in reducing sensory and lipid oxidation changes. In terms of bioavailability,
micro-encapsulated ferrous sulfate was observed to follow similar absorption mechanisms as
non-encapsulated ferrous sulfate (Boccio and others 1997). The proposed microencapsulate was
added to fluid milk and administered to children suffering some level of iron deficiency. After
120 days, encapsulated ferrous sulfate significantly increased hemoglobin, plasma iron and
ferritin levels in the children (Boccio and others 1997). No information was provided about
acceptance of the product or its sensory characteristics.

Other dairy products, such as yogurt, have been fortified with ferrous bisglycinate,
ferrous lactate, and micro-encapsulated ferrous sulfate (Nkhata 2013). Non-encapsulated iron
salts produced noticeable and undesirable color changes in natural yogurt. Micro-encapsulated
ferrous sulfate did not cause major color changes and had similar sensory scores as unfortified

yogurt. Askary and Bolandi (2013) fortified yogurt with ferric chloride, and ferric chloride-
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protein complexes and showed that the three salts were suitable for fortification based on their
sensory evaluation.

As previously stated, Zhang and Mahoney (1988, 1989) demonstrated that ferric chloride
and their protein-chelated had some potential in not producing major sensory changes in Cheddar
cheese but the use of ferric chloride in foods was not approved by any nutritional organization.
Also, iron fortified Cheddar cheese lacked a more complete sensory evaluation analysis since
Zhang and Mahoney only assessed acceptability differences using a small sensory panel (<10)
composed of either food scientists or nutritionists. There is limited information about the
bioavailability and absorption of ferric chloride compounds, other more suitable compounds for
fortification are recommended by nutritional experts. Ferrous sulfate and other water soluble
iron compounds are recommended in food fortification but avoided because their negative
impact on sensory attributes. Fortification using iron water soluble compounds is possible
through micro-encapsulation but there is limited information on this emerging technology. For
example, Wegmuller and others (2004) found that reducing particle size of micro-encapsulated
ferricpyrophosphate, from 21 um to 0.5 um, increased bioavailability and absorption, leading to
questions about the ideal particle size for fighting iron deficiency. Similar results were observed
in non-encapsulated iron salts, and iron absorption of compounds with low bioavailability were
similar that of ferrous sulfate when particle size was decreased by 50% (Motzok and others
1975). More research is necessary to assess appropriate particle size standards in food
fortification, especially when working with micro-encapsulated salts. Micro-encapsulation is the
new approach to fortified foods, but this technology is opening the door to many questions and

variables that need to be addressed before implementing it in any food fortification program.
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3.9 Divalent cation displacement in cheese

The average ash content of fluid milk is 0.70% (Jenkins and McGuire 2006). Ash is
referred as the total mineral content in a food product. The mineral composition of milk (Table
3.9.1) is composed of different salts: phosphates, citrates, chlorides, sulfates, carbonates, and
bicarbonates of sodium, potassium, calcium, and magnesium; and trace element such as, iron,
zinc, copper, silicon and iodine (Fox and McSweeney 1998). In general, all minerals play
important roles in the stability of milk and most importantly in milk proteins. Mineral salts are
important for maintaining electrical neutrality, isotonic balance between blood and milk, and the
formation of casein micelles (Holt 1985). Calcium (+2) is very important for the formation of
casein micelles units (calcium-casein complex systems). As mentioned previously, multiple
models have been proposed describing the interactions between calcium, casein, and colloidal
calcium phosphate in the stabilization of the casein micelle molecule (Farkye and Nagendra
2015). Overall, the interior of the casein micelle is very hydrophobic with strong affinity towards
calcium. On the other hand, the surface of the casein is more polar than the interior and has the
potential to form colloidal calcium phosphates and hydrogen bonds with other casein subunits
(Horne and Banks 2004).

Milk is a system composed of a water and a fat phase (emulsion). Casein proteins are
associated with the fat phase, calcium and most minerals can exist in both phases (Fox and
McSweeney 1998). Colloidal minerals are very important for casein micelle structure,
consequently, very important for cheese production and quality. Gonzasles-Martin and others
(2009) found that mineral profile in cheese played a key role in ripening time and cheese yield,;
potassium and phosphorous were found to have a positive correlation with cheese yield.

Furthermore, mineral content influences cheese production in many more ways since it is known
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that some minerals participate in the coagulation process, whey draining, and curd texture
(Patifio and others 2005).

One important problem that has never been addressed in iron fortification is the
possibility of mineral displacement within the food matrix. Divalent cation minerals are well-
known for displacing one another in many biochemical systems and reactions. For example,
calcium (+2) and magnesium (+2) share common biochemical pathways because of their
identical charge. In the body, both minerals are transported by Ca/Mg-ATPase (Fox and
McSweeney 1998). Also, the concentration of both minerals are strongly related to citrate and
phosphate concentrations in milk (Fox and McSweeney 1998, Vasudevan and others 2002). In
Cheddar cheese successfully fortified with zinc sulfate (Kahraman and Ustunol 2012), protein
content was unexpectedly higher than in unfortified Cheddar cheese. The authors suggested that
the zinc contributed to bridging and crosslinking between casein micelles, similar to calcium ion
naturally present and responsible for curd formation in cheese making. Kahraman and Ustunol
(2012) suggested a possible zinc-calcium displacement mechanism, supported by the lower
amount of calcium in zinc-fortified Cheddar cheese. When fortifying Turkish white cheese with
zinc (Gulbas 2005), a similar divalent displacement theory was suggested explaining the

successful retention of zinc (+2) in the matrix.

A portion of Cheddar cheese (100 g) contains the following divalent cations amounts:
3.43 mg of zinc, 0.16 mg of iron, 27 mg of magnesium and 675 mg of calcium (USDA 2014).
The addition of iron, or any other mineral, should not comprised other nutrients when fortifying
Cheddar cheese. It is expected that fortified foods should have a similar nutrient content as non-
fortified foods (except for the added nutrient). If there is any mineral displacement in cheese, the

displaced mineral will be lost during the whey-draining and cheese-pressing steps. Calcium,
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iron, zinc and magnesium content in iron fortified Cheddar cheese is very relevant due to their
importance in nutrition and health. But also, any possible mineral changes caused by the
fortification process can potentially affect cheese quality. Currently, there is limited literature

available on divalent cation balance disturbances in cheese.

Table 3.9.1. Mineral composition (mg or pg) of bovine milk.
Adapted from: Flynn and Power 1985.

Mineral Average content in milk (ug or mg/ L)
Potassium (mg) 1500
Sodium (mg) 1200
Chloride (mg) 950
Phosphorous (mg) 950
Sodium (mg) 500
Magnesium (mg) 120
Zinc (Mg) 3500
Silicon (ug) 2600
Iron (ug) 500
lodine (pg) 260
Copper (Ug) 200
Molybdenum (ug) 73
Manganese (ug) 30
Nickel (ug) 25
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4.0 MATERIALS & METHODS
4.1 Micro-encapsulated ferrous sulfate salts

Micro-encapsulated ferrous sulfate with an approximate diameter of 700-1000 um per
particle, and micro-ionized/encapsulated ferrous sulfate with a 220-422 um diameter per particle
were obtained from Dr. Paul Lohmann Inc. (Emmerthal, Germany); both iron salts are coated
with hydrogenated palm oil. Iron salts were assumed to be sterilize based on the current GMPs,
pharmacopoeia and international food regulations followed by the manufacturer. Standard
microbial plate counts (SPC) were performed in triplicates to collaborate the presence of no
microbial agents in the iron salts.

For the fortification dosage, 30% (4.5 mg) of the Iron Daily Recommended Allowance
(RDA) per serving was selected. Assuming an average RDA of 15 mg/day Fe in the United
States. Table 4.1.1 shows the amount of iron salt added to Cheddar cheese based on the iron

content of each fortificant.

Table 4.1.1. Ferrous sulfate treatments and fortification dosage.

Fe*?
Diameter Content*  Fortification

Treatment Fe* Source (um) (%) dosage**
Control N/A N/A N/A N/A

Large Micro-encapsulated 700-1000 16.8 0.95
LMFS ferrous sulfate

Small Micro-encapsulated 220-422 9.0 1.78
SMFS ferrous sulfate

*wt/wt percentage
**g micro-encapsulated ferrous sulfate/kg Cheddar cheese
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4.2 Starter culture activity

In order to assess the potential effect of iron salts on Cheddar cheese starter culture a
preliminary study was conducted to monitor bacterial growth, pH and Titratable Acidity (TA).
Non-fat milk powder (NFDM) (Amresco, Ohio, USA) was rehydrated with distilled water to a
final concentration of 12% wt /v (660 mL water and 90 g NFDM). Reconstituted milk was
pasteurized using a batch pasteurization process (30 min, 163°C), then divided into three batches
(SMFS, LMFS, and Control). Flasks were fortified with ferrous sulfate as shown in Table
4.1.1. Commercial Cheddar cheese starter culture consisting of Lactococcus lactis subsp. lactis
and Lactococcus lactis subsp. cremoris (F-DVS 980 CHR Hansen, Hoersholm, Denmark) was
added to each flask at a final concentration of 1% wt /wt. Treatments were mixed for 10 min and
incubated at approximately 32°C for 6 h. Samples were collected at 0, 30, 60, 120, 180, 240,
300, and 360 min. At each time point 15-mL aliquots were taken for each treatment to measure
starter culture activity: 10 mL for TA and pH, 100 pL for microbial plating on Man Rogosa and
Sharpe (MRS) agar (BD, Difco Brand, New Jersey, USA). MRS plates were incubated for 48 h
at 32°C and bacterial counts were expressed as CFU/mL milk. For TA analysis, phenolphthalein
indicator was added to each sample and titrated against 0.1 N NaOH (Sigma-Aldrich, St. Louis,

MO, USA). Volume of titrant used was recorded and Equation 4.2.1 was used to calculate TA.

%TA (wt/vol) = (N *V1*Eq. wt)/(V2*10) Equation 4.2.1

Where N = NaOH Normality, V1= NaOH volume used, Eq. wt. = equivalent weight of
the predominant acid (lactic acid 90.08 mg/mEq), V2 = volume of sample, milk. The starter

culture activity experiments were performed a total of three times.
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4.3 Cheddar cheese manufacturing

Raw Milk
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Figure 4.3.1. Cheddar cheese manufacturing at Michigan State University Dairy Plant.
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Cheddar cheese was manufactured at the Michigan State University Dairy Plant. Whole
milk (Michigan Milk Producers Association, Michigan, USA) with a 3.41% fat, 3.02% protein,
and 8.83% Solids-Non-Fat (SNF) composition was HTST pasteurized (72°C for 15 s). Whole
milk (190 L) was equally distributed to three cheese vats to which 1% wt/wt Cheddar cheese
starter culture (DVS 98, CHR Hansen, Hoersholm, Denmark) was added with constant stirring.
Milk was incubated for 30 min at 32 °C followed by addition of 6 mL annatto and 13 rennet mL
(diluted 40x in distilled water; Chy-Max, Chr. Hansen) per vat. Milk was allowed to coagulate
for 30 min at 32°C. Using wire knives, milk curd was cut when adequate firmness was reached.
After cutting, curd was allowed to heal for 30 min at 35 °C. Then, curd was cooked for 1 h at 38
°C. Whey was drained after the cooking process, the resulting cheese curds were matted and cut
into rectangular blocks to then be flipped every 15 min at 35°C (Cheddaring process). The
process was stopped when TA reached 0.62 % and curd blocks were milled by hand. The cheese
was weighted and equally divided among three containers for the salting step.

The selected iron treatments are not soluble in water or milk, and cannot be exposed to
temperatures above 65°C according to the manufacturer. Due to their hydrophobicity and heat
sensitivity, micro-encapsulated iron salts need to be incorporated during the salting step of
Cheddar cheese manufacturing. Commercial table salt (0.25% wt/wt) and micro-encapsulated
iron salts were mixed for 10 min in plastic bags before incorporation into cheese curds. Cheddar
cheese curds were transferred to cheese hoops and pressed for 12 h at 276 kPa. Pressed Cheddar
cheese was vacuum-sealed in plastic bags and stored at 8°C for 90 d. The entire process was
repeated two more times using the same milk source (3.41% fat, 3.02% protein, and 8.83% SNF,
processing conditions and ingredients). A flow diagram describing the Cheddar manufacturing

can be found in Figure 4.3.1.
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4.4 Proximate analysis

Fortified cheeses and control samples were analyzed for protein, fat, moisture and ash
content. Moisture and ash were analyzed using AOAC standards methods (AOAC 2000). For
moisture content, shredded cheese samples (2 g) were weighed in pre-dried aluminum dishes and
then dried in an oven (2 h, 100°C). For ash determination, shredded cheese samples (5 g) were
ashed in a in a muffle furnace (525°C, 10 h) using pre-treated (3 HCI: 1 HNOg) crucibles. Fat
content was determined according to the Babcock method (Marshall 1992), and protein content
was determined by Certified Laboratories Inc. (Plainview, New Jersey, USA) using the Kjeldahl

method.

4.5 Atomic absorption spectroscopy

At 60-day cheese aging, divalent cations in Cheddar were measured using a 55B AA
Atomic Absorption Spectrophotometer (Agilent Technologies Co., Santa Clara, CA, USA). In
addition, iron, calcium, magnesium and zinc hollow-cathode lamps were purchased from Agilent
Technologies Co. The AAS (Atomic Absorption Spectrophotometer) system was calibrated
using standard solutions and by plotting a standard curve. Results were reported as the average of
duplicate analysis from each cheese replicate.
4.5.1 Stock solutions and standard curves
Iron:

A stock solution (1000 pg/mL Fe) was used to prepare 0, 3, 5, 8, 10 and 12 pg/mL Fe
standard solutions. The stock solution was made using iron chips (Sigma-Aldrich) according to

the AAS manual. The conditions for the equipment were: 5 mA lamp current, acetylene gas for

flame fuel, air for support, 248.3 nm wavelength and 0.2 nm slit.
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Calcium:

A stock solution (1000 pg/mL Ca) was used to prepare 0, 1, 2, 2.5, 3 and 4 pg/ml Ca
standard solutions. The stock solution was made using calcium carbonate (Sigma-Aldrich)
according to the AAS manual. The conditions for the equipment were: 10 mA lamp current,
acetylene gas for flame fuel, air for support, 422.7 nm wavelength and 0.5 nm slit. Additionally,
0.5 mL of 1000 pg /mL lanthanum (Sigma-Aldrich) was added to all standard solutions in order
to eliminate any chemical interference.

A stock solution (1000 pg/mL Zn) was used to prepare 0, 1, 5, 10, 15 and 20 pg /mL Zn
standard solutions. The stock solution was made using zinc chips (Sigma-Aldrich) according to
the AAS manual. The conditions for the equipment were: 5 mA lamp current, acetylene gas for
flame fuel, air for support, 213.9 nm wavelength and 1.0 nm slit.

Magnesium:

A stock solution (1000 pg/mL Mg) was used to prepare 0, 1, 2, 2.5, 3 and 4 pg/mL Mg
standard solutions. The stock solution was made using magnesium strips (Sigma-Aldrich)
according to the AAS manual. The conditions for the equipment were: 4 mA lamp current,
acetylene gas for flame fuel, air for support, 202.6 nm wavelength and 1.0 nm slit. Additionally,
1.0 mL of 1000 pg /mL lanthanum (Sigma-Aldrich) was added to all standard solutions in order

to eliminate any chemical interference.

4.5.2 Determination of mineral balance in Cheddar cheese
Cheddar cheese (1.0 g) was dissolved in concentrated nitric acid (8 mL) for 2 h in

pressure tubes (pre-digestion treatment). Samples were transferred to a Multiwave 3000
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Modular microwave system (Anton Paar, Graz, Austria) and digested using the following
conditions: 600 W, 160°C, 13 bar, 30 min ramp time, and 10 min holding time. After
microwave digestion, 2 mL 30% hydrogen peroxide (General Industrial Chemicals, East
Hanover, NJ) was added to each sample and final volume was adjusted to 25 mL using distilled
water. Approximately, 5 mL aliquots were separated for calcium content. The remaining 20 mL
solution was analyzed for iron, magnesium and zinc.

For calcium analysis, 3 mL of the digested cheese was diluted to 25-mL by adding 3 mL
Lanthanum solution (1000 pg /mL) and distilled water. The resulting solution was further
diluted by taking a 0.702 mL aliquot and adjusting its final volume to 20 mL using distilled
water. The final solution was used for AAS measurements.

In order to assess the accuracy and precision of the Atomic Absorption
Spectrophotometer, a standard material (0.5g bovine liver; Standard Reference Material 1577b)
from the National Institute of Standards & Technology was analyzed along with Cheddar cheese.
Whey:

Whey from each replicate (n=3) was collected during Cheddar cheese manufacturing and
analyzed for iron content. Cheddar cheese whey (5.0 g) dissolved in concentrated nitric acid (10
mL) was predigested, digested and diluted the same way as Cheddar cheese for iron AAS

analysis.

4.6 Lipid oxidation assessment
The Thiobarbituric acid (TBA) assessment was selected to measure lipid oxidation in
Cheddar cheese. TBA relies on the formation of malondialdehyde (MDA), a secondary product

of lipid oxidation. According to this method, one mole of MDA reacts with 2 moles of TBA
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giving a pink product in solution that can be quantified using a spectrophotometer. Due to
MDA'’s instability, 1,1,3,3-tetraethhoxypropane (TEP), a MDA pre-cursor, is measured instead
in TBA analysis (Frankel 2005).

Cheddar cheese samples (5.0 + 0.01 g) were placed on a beaker and 1.0 mL (0.2 mg/mL)
butylated hydroxytoluene (BHT; Sigma-Aldrich) was added to stop oxidation. For every cheese
sample measured, a spiked sample (12 mL of 10 uM TEP; Sigma-Aldrich) was prepared to
correct for any variation that may occur during the lipid extraction.

Cheese samples were blended with either 33.5 mL (unspiked) or 45.5 mL (spiked) 10%
TCA (Sigma-Aldrich) in 0.2 M H3PO4 (wt/vol; Sigma-Aldrich). The mixture was filtered
through Whatman No. 1 filter paper, and 5 mL of the filtrate was added to 5 mL 0.02 M TBA
(Sigma-Aldrich) to reach a final volume of 10 mL. Filtrate-TBA solutions were incubated in
boiling water for 30 min and absorbance readings were recorded at 530 nm using a
Spectrophotometer (Genesys 20 Spectrophotometer, Thermo Scientific, Waltham, MA, USA).
TBA Reactive Species (TBARS) were calculated using cheese absorbances and a standard curve

was prepared with 0, 1.25, 2.50, 3.75, 5.00 and 10.00 nmol/mL TEP.

4.7 Sensory evaluation

After 90-day aging, iron-fortified Cheddar cheeses were analyzed for acceptability. A consumer
acceptance panel (n=101) familiar with Cheddar cheese was recruited at Michigan State
University (MSU, East Lansing, Michigan, USA). The sensory evaluation was performed in the
Food Science Sensory Laboratory (Michigan State University, East Lansing, USA). The lab had
eight individual computer booths with control lighting and temperature. Participants received a

brief explanation of the study and signed a consent form for the University Committee on
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Research Involving Human Subjects at Michigan State University (UCRIHS). Samples (20 g,
5°C) were placed in clear plastic cups labeled with a random 3-digit code and the order of the
presentation was randomized. Water and unsalted crackers were provided to the panelists for
palate cleansing. Panelists were asked to rate appearance, texture, flavor and overall
acceptability using 9-point Hedonic scale, where 1 = dislike extremely to 9 = like extremely, and
5 = neither like nor dislike. Following numerical scoring, participants were asked to select the
best texture attributes for the samples from a given list (firm, soft, very hard, grainy, rubbery,
crumbly, runny, dry, and chewy or none). Following flavor rating, participants were asked to
select the best flavor attributes for the samples from a given list (sour-acidic, vinegary, greasy,
sweet, metallic, buttery, salty, moldy, spicy, other, or none). Texture and flavor attribute list were

selected based on common Cheddar cheese attributes and the purpose of this study.

4.8 Statistical analysis

Cheese manufacturing was done three times (n=3) in a randomized design. Starter culture
activity, TBA assessment, compositional and divalent cation content results were performed in
duplicates and analyzed using S.A.S. software version 9.4 (S.A.S. Institute Inc., Carry, NC,
USA). One-way ANOVA (p = 0.05) and Tukey’s Honestly Significant Difference (HSD) test
were performed to determine statistical difference between the treatments and the control. Data
from the consumer acceptance panel was collected using SIMS software (SIMS, Berkley
Heights, NJ, USA) and analyzed using S.A.S. software version 6.0 (S.A.S. Institute Inc., Carry,

NC, USA) by One-way ANOVA and Tukey’s HSD test.
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5.0 RESULTS & DISCUSSION

5.1 Starter culture activity
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Figure 5.1.1. Effect of micro-encapsulated ferrous sulfate on Cheddar cheese starter culture on
microbial counts (CFU/mL) incubated at 32 °C for 6 h. LMFS = Large Micro-encapsulated,
Ferrous sulfate (0.95 g/kg; 700-1000 um), SMFS= Small Micro-encapsulated Ferrous Sulfate
(1.78 g/kg; 220-420 pum).

Lactic acid bacteria is very important for flavor, acidity and texture profile in Cheddar
cheese. Commercial Cheddar cheese starter culture (Lactococcus lactis subsp. lactis and
Lactococcus lactis subsp. cremoris) in NFDM (12% w/v, 32 °C) and fortified with micro-
encapsulated ferrous sulfate was incubated for 6 h. LAB microbial counts, pH and TA were

monitored in order to observe the effect of the iron treatments on starter culture activity. At each

time point, LAB counts for LMFS, SMFS and the control were not significantly different
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(Figure 5.1.1). Regardless of the treatment, LAB was able to grow successfully for 4 h reaching
~8.80 log CFU/mL milk. After 4 h, LAB counts decreased drastically but remained constant
(~7.40 log CFU/mL) after 5 h. In order to complement the information provided by LAB counts,
pH and TA were also monitored during the 6 h fermentation (Figure 5.1.2 and Figure 5.1.3).
TA is commonly utilized to measure the amount of lactic acid in dairy products and possible
buffer capacity, on the other hand, pH measures the concentration of free H* ions in solution;
both provide important information about acid properties in foods (Zhang and Metzger 2009).
The pH for LMFS, SMFS and the control were significantly different at 0, 2 and 3 h (p < 0.05).
At these points, pH for SMFS was lower than the control indicating enhanced lactic acid
production. pH for LMFS was not significantly different from the control at any time. After 6
h, all treatments reached a pH of ~ 5.4. TA values for the control, LMFS and SMFS were

significantly different at 0 h (p < 0.05) only. At 6 h, all treatments reached a TA close ~0.50%.

m Control
m LMFS
m SMFS

0 1 2 3 4 5 6
Time (h)
Figure 5.1.2. The effect of micro-encapsulated ferrous sulfate on Cheddar cheese starter culture
pH incubated at 32 °C for 6 h. LMFS = Large Micro-encapsulated, Ferrous sulfate (0.95 g/kg;
700-1000 pm), SMFS= Small Micro-encapsulated Ferrous Sulfate (1.78 g/kg; 220-420 pum).
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Figure 5.1.3. The effect of micro-encapsulated ferrous sulfate on Cheddar cheese starter culture
Titratable Acidity (TA %) incubated at 32 °C for 6 h. LMFS = Large Micro-encapsulated,
Ferrous sulfate (0.95 g/kg; 700-1000 pm), SMFS= Small Micro-encapsulated Ferrous Sulfate
(1.78 g/kg; 220-420 pm).

Differences in pH for SMFS at the beginning of the fermentation can be attributed to the
hydrogenated palm oil present in the micro-encapsulated salts. Lactococcus lactis species
growth relies on the availability of vital nutrients like glucose, glutamine and asparagine (Aller
and others 2014). It is possible that palm oil, present at a higher concentration in SMFS,
contributed to LAB metabolic pathways. It is known that LAB is able to metabolize fatty acids.
In Cheddar cheese starter culture are the primary agents of lipolysis in Cheddar cheese (Hickey
and others 2006), important process during Cheddar ripening. Lipolysis is possible by the
esterase enzyme present in various LAB strains, including Lactococcus lactis (Chich and others

1997). Even though palm oil has not been studied particularly with LAB, it has been shown that

LAB have different responses to free fatty acids; sometimes growth is inhibited but other times it
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can be favored (Desmazeaud 1996). Iron was reported to have no major effect on yogurt starter
culture (Simova and others 2008). Additionally, it was found that Lactococcus lactis has the
ability to produce bioactive peptides with excellent metal chelating activity for iron (Turner and
others 2007). In this study, the most probably reason for significant differences in pH and TA at
the beginning of the fermentation is because of palm oil presence, higher in SMFS. Cheddar
cheese starter culture probably utilized palm oil to produce minimal differences in acidity at the
beginning of the fermentation.

Kahraman and Ustunol (2012) found slightly different CFU/mL, pH and TA results when
working in a similar experiment; commercial Cheddar cheese in 12% wt/v reconstituted NFDM
reached 9.3 log CFU/mL, 0.79% TA, and a pH of 4.9 in 6 h. It is important to note that there are
different Cheddar cheese starter cultures available in the market and that each type may vary
because of batch characteristics. LAB counts in Cheddar cheese usually ranges between 5-9 log
CFU/g (Ruggirello and others 2014), and it has been reported that Cheddar cheese starter culture
dies quickly after reaching 9 Log CFU/g (Sandine 1996). LAB counts in this experiment are in
the expected CFU/g range for commercial Cheddar cheese culture. Also, bacterial counts in this
study followed the expected death after reaching a bacterial count close to 9 Log CFU/mL. The
grow of the Lactococcus lactis (Figure 5.1.1) followed a typical growth curve (lag phase, log
phase, stationary phase and decline phase), which was expected due to optimal conditions for
growth (high water activity, high nutrient content, no sodium chloride or other inhibitory
substance presence, and optimal temperature) during the first hours of the fermentation. The
main factors limiting LAB growth in this study were the fermentation products (lactic acid) and
oxygen presence. It is known that LAB prefers anaerobic conditions but is able to tolerate

oxygen in low amounts (Larsen and others 2015). In this study oxygen incorporation during
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fermentation possibly contributed to microbial death after 5 h. Additionally, after 5 h pH was
close to 5.0, which is known to be the pH where LAB starts to decrease rapidly (Beresford and
others 2001). According to the manufacturer, after a 6-h fermentation the starter culture is
expected to reach a pH close to 5.7 (9.5% NFDM, 30°C) (F-DVS (980 CHR Hansen,
Hoersholm, Denmark). Figure 5.1.2 shows that all treatments reached the expected pH in 6 h.
TA represents the amount lactic acid produced during the fermentation. It was observed that TA
increased during the 6 h fermentation process. Lactic acid is a known inhibitor for Lactococcus
lactis (Even and others 2002) explaining the death of the bacteria after reaching a high TA. TA
continue to increase and pH continue to drop after 4 h since it is known that during the decline
phase of the starter culture it is possible to still observed acid development (Sandine 1996).
Another important element to consider when explaining LAB activity is possible
bacterial competition in the starter culture. The selected Cheddar cheese culture contains
Lactococcus lactis subsp. lactis and Lactococcus lactis subsp. Cremoris. Because of
confidentiality reasons, no information about the specific concentration of Lactococcus lactis
subsp. lactis or Lactococcus lactis subsp. cremoris was provided by the manufacturer (F-DVS
(980 CHR Hansen, Hoersholm, Denmark). Lactococcus lactis subsp. cremoris has the ability to
produce diplococcin, a bacteriocin capable of destroying Lactococcus lactis subsp. lactis. It is
also known that Lactococcus lactis subsp. cremoris predominates in multiple-strain starter
culture (Ryan and others 1996). LAB activity during the first 4 h shows that Lactococcus lactis
subsp. lactis (assuming is at a higher concentration in starter culture) begins to grow succesfully
until diploccin, produced by Lactococcus lactis subsp. cremoris, starts to affect LAB counts (5

h).
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The purpose of tracking any changes in starter culture activity in this study was to
address any possible detrimental effects in commercial Cheddar cheese culture due to micro-
encapsulated ferrous sulfate. Overall, micro-encapsulated ferrous sulfate produced no negative
effect on Cheddar cheese starter culture. There were no major LAB counts, pH and TA changes
during a 6-h fermentation. The proposed iron salts have the potential to be used successfully in

the fortification of Cheddar cheese.

5.2 Proximate & mineral analysis

The effect of micro-encapsulated ferrous sulfate on Cheddar cheese composition was
analyzed. Fat, protein, ash and moisture content were not statistically different for all treatments
(Table 5.2.1). Although not statistically significant, it was noted that protein and ash content for
SMFS had some differences when compared with the other samples. In the SMFS sample,
protein was lower and ash content higher. Kahraman and Ustunol (2012) found similar results
when fortifying Cheddar cheese with another divalent cation (zinc); zinc had little effect on
Cheddar cheese fat, moisture, ash and moisture content. Kahraman and Ustunol (2012)
suggested that zinc fortification, similarly to calcium fortification (Ustunol and Hicks 1990), can
increase protein and fat content in Cheddar cheese due to stronger casein bridging that allowed
better fat entrapment. In the present study, there were no significant differences in protein and fat
content between iron treatments and the control showing that fortification caused no effect on

casein interactions, and consequently there were no fat changes.
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Table 5.2.1. Proximate analysis of Cheddar cheese fortified with micro-encapsulated ferrous
sulfate. LMFS = Large Micro-encapsulated, Ferrous sulfate (0.95 g/kg; 700-1000 pm), SMFS=
Small Micro-encapsulated Ferrous Sulfate (1.78 g/kg; 220-420 um).

Treatment Fat Protein Ash Moisture
Control 3242+052% 24.08+0.15° 3.77+0.192 36.86 +1.45%
LMFS 32.38+0.18%  24.66 +0.682 3.81+0.062 36.89 + 0.56 @
SMFS 3258+0.14% 23.63+0.17% 3.99+0.182 36.52 +0.16 °
a,b,c

= Means within a column with different subscripts are significantly different.

(P<0.05); n=3.
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Figure 5.2.1. Mlneral content of Cheddar cheese fortified W|th micro-encapsulated ferrous
sulfate. A= iron, B = calcium, C = Zinc, and D = Magnesium. C = Control, LMFS = Large
Micro-encapsulated, Ferrous sulfate (0.95 g/kg; 700-1000 pm), SMFS= Small Micro-
encapsulated Ferrous Sulfate (1.78 g/kg; 220-420 pm). 2P = Means within a column with
different subscript are significantly different (p < 0.05); n = 3.
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Table 5.2.2. Iron lost in the whey (mg/ g whey) and Percent Recovery (%) during the
fortification of Cheddar cheese with micro-encapsulated ferrous sulfate. LMFS = Large Micro-
encapsulated, Ferrous sulfate (0.95 g/kg; 700-1000 pum), SMFS= Small Micro-encapsulated
Ferrous Sulfate (1.78 g/kg; 220-420 um).

Treatment Iron lost (in whey) % Recovery (in Cheddar)
Control 4.49x10*+ 4.0 x10*4 @ N/A
LMFS 8.83x10*+ 2.9 x10* @ 66.0 2
SMFES 2.31x10°+ 2.0 x10°3 @ 91.0°
a,b,c

= Means within a column with different subscripts are significantly different. (P < 0.05);
n =3.

Calcium, zinc, and magnesium (relevant divalent cations in Cheddar cheese) were not
affected by the addition of micro-encapsulated ferrous sulfate. On the other hand, iron content
(Figure 5.2.1) was significantly higher in both iron treatments (p < 0.05); SMFS > LMFS >
Control. The successful incorporation of iron in Cheddar cheese is due to casein-iron
interactions. Casein proteins have strong affinity to iron, this is because phosphate groups in
casein easily reacts with divalent cations via electrostatic forces or complex formation (Peres and
others 1999). Phosphate groups are part of phosphoserine residues in the casein molecule and
abundantly present in casein proteins (West 1986). The order divalent cations can bind to casein
proteins is: asi-casein>p-casein> k-casein (Dickson and Perkins 1971). It was reported there are
14 iron-binding sites on casein molecules (Sugiarto and others 2009). Additionally, there are
free phosphate sources (colloidal phosphate groups) available in milk and cheese that can easily
react with iron (Ellis and others 2016). Both, phosphoserine and colloidal phosphate helped in

the incorporation of iron to the Cheddar cheese curd.
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Another contributing factor in the incorporation of iron (+2) to Cheddar cheese was the
nature of micro-encapsulation. Micro-encapsulated iron salts, SMFS and LFFS, were coated
with hydrogenated palm oil. Palm oil is rich in saturated fats, such as palmitic acid, commonly
found in dairy products (Jenkins and McGuire 2006). Due to hydrogenation, it can be assumed
that all fatty acids present in hydrogenated palm oil are saturated. During the whey draining step
in cheese-making, the iron compounds particles probably were associated with the cheese curd
(high in fat) rather than the whey because iron salts behaved as fats due to their coating material.
During cheese-making, milkfat (and some water) is trapped by the hydrophobic casein-micelle
network forming a curd. Micro-encapsulated ferrous sulfate salts were successfully incorporated
just as the rest of the fats in milk are incorporated into Cheddar cheese.

Iron percent recovery and iron content in whey (Table 5.2.2) proved the successful
incorporation of micro-encapsulated ferrous sulfate to Cheddar cheese. As stated previously, the
iron micro-encapsulated salts have a strong association with the cheese curds (high in fat and
casein content). Additionally, when comparing whey proteins and casein proteins, casein had
stronger affinity for divalent cations than whey proteins (Sugiarto and others 2009). In this study,
minimal iron content was lost with the whey during the manufacturing of iron fortified Cheddar
cheese. Percent recoveries showed that both LMFS and SMFS had good iron recovery.

Micro-encapsulated ferrous sulfate particle size showed no changes in composition and
mineral content except for iron. Iron content for LMFS and SMFS was significantly different (p
<0.05). SMFS was better retained in Cheddar cheese based on higher iron content, percent
recovery and the amount lost with the whey. The most logic reason for particle size differences
is because smaller iron (Fe*?) particles can react easily with phosphate groups in casein proteins

compare to bigger particles, or because smaller fat particles can be entrapped better into cheese
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curds easily. It is easier for smaller micro-encapsulate ferrous sulfate particles to mimic fat when
palm oil content for coating is higher (16.8% Fe?* in LMFS vs. 9.0% Fe?" in SMFS). Literature
supporting the results in this study is limited. Wegmuller and others (2004) found that reducing
particle size of micro-encapsulated ferric pyrophosphate, from 21 um to 0.5 pm, increased
bioavailability and absorption proving that iron particle size is very important for reactivity and
affinity purposes in many biochemical processes.

Several authors (Gulbas 2005, Kahraman and Ustunol 2012) had suggested some mineral
displacement mechanisms when fortifying cheese with a divalent cation but in this study iron
fortification of Cheddar cheese caused no disturbances in divalent cation balance (Figure 5.2.1).
Magnesium, zinc and calcium content for all treatments were not significantly different (p >
0.05). Divalent cations, such as Mn?*, Zn?*, Fe?*, Fe®*, Mg?*, and Cu?*, can bind to caseins; this
binding affinity is dependent on pH, ionic strength, temperature and phosphate group content
(On-Nom and others 2010). Individual cation affinity with casein is: Fe3* > Zn** > Ca®* > Cu?*
> Mg?* (Philippe and others 2005). Because of this affinity order, during iron fortification iron
can easily displace any other cation mineral naturally present in Cheddar cheese. In this study, it
was observed that the addition of micro-encapsulated ferrous sulfate did not affect calcium,
magnesium, and zinc content (Figure 5.2.1). Iron probably attached to colloidal phosphate or
available phosphate groups not occupied by another divalent mineral in the casein molecule.
Similar results were obtained when incorporating iron compounds (Fe?* and Fe®*) to casein, iron
addition did not produced major changes in hydration, protein distribution, curd formation, and
temperature stability (Raouche and others 2009).

In this study magnesium, zinc, and calcium (major divalent cations present in milk) were

successfully incorporated to Cheddar cheese without affecting divalent cation balance.
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Maintaining mineral balance is not only important for nutritional aspects but also for quality
reasons. Gonzasles-Martin and others (2009) found that mineral profile in cheese played
important roles in ripening time and cheese yield. It is also known that some minerals have
important contributions to coagulation of milk proteins, whey draining during cheese-making,
and in defining cheese texture (Patifio and others 2005). In summary, iron was successfully
incorporated to Cheddar cheese without causing major changes in calcium, zinc, magnesium,
protein, fat, ash and moisture content. The proposed iron fortified Cheddar cheese is an excellent
source of iron since it provides at least 20% of the iron RDA in the United States (20% of the

iron RDA for LMFS and 32% of the RDA for SMFS).

5.3 Lipid oxidation assessment

The TBA method is commonly used for the assessment of lipid oxidation in many foods,
including dairy products (Asha and others2015; Semeniuc and others 2016). The TBA relies on
the production of malondialdehyde (MDA), a secondary product of lipid oxidation. The test is
commonly used for determining freshness of foods (Shamberger and others 1979). Sensory
evaluation is considered the gold standard in product acceptability when talking about perceiving
undesirable flavors and odors caused by lipid oxidation. There is some correlation between TBA
values and sensory scores (Mehta and others 2015) making this method very useful for
predicting consumer’s acceptance.

Iron, a pro-oxidant, is known to produce negative organoleptic changes when added to
foods. Iron has the ability to be oxidized or reduced in the presence of oxygen, light, and
radiation. Redox changes are associated with the formation of aldehydes, epoxides, ketone,
peroxides and alcohol groups associated with rancid and off-flavors in oils (Frankel 2014).

Foods high in fats, such as Cheddar cheese, are susceptible to lipid oxidation (Kahraman and
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Ustunol 2012). Zhang and Mahoney (1991) reported that iron catalyzed lipid oxidation reactions
in Cheddar cheese fortified with iron. Fortification of Cheddar cheese with iron compounds can
deteriorate quality and sensory characteristics, because of this, it is important to monitor lipid

oxidation for micro-encapsulated ferrous sulfate fortified Cheddar cheese.

Table 5.3.1. Effect of micro-encapsulated ferrous sulfate on lipid oxidation of Cheddar cheese
(expressed as TBARS, mg/kg of malondialdehyde). LMFS = Large Micro-encapsulated, Ferrous
sulfate (0.95 g/kg; 700-1000 pm), SMFS= Small Micro-encapsulated Ferrous Sulfate (1.78 g/kg;
220-420 pum).

Ripening Time (d) Control LMFS SMFS

0 0.50+0.05% 0.54+0.12°% 0.58+0.19%
10 0.43+0.292 0.58+0.40% 0.69+0.262
20 0.38+0.33% 0.53+0.33° 0.42+0.11%
30 0.30+0.29% 0.35+0.21° 0.40+0.172
60 1.77+2.71° 0.62+0.47°% 0.54+0.14%
90 0.47+0.43% 0.64+0.462 0.62+0.142

a,b,c
= Means within a row with different subscripts are significantly different.

(P<0.05); n=3.
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Table 5.3.1 shows TBA values (TBARS) for LMFS and SMFS fortified Cheddar cheese
during 90 d aging. In summary, TBARS were not significantly different throughout the aging
period. At 60 d, the control is reported to have a higher TBA value (not significantly different)
when compared to the rest of the treatments but went back to 0.40-0.50 mg/kg of MDA. The
TBARS for the control at 60 d was concluded to be not accurate based on a standard deviation
bigger than the actual TBARS average. In the TBA assay, error sources can come from
inconsistent heat treatment exposure, extracting acid concentration, and fat extraction steps
(Barriuso and others 2013). Also, this method is highly criticized because of the poor selectivity
(Salih and others 1987) producing interfere with the test and considerable overestimation and
variability in the results (Barruso and others 2013). Despite current limitations and criticisms,
TBA analysis remains the most widely accepted and commonly utilized method for quantifying
lipid oxidation products in the scientific community (Nuchi and others 2009).

Overall, it was observed that TBARS did not increased and remained steady over a
period of 90 d (Table 5.3.1). Micro-encapsulated ferrous sulfate did not initiate any lipid
oxidation reactions in Cheddar cheese. The purpose of using a micro-encapsulated iron salt was
to avoid undesirable reactions, such as lipid oxidation. In the iron treatments, micro-
encapsulation provided protection against lipid oxidation. Another important factor to consider
when assessing lipid oxidation in Cheddar cheese is the low unsaturated fatty acid content.
Malondialdehyde is mainly formed from the oxidation of linolenic acid and decreases with fatty
acid saturation (Barriuso and others 2013). Dairy products are low in unsaturated fats; milkfat is
composed mostly of saturated fats (64.9%) and small amounts of monosaturated (28.3%) and
polyunsaturated fats (6.8%) (Jenkins and McGuire 2006). Because of the nature of the milkfat,

there is no much room for the formation of MDA during lipid oxidation explaining the low
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TBARS values in Cheddar cheese fortified with micro-encapsulated ferrous sulfate. Based on
the results in this study, it can be concluded that there are no major lipid oxidation changes in
Cheddar cheese. In order to have a more conclusive lipid oxidation assessment it is
recommended to utilize more than one lipid oxidation test. UV-Vis spectroscopy,
chromatography, nuclear magnetic resonance, IR spectroscopy and titration methods are
commonly used for quantifying different and maybe more appropriate lipid oxidation products in
foods (Barriuso and others 2013).

Hydrogenated palm oil is part of the coating agent for the selected micro-encapsulated
iron salts. Palm oil is another source for lipid oxidation in the present iron fortified Cheddar
cheese. Palm oil contains a mix of different fatty acids but high in saturated fatty acids (palmitic
acid, 43.5%) and monosaturated fatty acids (oleic acid, 36.6%) (USDA 2016); both with low
probability of participating in lipid oxidation reactions or the formation of MDA. Palm oil has
low/no contribution in the oxidation of fats in Cheddar cheese. Also, due to the use of
hydrogenated palm oil for the coating material it is assumed that there were no unsaturated fatty
acids present. In terms of fortificant particle size, ferrous micro-encapsulated diameter had no
effect on lipid oxidation. Overall, results on lipid oxidation assessment during 90 d showed that

lipid oxidation was not enhance in iron fortified Cheddar cheese.

5.4 Sensory evaluation

It has been reported that iron negatively alters sensory attributes in Cheddar cheese and
other food products (Zhang and Mahoney 1988; Zhang and Mahoney 1990; Prom-u-thai and
others 2009; Kiskini 2012). One of the main reasons for negative organoleptic changes in iron
fortified foods is the potential of iron to caused lipid oxidation reactions. Lipid oxidation

reactions are associated with rancidity and off-flavors caused by the formation of aldehydes,
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epoxides, ketone, peroxides and alcohol groups (Frankel 2014). According to the TBA assay
performed on micro-encapsulated ferrous sulfate fortified Cheddar cheese (Table 5.3.1), there
was minimal lipid oxidation changes in Cheddar cheese and sensory changes associated with fat

rancidity were not expected in this study.

Table 5.4.1. Sensory evaluation of Cheddar cheese using a consumer acceptance panel (n = 101).
LMFS = Large Micro-encapsulated ferrous sulfate (0.95 g/kg; 700-1000 um), SMFS= Small
micro-encapsulated ferrous sulfate (1.78 g/kg; 220-420 um).

Attribute Control LMFS SMFS

Appearance 7.232 6.59 ° 6.59 P

Texture 7.26° 6.20° 6.17 "

Flavor 7.30° 3.68°¢ 4.47°

Overall acceptability 7.32° 3.94¢ 458"
a,b,c

= Means within a row with different subscripts are significantly different.
(P<0.05); n=101.
Evaluated on a scale 1-9: 9= Like very much, 5 = neither like nor dislike, 1 = dislike
extremely.

When using sensory evaluation, the gold standard in lipid oxidation and product
acceptability, panelists scored the control significantly higher (p < 0.05) in appearance, texture,
flavor and overall acceptability; both iron treatments were scored significantly lower (p < 0.05)
than the control. (Table 5.4.1). For sensory evaluation, panelists (n=101) were asked to score
appearance, texture, flavor and overall acceptability using a 9-point hedonic scale, where 9= Like
very much, 5 = neither like nor dislike, and 1 = dislike extremely. Lipid oxidation products

enhanced by iron are usually blamed for the negative sensory attributes in iron fortified dairy
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products (Zhang and Mahoney 1990; Kahraman and Ustunol 2012) but because there were no
major changes in lipid oxidation in LMFS and SMFS samples, it was correct to assume that
sensory differences between the control and iron treatments were not caused by lipid oxidation
propagation but by iron distinct taste, color and smell.

Appearance and texture scores were significantly higher (p < 0.05) for the control when
compared to LMFS and SMFS. For flavor and overall acceptability, all treatments were
significantly different (p < 0.05); the control had the highest score and LMFS the lowest score.
The main reason for selecting micro-encapsulated ferrous sulfate as the fortificant in this study
was because of the low potential to affect Cheddar cheese quality. According to the
manufacturer, the main advantages of using micro-encapsulated salts are to prevent lipid
oxidation reactions and to mask iron’s distinct flavor and odors (Dr. Paul Lohmann Inc.,
Emmerthal, Germany 2016). Although, lipid oxidation was not a problem in the treatments,
panelists constantly rated LMFS and SMFS samples lower than the control. ~ Consumer
acceptance results showed that micro-encapsulation failed to mask iron taste and color in the
samples, a common problem when fortifying foods with iron. Zhang and Mahoney (1988),
Zhang and Mahoney (1990), Prom-u-thai and others (2009), and Kiskini (2012) reported metallic
flavors and color changes when fortifying foods with non-microencapsulated iron compounds.
Also, when utilizing micro-encapsulated ferrous sulfate to fortify pasteurized milk, significant
negative sensory changes were attributed to iron color and flavor (Nkhata 2012). The success of
fortification depends heavily on fortificant-food matrix interactions and possible sensory
changes. Micro-encapsulated iron salts are a promising technology in dairy products but it is

hard to predict if micro-encapsulated compounds will work on a specific product. Cheddar
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cheese fortified with micro-encapsulated ferrous sulfate (at the selected dose) produced

significant sensory differences affecting product acceptability.

Table 5.4.2. Summary of comments by the consumer acceptance panel (n = 101) during the
evaluation of Cheddar cheese fortified with micro-encapsulated ferrous sulfate. + = Positive
comments, - = Negative comments, N = neither positive nor negative comments, neutral.

Comments Control LMFS SMFES
+ 25 5 14
- 4 30 19
N 11 7 13
Total 40 42 46

It is important to note that when comparing iron treatments, LMFS and SMFS were
scored differently for flavor and overall acceptability; SMFS was scored significantly higher than
LMFS. During sensory evaluation, panelists were asked to make comments about the samples
(Table 5.4.2). The control received many positive and neutral comments, and LMFS received a
large number of negative comments, such as “very metallic flavors” or “bad taste”. SMFS
received a mixed of different comments; some panelists dislike this sample but others really
enjoyed it. Some panelists commented on SMFS being their favorite sample. Decreasing
particle size for micro-encapsulated ferrous sulfate, from 700-1000 um to 220-422 um, produced
better results for flavor and overall acceptability in Cheddar cheese. Even though there is limited
information about fortificant size impact on food fortification and sensory changes, it was
observed that iron distinct color and flavor were better masked when using a smaller micro-

encapsulated iron particle size.
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Also, in order to have a more complete sensory understanding of the iron fortified
Cheddar cheese, during sensory evaluation panelists were asked to describe texture and flavor
attributes from a given list (Table 5.4.3 and Table 5.4.4). For texture, half of the panelists
(~50%) agreed that all samples were considered to have firm texture. For flavor, the control was
described as buttery and salty by ~50% of the panelists. For LMFS and SMFS samples, metallic
flavors were perceived by more than 30% of the panelists. Moldy flavor was selected by ~20%
of the panelists for the iron treatments. Metallic and moldy flavors were very low for the control
(< 5%). Vinegary flavor doubled for the iron treatments, from 7.9% in the control to 19.8% for
LMFS treatment and 16.8% for SMFS treatment. It is noticeable that untrained panelists were
not familiar with iron sensory attributes since vinegary and moldy attributes were selected
instead of more appropriate words like “metallic” or “rancid”. In summary, texture and flavor
attribute description is in agreement with the idea that iron treatments were scored significantly
lower than the control because of iron unique flavor, color and odors. Both iron treatments,
LMFS and SMFS were scored significantly lower than the control in the present study.

Table 5.4.3. Texture attributes described by consumer acceptance panel (n = 101) during
sensory evaluation of Cheddar cheese fortified with micro-encapsulate ferrous sulfate.

Attribute Control (%) LMFS (%) SMFS (%)
Firm 68.3 47.5 53.5
Soft 34.7 40.6 28.7
Very hard 5 5 5
Grainy 6.9 6.9 5.9
Rubbery 31.7 25.7 34.7
Crumbly 25.7 25.7 24.8
Runny 1 2 1
Dry 12.9 17.8 25.7
Chewy 34.7 26.7 24.8
None 0 1 1
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Table 5.4.4. Flavor attributes described by consumer acceptance panel (n=101) during sensory
evaluation of Cheddar cheese fortified with micro-encapsulate ferrous sulfate.

Attribute Control (%) LMFS (%) SMEFS (%)
Sour-acidic 21.8 29.7 25.7
Vinegary 7.9 19.8 16.8
Greasy 15.8 15.8 14.9
Sweet 13.9 5 10.9
Metallic 3 38.6 34.7
Buttery 64.4 21.8 33.7
Salty 475 31.7 27.7
Moldy 4 23.8 19.8
Spicy 0 1 0
Other 7.9 12.9 14.9
None 5.9 3 1
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6.0 CONCLUSIONS AND RECOMMENDATIONS

During a 6 h fermentation, micro-encapsulated ferrous sulfate did not affect LAB growth
in Cheddar cheese starter culture. Some TA and pH values were different during the first 3 hours
of the fermentation. It was concluded starter culture activity was not affected by the addition of
micro-encapsulated ferrous sulfate since there were no differences in TA and pH recorded by the
end of the fermentation (6 h).

Fortification of Cheddar cheese with micro-encapsulated ferrous sulfate produced no
changes in fat, protein, ash, moisture, calcium, magnesium and zinc content. Micro-encapsulated
ferrous sulfate (LMFS and SMFS) were successfully retained in Cheddar cheese. Based on iron
content and percent recoveries, SMFS was better incorporated in Cheddar cheese. It was
concluded that smaller iron particles can easily attach to caseins and colloidal phosphate groups
during Cheddar cheese fortification. Regardless of the strong casein-iron affinity, it was found
that micro-encapsulated iron (Fe 2*) addition caused no divalent cation balance disturbances.

Iron fortification did not initiate any in lipid oxidation reactions. TBARS were very low
and did not change over a 90-day aging period. Micro-encapsulation of iron (Fe 2*) with palm
oil as the coating material, successfully prevented lipid oxidation reactions in Cheddar cheese.
In order to draw accurate conclusions about the effect of micro-encapsulated ferrous salts on
milkfat oxidation it is recommended to perform additional testing, such as the Peroxide Value
assay, GC chromatography or Nuclear-Magnetic resonance.

Consumer acceptance demonstrated that iron fortification negatively affected Cheddar
cheese sensory attributes. Iron treatments were constantly scored lower in appearance, texture,
flavor and overall acceptability. Micro-encapsulation of ferrous sulfate failed to mask iron

distinct taste, color and odors. SMFS and LMFS flavor and overall acceptability scores were
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significantly different showing the potential of reducing particle size for decreasing sensory
changes caused by iron.

Micro-encapsulated ferrous sulfate caused no major chemical changes in Cheddar cheese
but the selected fortification dose (30% Fe RDA, 4.5 mg Fe/ 28 g) failed to produce acceptable
sensory results. Results in this study can be very useful in future fortification, size particle and
micro-encapsulation research. In this study, small micro-encapsulated ferrous sulfate salts
(SMFS; 220-422 um diameter) showed some potential to reduce negative sensory changes in
Cheddar cheese. Future research can include utilizing SMFS at a different iron fortification dose
(lower than 4.5 mg Fe/ 28 g) in order to observe any potential benefit. Also, to analyze the
possible effect of reducing particle size diameter further than 220-422 pum, decreasing particle
according to the results in this study can enhance product acceptability in iron fortified foods. A
consumer panel like the one selected in this study is recommended to test acceptability of new
products but also a descriptive analysis using a trained panelists is recommended in order to fully
understand the perceptions and attributes perceived in the iron fortified foods.

It is important to continue working with ferrous sulfate, such as micro-encapsulated
ferrous sulfate, since it is considered the standard in iron fortification because high
bioavailability and absorption. The alarming numbers in anemia and iron deficiency cases
around the world is desperately calling for a solution, according to the WHO, iron fortification is

the most effective and cost-efficient solution.
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APPENDIX A: Flyer for recruiting panelists for the sensory evaluation of iron fortified
Cheddar cheese.

Do you like
cheese?

Come to the
Sensory Lab

Taste a few
Samples and...

Earn a coupon for

CHEESE Free MSU
TASTING Dairy
9:30AM-4:30PM =
WEDNESDAY b

NOVEMBER 4™

Sensory Lab, Room 102,
Trout Building

(Food Science and Human Nutrition)

SAMPLES FORUPTO
100 PARTICIPANTS

Figure 7.1.1 Iron fortified Cheddar cheese sensory evaluation flyer.
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APPENDIX B: Sensory questionnaire

Product: Cheddar Cheese (Consumer Panel ~ 100).

General: You will be provided with 3 cheese samples labeled with 3-digit codes, please rate each
individual sample using the scale provided. Remember to rinse your mouth with water and saltine
crackers between samples.

Instruction 1: Before tasting any sample look at all samples and rate the intensity of the color
and overall appearance.

1. Do you like the Overall Appearance in sample #?

9- Like it very much
#522 8-
#169 6-

#672 4-

1-Extremely dislike

Comments: If you notice any color differences, what sample do you think differs the most and how?

2. Do you like the Texture in sample #? (Please, rinse your mouth with water and
saltine crackers between samples).

9- Like it very much
#522 8-

#169 6-

#672 4-

1-Extremely dislike
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3. Interms of Texture, mark all attributes that apply to sample #: (Please,
rinse your mouth with water and saltine crackers between samples).

#522
#169
#672

O O 0O O O O O O O

Firm

Soft

Very Hard
Grainy
Rubbery
Crumbly
Runny
Dry
Chewy

4. Do you like the Flavor for sample #? Please, rinse your mouth with
water and saltine crackers between samples).

#522
#169

#672

9- Like it very much

1-extremely dislike



5. Interms of Flavor, mark all attributes that apply to sample #: (Please,
rinse your mouth with water and saltine crackers between samples).

9- Like it very much
#522 8-

#169 6-
#672 5- neither like or dislike

1-extremely dislike

Comments:

6. When comparing the three samples, how you will rate your Overall
Preference for sample #? Please, rinse your mouth with water and
saltine crackers between samples

Sour-acidic

Vinegary

Greasy

Sweet

Metallic

Buttery

Salty

Moldy

Spicy

Other

#522
#169
#672

O 0O O O O O O 0 O O

Demographics Questions:

1) How often do you eat Cheddar cheese?

2) What’s your genre? M/F

3) What’s your age? <18, 19-25, 26-40, 41<

4) Would you buy Cheddar cheese labeled as “An excellent source of Iron” over regular Cheddar
cheese?

5) Any other comments?
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APPENDIX C: Consent form for Research Involving Human Subjects

SENSORY EVALUATION OF CHEDDAR CHEESE

TITLE OF THE RESEARCH
Effect of iron fortification on textural and sensory properties of cheese

INVITATION TO PARTICIPATE
You are invited to participate in this study, which compares the properties of cheese fortified
with food grade iron and cheese without iron.

PURPOSE OF THE STUDY
This study will evaluate sensory attributes and overall acceptability of iron fortified cheese.

BASIS FOR SUBJECT SELECTION

Subjects are selected based on their ability to detect differences in sensory attributes of cheese
without iron and cheese fortified with iron. Individuals with cold, sinus conditions or allergies to
a specific ingredient will not be asked to participate. The general adult population is used for
testing. Participants must be at least 18 years old.

POTENTIAL RISKS

The cheese samples to be evaluated contain the following ingredients: milk, cultures, annatto,
iron sulfate, rennet. All of these ingredients are USDA and/or FDA approved for use in foods
intended for human consumption and are being used at USDA/FDA approved levels. Each
product produced in a safe and wholesome manner according to USDA and/or FDA regulations.
These products samples pose no adverse health risk upon digestion, provided the subject has not
been identified as being susceptible to an allergic reaction to the previous listed product
ingredients. If you believe there is a potential of an allergic reaction upon ingesting the test
products, or you believe that participating will violate religious or cultural beliefs, notify the on-
site sensory evaluation coordinator and/or principal investigator immediately. You will be
released from participating in the study.

POTENTIAL BENEFITS

There are no direct benefits gained from participation in this study. However, your participation
provides valuable data for the development of iron fortified cheese. Information obtained from
this study will be published in appropriate scientific journals to expand our current knowledge in
enhancing the health values of cheese.

EXPLANATION OF PROCEDURES

You will be asked to sit at a booth and taste a number of numerically coded cheese samples. You
will be provided with water for rinsing your mouth between samples. The tasting exercise will
take a maximum of 25 minutes of your time, depending upon your speed of tasting. You will use
a sensory evaluation questionnaire form to record responses concerning specific product
attributes. Tasting will occur in Sensory Evaluation/Human Studies Laboratory located in Room
102 of the G. Malcom Trout (Food Science) Building.
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ASSURANCE OF CONFIDENTIALITY

Any information obtained in connection with this study that could be identified with you will be
kept confidential by ensuring that all consent forms are securely stored and your privacy will be
protected to the minimum extent allowable by law. All data analyzed will be reported in an
aggregate format that will not permit associating subjects with specific responses or findings.

WITHDRAWAL FROM THIS STUDY

Participation in this study is voluntary. Your decision to refuse participation or discontinue
participation during this study will not affect your present or future relationship with the
principal investigator or Michigan State University.

COMPENSATION FOR PARTICIPATION
After you have completed your sensory testing session and turned in your sensory ballot, you
will be offered a choice of treats (i.e., candy or ice cream coupon) for your time and effort.

OFFER TO ANSWER QUESTION

If you have any question, please do not hesitate to contact the on-site sensory evaluation leader
and/or the principal investigator. You are voluntarily making a decision to participate in this
study today. Your signature certificates that you have decided to participate after having read the
information provided above and that you had an adequate opportunity to discuss this study with
the principal investigator and have had all your questions answered to your satisfaction. You will
be given a copy of this consent form for to keep upon request.

SIGNATURE OF INVESTIGATOR DATE

Abraham Arce

2115 S. Antony Hall

Food Science and Human Nutrition

Michigan State University, E. Lansing, M1 48824
E-mail: arceabra@anr.msu.edu

SIGNATURE OF SUBJECT DATE

In my judgment the subject is voluntarily and knowingly giving informed consent and possesses
the legal capacity to give informed consent to participate in this research study.
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APPENDIX D: Application for the University Committee on Research Involving Human

Subjects

APPLICATION FOR INITIAL REVIEW

APPROVAL OF A PROJECT INVOLVING HUMAN SUBJECTS

Biomedical, Health Sciences Institutional Review Board (BIRB)
Social Science, Behavioral, Education Institutional Review Board (SIRB)

207 Olds Hall, Michigan State University

East Lansing, Ml 48824-1047
Phone: (517) 355-2180
Fax: (517) 432-4503
E-mail: irb@msu.edu

Office Hours: M-F (8:00 A.M.-5:00 P.M.)

IRB#: x15-818e
APPLICATION ID#: 1049058

Title of Project: Effect of iron fortification on textural and sensory properties of

Cheddar cheese.

Responsible Project | Zeynep Ustunol Mailing
Investigator: Address:
Identification XXX-XX-1560 Phone:
Number:

Department: FOOD SCIENCE & Fax:

HUMAN NUTRITION

College: AGRICULTURE & Email:
NATURAL RESOURCES

Academic Rank: Professor
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The Human Research Protection Program (HRPP) has deemed this project as exempt, in accord with
federal regulations for projects exempt from Institutional Review Board (IRB) review. As an exempt
protocol, the appropriate IRB will not be further involved with the review or continued review of the
project, as long as the project maintains the properties that make it exempt.

e Since the HRPP is no longer involved in the review and continued review of this project, it is the
Principal Investigator who assumes the responsibilities for protection of human subjects in this
project and ensures that the project is performed with integrity and within accepted ethical
standards, particularly as outlined by the Belmont Report (see exempt educational materials).

e The Principal Investigator assumes responsibility for ensuring that the research subjects be
informed of the research through a documented or undocumented consent process, if
appropriate.

e The Principal Investigator assumes the responsibility to maintain confidentiality of the subjects
and the data, and maintain the privacy of the subjects and protection of the data through
appropriate means. If data is anonymous, the investigators will make no attempt to identify any
individuals.

e The Principal Investigator assumes the responsibility that co-investigators and other members of
the research team adhere to the appropriate policies to protect human subjects, maintain
confidentiality and privacy, and adhere to accepted ethical standards.

o If the Principal Investigator adds additional investigators to an exempt protocol, he/she may
inform the HRPP of the additions. This may be of particular importance to graduate students if
the Graduate School requires proof of IRB approval.

¢ Any complaints from participants regarding the risk and benefits of the project must be reported to
the HRPP.

e Since the Principal Investigator and co-investigators are charged with human subject protection
and adhering to ethical principles in exempt research, it is appropriate that investigators be
trained in human subject principles. The Principal Investigator and all members of the research
team are required to complete MSU IRB educational requirements or equivalent.

¢ Any change in the protocol which may raise the project from exempt to an expedited or full review
category must be presented to the HRPP. If there is any question about a change in protocol the
Principal Investigator should consult the Director of the HRPP. Failure to submit changes which
raise the protocol out of the exempt category will be considered non-compliance and will be
subject to investigation and action by the HRPP.

e | accept responsibility for conducting the proposed research in accordance with the protections of
human subjects as specified by the IRB, including the supervision of faculty and student co-
investigators. There will be adequate resources and facilities to carry out the research.

By signing below, the Principal Investigator assures that he/she will abide by the terms of this assurance
and the HRPP exempt policy.

SIGN
HERE:

Date:

Thank you for submitting your IRB application online. You can access your full
application and view its status from the main IRB application

page (http://35.8.104.116:591/ucrihs/ucrihs_main/pi_search.htm). Please remember
that you cannot begin your research until you have received an approval letter from the
IRB.
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(SIRB)

APPENDIX E: IRB exemption for sensory evaluation

MICHIGAN STATE
UNIVERSITY

Initial IRB
Application
Determination

August 17, 2015

To: Zeynep Ustunol *Exem pt*
2105 8. Anthony Hall
MSU

Re: IRB# x15-818e Category: Exempt 6

Approval Date: August 17, 2015

Title: Effect of ron fortificabion on textural and sensory properties of Cheddar cheese.
The Institutional Review Board has completed their review of vour project. 1 am pleased to advise
vou that your project has been deemed as exempt in accordance with federal regulations.

The IRB has found that your research project meets the critena for exempt status and the criteria for
the protection of human subjects in exempt research. Under our exempt policy the Principal
Investigator assumes the responsibilities for the protection of human subjects in this project as
outlined in the assurance letter and exempt educational matenial. The IRB office has received your
signed assurance for exempt research. A copy of this signed agreement 1s appended for your
information and records.

Renewals: Exempt protocols do not need to be renewed. If the project 1s completed, please submit an
Application for Permanent Closure.

Revisions: Exempt protocols do not require revisions. However, 1f changes are made to a protocol
that may no longer meet the exempt criteria, a new initial application will be required.

Problems: If issues should arise during the conduct of the research, such as unanticipated problems,
adverse events, or any problem that may increase the nisk to the human subjects and change the
category of review, notify the IRB office promptly. Any complaints from participants regarding the
risk and benefits of the project must be reported to the IRB.

Follow-up: If your exempt project 1s not completed and closed after three vears, the IRB office will
contact you regarding the status of the project and to venty that no changes have occurred that may

affect exempt status.

Please use the IRB number histed above on any forms submitted which relate to this project, or on any
correspondence with the IRB office.

Good luck in your research. If we can be of further assistance, please contact us at 517-355-2180 or
via email at IRB@msu.edu. Thank you for your cooperation.

Sincerely,

oA H e

Harry MeGee, MPH
SIRB Chair

¢ Abraham Arce, Janice Harte
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APPENDIX F: Standard Plate Counts (SPC) for micro-encapsulated ferrous sulfate salts.

Table 7.6.1. Microbial counts for LMFS (1 g) and SMFS (1g) plated
on Standard Plate Count (SPC) agar.

Treatment CFU/g
Control <10
LMFS <10
SMFS <10
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APPENDIX G: Reference Material content using AAS

Table 7.7.1. Calculated mineral content (ug/g) for bovine liver using atomic absorption
spectroscopy. Reference Material 1577b, National Institute of Standards and Technology.

Iron Calcium Magnesium Zinc
Reference content 184 + 15 116 +4 601 + 28 127 + 16
Experimental content 185.7 124.4 5394 1374
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APPENDIX H: Certificate of Analysis for protein content

Certified Laboratories, Inc. Full Service Laboratory » Established 1926

Certificate of Analysis

PRINT DATE: 11/12/2015
REPORT DATE: 11/12/2015

MICIGAN STATE UNIVERSITY
474 SHAU LN

ROOM 2105

EAST LANGING. M1 48824
USA

ATT: ZEYNEP USTUNOL

LAB # - BB07980 DATE RECEIVED 11/10/2015

PRODUCT 1-C
PACKAGE N SEALED PACKAGE

CUSTID SAMPLE #01
ANALYTE RESULT UNITS METHOD REFERENCE
TOTAL PROTEIN 2358 % ACAC

PROTEIN (KJELDAHL METHOD)

LAB#: BB07991 DATE RECEIVED 11/10/2015

PRODUCT 2C
PACKAGE  IN SEALED PACKAGE

CUSTID SAMPLE 202
ANALYTE RESULT UNITS METHOD REFERENCE
TOTAL PROTEIN 377 % ADAC

PROTEIN (KJELDAHL METHOD)

LAB#: BB07992 DATE RECEIVED 11/10/2015

PRODUCT  3-T1
PACKAGE  INSEALED PACKAGE

CUSTID SAMPLE 203
ANALYTE RESULT UNITS METHOD REFERENCE
TOTAL PROTEIN 2406 % AQAC

PROTEIN (KJELDAHL METHOD)
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Certified Laboratories, Inc.

Full Service Laboratcry = Established 1926

MICIGAN STATE UNIVERSITY

474 SHAU LN

ROOM 2105

EAST LANGING, MI 48824
LISA

ATT: ZLYNCF USTUNOL

Certificate of Analysis

REPORT DATE : 111122015

LAB# : DD07933 DATE RECEIVED 11110/201%
PRODUCT  4-T1
PACKAGE  INSFAI FN PACKAGF
CUSTID SAMA_E #04

ANAIYTE RESULT UNITS METHOD REFERENCE

TOTAL PROTEIN 2418 % AOAC

PROTEIN (KJELDAHL METHOD)

LAB#: BB079%4 DATE RECEIVED 11/10/2015
PRODUCT 5-T2
PACKAGE  INSEALED PACKAGE
CUsST ID [AM2 T #05

ANALYTE RESULT UNITS METHOD REFERENCE

TOTAL PROTEIN 2349 % AQAC

PROTEIN (KJELDAHL METHOD)

LAB#: BB079% DATE RECEIVED 11110/2015
PRODUCT &T2
PACKAGE  INSEALED PACKAGE
CUSTID SAMA_E #06

ANALYTE RESULT UNITS METHOD REFERENCE

TOTAL PROTEIN 2391 % AOAC

PROTEIN (KJELDAHL METHOD)

LAE#:- BB07995 DATE RECEIVED 1111072015
PRODUCT 7-CA
PACKAGF  INSEALED PACKAGE
CUSTID SAM>_E #07

ANALYTE RESULT UNITS METHOD REFERENCE

TOTAL PROTEIN 2440 % ADAC

PROTEIN (KJELDAHL METHOD)
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Certified Laboratories, Inc. Full Service Laboratory » Established 1926

Certificate of Analysis

MICIGAN STATE UNIVERSITY REPORT DATE ; 11/122015
474 SHAU LN

ROOM 2105

EAST LANGING, MI 43824

usa

ATT: ZEYNEP USTUNOL

LAB #: BBOV997 DATE RECEIVED 11/10/2015

PRODUCT &CA
PACKAGE IN SEA_ED PACKAGE
CUSTID SAMPLE #08

ANAILYTE RESULT UNITS METHOD REFERENCE
TOTAL FROTEIN 2430 % ADAC

PROTEIN(KJELDAHL METHOD)

LAB #: BBO07993 DATE RECEIVED 11/10/2015

FRODUCT STIA
PACKAGE IN SEA_ED PACKAGE

CUsTID SAMPLE #09
ANALYTE RESULT UNITS METHOD REFERENCE
TOTAL FROTEIN 2440 % ADAC
PROTEIN(KJELDAHL METHOD)
LAB #: BBO7999 DATE RECEIVED 11/10/2015

PRODUCT 10-T1A
PACKAGE IN SEA_ED PACKAGE

CUSTID SAMPLE #10

AMNALYTE RESULT UNITS METHOD REFEREMNCE
TOTAL FROTEIN 2448 % ADAC

PROTEIN(KJELDAHL METHOD)

LAB #: BBOB000 DATE RECEIVED 11/10/2015

PRODUCT  11-T2A
PACKAGLE M SEALED PACKAGE

CUSTID SAMPLE #11

ANAI YTE RESULT UNITS METHOD REFERENCE
TOTAL FROTEIN 239 % ADAC

PROTEIM (KJELDAHL METHOD)
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Certified Laboratories, Inec.

Full Servicz Laboraiory « Established 1926

MICIGAN STATE UNIVERSITY
474 SHAU LN

RCOM 2105

EAST LANGING, Ml 48324
Usa

ATT: ZEYNCP USTUNOL

Certificate of Analysis

REPORT DATE: 11/122015

LAB #: BRIAOM

PRODUCT 12-T2A
PACKAGE IN SEALED PACKAGE
CUSTID SAMPLE £12

ANALYTE RESULT UNITS
TOTAL PROTEIN 2402 %

PRCTEIM{KJELDAHL METHOD)

DATF RFCFIVED  11/10/2015

METHOD REFERENCE
ADAC

LAB #: BB08002

PRODUCT 13-CB
PACKAGE  IN SEALED PACKAGE

CUSTID SAMPLE #13

ANALYTE RESULT UNITS
TOTAL PROTEIM T 18 %

PHUTEIN{RJELDAHL ME I HULY)

DATE RECEIVED 11/10/2015

METHOD REFERENCE
AOAC

LAB #- BB08003

PRODUCT  14-CB
PACKAGE N SEALED PACKAGE

cUsSTID SAMPLE ¥14

ANALYTE RESULT UNITS
TOTAL PROTEIN 2422 %

PRCTEIN(KJELDAHL METHCD)

DATE RECEIVED 11/10/2015

METHOD REFERENCE
ADALC

LAB #: BB08004

PRODUCT  15-T1B
PACKAGE  IN SEALED PACKAGE

CUSTID SAMPLE £15

AMALYTE RESULT UNITS
TOTAL PROTEIN 26.47 %

PRCTEIN({KJELDAHL METHOD)

DATF RFCFIVED  11/10/2015

METHOD REFERENCE
ADAC
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Certified Laboratories, Inc.

Full Service Laboratory « Established 1926

Certificate of Analysis

MICIGAN STATE UNIVERSITY
474 SHAU LN

ROOM 2105

EAST LANGING, Ml 48824
USA

ATT: ZEYNEP USTUNOL

REPORT DATE : 11/12/2015

AB#- DBB08005

PRODUCT 16-T1B
PACKAGE IN SEALED PACKAGE

CUsTID SAMPLE #16
ANALYTE RESULT UNITS
‘OTAL PROTEIN 2438 %

'‘ROTEIN (KJELDAHL METHOD)

DATE RECEIVED 11/10/2015

METHOD REFERENCE
ADAC

AB#: BB08006

PRODUCT  17-T2B
PACKAGE IN SEALED PACKAGE

CUSTID SAMPLE #.17

A\NALYTE RESULT UNITS
‘OTAL PROTEIN 2487 %

'‘ROTEIN (KJELDAHL METHOD)

DATE RECEIVED 11/10/2015

METHOD REFERENCE
ADAC

AB#- DBB08007

PRODUCT  18-T2B
PACKAGE IN SEALED PACKAGE

CUSTID SAMPLE #18

A\NALYTE RESULT UNITS
‘OTAL PROTEIN 2202 %

'ROTEIN (KJELDAHL METHOD)

DATE RECEIVED 11/10/2015

METHOD REFERENCE
ADAC

END OF REPORT

Toster Mici®

Managing Director

Thin sopor] rragy it b mpredeced lor axhertining Or e oo G4t G REFIRIE o In Sorrecton whh aur rame wihout srior wiEles asgroal. Cher briers and mpris apey Gy 0 saeln Sssted and we makie 5o guaiaries ot Fus sampls b inprseiive of She arrdeciich o whols

200 Express Street * Plainview, NY 11803 » 516-576-1400 » 800-CERT-LAB * Fax 516-576-1410 » » www.certified-laboratories.com
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APPENDIX I: LMFS description and details provided by the manufacturer

@ Dr. Paul Lohmann®

Product Data Sheet FOOD/PHARMA
Ferrous Sulfate, dried E 50%

Product No. 500022005840 CAS No. 7720-78-7 (anh.)™ EINECS No. 231-753-5° HS No. 28332950~

* active ingredient

General Characteristics

Formula*: FeS0O, * xH,O

Molecular weight*: 151.91 g/mol

Appearance: Granulate

Odour: neutral

Taste: neutral

Solubility (20 *C): < 1 gin 100 ml water

Storage recommendation: keep well closed, dry and at room temperature
Retest Period: 36 months

Micro-encapsulated salts of iron are applied for:
¢ Prevention of interaction with other ingredients

(e. g.: fat oxidation and change of colour)
* Taste masking purposes

Typical Specifications

Dr. Paul Lohmann micro-encapsulated Ferrous Sulfate, dried is microencapsulated with approx. 50 % hydrogenated

vegetable oil.
e o Typical
Specification analysis
Colour off-white / yellowish conforms
Identification conforms conforms
Lead (Pb) max 0.001 % < 0.001 %
Assay Fe(ll) 15.0-18.0 % 16.0 %
Melting point at the coating material approx. 60 °C 60 °C
Cur company is GMP and EN 150 9001 certified.
Dr. Paul Lohmann Inc. Toll-Free: 1-877-4DPL-USA service@lohmann-inc.com
Islandia, NY 11749 / USA F 1-631-423-2036 www _lohmann-inc.com
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@ Dr. Paul Lohmann®

Ferrous Sulfate, dried E 50%

Characteristics

Particle size
Appearance

Limits %
= 0.7 mm max. 5
ST < 0.1 mm max. 10
Main uses

General
A cost efficient micro-encapsulate, designed for taste masking (avoidance of metallic taste) in dry mix applications.

Examples:

* Vitamins and Minerals premixes
* Dry Instant beverage mixes

Packaging

25 kg fiber drum. Other packaging available on request.

Certificates

Dr. Paul Lohmann micro-encapsulated Ferrous Sulfate, dried is:

s  Kosher
s Halal
s GMO-free

Kosher / Halal certificate and GMO statement are available upon request.
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APPENDIX J: SMFS description and details provided by the manufacturer

O Dr. Paul Lohmann®

Product Data Sheet FOOD/PHARMA

Ferrous Sulfate Dried Micro2
micronized, microencapsulated

Artikel Nr. 500022005990 CAS Nr.  77-20-78-7 (anh.) EINECS Nr. 231-753-5 HS Nr. 28332950

General Characteristics

Formula*: FeSo, * xH-0

Mol. weight*: 151.9 g/mol (anhydrous)

Appearance: fine powder

Odour: neutral

Taste: neutral

Storage recommendation: keep well closed, dry and at room temperature
Retest Period: 6 months

Specification

Dr. Paul Lohmann® micronized Ferrous Sulfate is microencapsulated with approx. 70 % Stearic Acid (E 570).

Specification

Identification conforms
Colour white-greyish white
Assay Fe 80-11.0%
Melting point of the coating material approx. 65 °C

Characteristics

Particle size
Appearance
ds50 dao
Fine powder 220 pm 422 um
Dr. Paul Lohmann GmbH KG T +49 5155 63-0 sales@lohmann4minerals.com
31860 Emmerthal/Germany F +49 5155 63-118 www.lohmann4minerals.com
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@ Dr. Paul Lohmann®

Ferrous Sulfate Dried Micro2
micronized, microencapsulated

General Advantages

Dr. Paul Lohmann® Ferrous Sulfate Micro2 combines the advantages of micronization and microencapsulation.

Advantages of micronized Iron salts:

. enlargement of specific surface and thereby increased absorption and bioavailability
. decreased sedimentation

. improved sensory properties

. improved texture and viscosity of viscose applications.

Advantages of microencapsulated Iron salts:

e prevention of chemical reactions with other ingredients
(e. g.: fat oxidation and change of colour)

s taste masking purposes

Main uses

A very tight microencapsulation to decrease the reactivity and sensory disadvantages of Ferrous Sulfate.

Examples of application areas:

* dairy based baby food
*  milk powder

Packaging

25 kg fiber drum. Other packaging available on request.

Company Status

Qur company is GMP and DIN EN ISO 9001:2008 certified.

Statement

Dr. Paul Lohmann® Ferrous Sulfate Micro2 is GMO-free. GMO-Statement is available upon request.

Dr. Paul Lohmann GmbH KG T +49 5155 63-0 sales@lohmanndminerals.com
31860 Emmerthal/Germany F +49 5155 63-118 www.lohmann4minerals.com
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