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Abstract

Many studies have demonstrated that the health promoting capabilities of oats are due to 

the presence of antioxidants compounds, such as phenolic acids and avenanthramide (only 

present in oats), and also to dietary fibers (e.g. P-glucan), and high content of lysine, a limiting 

amino acid in other cereals. Extraction o f phenolic compounds in oat is difficult because up to 

80% are conjugated with cell wall polysaccharides lipids. The aim o f the research was to 

investigate the effect of four polysaccharide degrading enzymes on the release o f polyphenols 

and biological properties o f resulting polyphenol rich extracts.

Aqueous solutions of medium oat bran flour were therefore treated with viscozyme, 

cellulase, alpha-amylase, and amyloglucosidase, and extracted with equal volume of methanol. 

Total phenolic content, antioxidant and antimicrobial activities of the extracts were determined. 

The effects on these enzymes on the release of individual phenolic acids were quantified using 

reverse-phase HPLC chromatography.

The measurement of indices o f antioxidant activities showed that treatment oat bran with 

the enzymes significantly increased radical scavenging and metal chelating capacities of 

samples. In the antimicrobial activity, viscozyme and cellulase treated samples had a significant 

inhibitory effect on the growth o f the gram negative bacteria, E.coli.

The HPLC analysis showed the amount of free phenolic acids; such as ferulic acid and caffeic 

acid increased in samples treated with enzymes. The highest amount o f caffeic acid was found 

in the alpha-amylase treated sample.

The pre-treatment o f medium oat bran with the carbohydrases showed that more soluble 

phenolic acids were released and this was associated with increased antioxidant properties as
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well as inhibition o f the growth o f f .  coli, a pathogen commonly encountered in foods. These 

data demonstrated that polysaccharide degrading enzymes could be used to obtain 

polyphenols rich fractions from bran (cereal by-products). This may find application in the 

formulation o f nutraceuticals and functional food rich in antioxidants for health maintenance 

and reduction of risks o f chronic diseases.
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Chapter 1: Introduction

Oat (Avena sativa) is one o f the important cereal crops in Canada, and over the years interest 

in oats has increased [1]. Oat similar to the other grains belongs to Poaceae family [2]. Oats 

consumption is low compared to other cereals, but because they are often consumed as a 

whole grain, they have the advantage o f providing the human's body with many 

phytochemicals [3]. Oat has been known to be used as a medicine or feed crop. Recently oats 

has been used in many products such as breakfast cereals, infant foods and beverages [4].

Oat is generally believed to be one of the best cereals from a health perspective since it 

contains many bioactive components, such as fiber (e.g. P-glucan), compounds with high 

antioxidant activity (e.g. tocopherol, phenolic compounds), essential fatty acids (e.g. a-linoleic 

acid), and phytosterols [5]. Most of these phytochemical components are concentrated in the 

oat bran, which is the outer layer of the kernel [6]. Phytochemicals have the ability to prevent 

chronic diseases, such as cardiovascular diseases, and some cancers [4]. The biological effects 

of the phytochemical components of oat are due to their antioxidant and cholesterol lowering 

properties [2, 7].

Phenolic compounds are a group of phytochemicals known to possess antioxidant 

properties. Many o f them such as avenanthramides, flavonoids, and phenolic acids are present 

in oat bran. Avenanthramides are unique group o f phenolic compounds found only in oats. It is 

well known that phenolic compounds can scavenge free radicals and chelate metal ions, 

thereby preventing potential damage that oxidant molecules can cause to important cellular
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components, such as DNA, lipids, and proteins. In food, antioxidants contribute to the stability 

and enhance sensory attributes [3].

Extracting phenolic compounds in cereals are challenging, because 80% of phenolic 

compounds in cereals are bound to  polysaccharides and proteins [8]. As a consequence, to 

release phenolic acids, basic or acid hydrolysis are commonly used. A few studies have been 

conducted on the use carbohydrases hydrolytic to increase extraction o f phenolics in cereals, 

such as wheat; however, the technique hasn't been applied to oats.

Hypothesis

The use of viscozyme, alpha-amylase, cellulase and amyloglucosidase will increase extraction 

efficiency of oat phenolic acids as well as antioxidant and antimicrobial properties of resulting 

extracts.

Objectives

1. Treat oat bran with carbohydrases at optimum pH and temperature to attain a desired 

viscosity and enhance phenolic compound extraction.

2. Measure the amount of reducing sugar and total phenolic content o f extracts.

3. Determine antioxidant activities o f phenolic extracts.

4. Quantify individual phenolic acids contents by high performance liquid chromatography 

(HPLC) in the extracted materials.

5. Determine the antimicrobial activity of extracts.

9



Chapter 2: Literature Review

Reactive oxygen species (ROS)

Oxygen is an essential element for the survival of humans, yet it also can damage or cause 

cell death [9]. Molecular oxygen is present in the atmosphere as a stable trip let biradical (30 2). 

When this oxygen is inhaled, it goes through a reduction process in the mitochondria to form 

water. During this process, molecular oxygen is incompletely reduced to a reactive intermediate 

known as superoxide radical anion (02*~) which can be further converted to, hydroxyl radicals 

(HO*) and peroxyl radicals (ROO*). Non-radical derivatives are also formed; a few examples of 

non-radical derivatives are hydrogen peroxide (H20 2), and single oxygen (’0 2). These reactive 

intermediate are called reactive oxygen species (ROS) [10, 11]. ROS react with complex cellular 

biomolecules and it can cause damage [12].

Free radicals are any chemicals that contain atoms with an unpaired electron in its outer 

orbit. The unpaired electron in free radical can be located in any atom. In contrast, free radicals 

that are part of ROS only have the unpaired electron on the oxygen atom. ROS and other free 

radicals have the same characteristics, i.e., a short life, instability, and the ability to react with 

other molecules to achieve stability, which can lead to cellular damages [13].

Formation of reactive oxygen species

During the previously-mentioned metabolism process in which oxygen is metabolized to 

form water, many free radicals are formed as intermediates products. The first and the main 

production of ROS is the addition of one electron to the stable 0 2 (reduction), leaving the 

oxygen with unpaired electron, creating superoxide anion 0 2* '  [Figure 1]. The main
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endogenous source is the electron transport chain in the mitochondria for adenosine-5'- 

triphosphate (ATP) generation. This anion interacts with other molecules to produce other 

ROS, such as hydroxyl radical »OH. The reduction of 0 2* '  that results in the formation of 

hydrogen peroxide H20 2 by the addition of an electron followed by protonation. In the 

presence of metal, such as Fe or Cu, H20 2 generates the most active ROS *OH through the 

Fenton reaction. However, the singlet oxygen is formed in the presence o f photosensitized 

molecules such as riboflavin [9,14]. In addition to that, the donation of an electron from »02 to 

iron (Fe3+) to reduce to (Fe2+) (by Harber-Weiss reaction) followed by a reduction to H20 2 and 

resulting in the generation of hydroxyl radical (*OH) (by the Fenton's reaction) [13,15,16].

• 0 2 + Fe3+ ->10 2 + Fe2+

SOD
2»0 + 2H+ — » 0 2 + H20 2Fe3+

\  \  \  \  
e- C + 2 H *  r t H *  e’ +H*

Oxygen Superoxide Hydrogen Hydroxyl Water 
anion peroxide radical

Figure 1 ROS generation [17]

Superoxide *0 2: In biological systems, the superoxide anion is fairly toxic and has a half-life of 

2-4ps; nevertheless, it is important in allowing phagocytes to kill and engulf bacteria strains. 

0 2* ' has oxidizing and reducing capabilities. 0 2*_ is oxidised by an enzyme called superoxide 

dismutase (SOD), to  form H202 [18,19].
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Hydrogen peroxide H20 2: H20 2 is moderately reactive and has a relatively long half life (1ms). 

These ROS are not free radicals because they do not have unpaired electron, but they are the 

main source for *OH in the presence of transition metals, and they have the same damaging 

effects on the cell as 0 2«'. Also, they create some specific damages, such as damage to DNA, 

inactivating some enzymes by oxidizing their thiol groups, and membrane disruption. 

Glutathione peroxidise catalyze the glutathione (GSH) to glutathione disulfide (GSSG) in the 

presence of H20 2.

GPx
2GSH + H20 2 — > GSSG + 2H20

However, some of these damages could be reduced depending on the reaction o f H20 2 and 

0 2»~ to create *OH in the presence of iron. As previously mentioned, in the 0 2«" there is a 

disposal for each o f these species of free radical. Catalase is the enzyme that is responsible for 

converting H20 2 to  H20.

It has been shown that H20 2 is important because it acts as a secondary messenger for 

signaling the immune system to initiate the healing process, and some peroxidises use H20 2 in 

the oxidizing reaction involving the synthesis of complex organic molecules [13,15,16,18].

Hydroxyl radical •OH: among all the ROS or free radicals *OH is the most reactive. One 

mechanism by which this radical is formed is the exposure o f tissue to radiation; the radical is 

absorbed by water after which it is split between the covalent bonds o f one of the oxygen 

hydrogen bonds or in the presence of metal ions, as was mentioned previously.

in te rm a id a te
stages

H-O-H - ------► *H + »OH
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The hydroxyl radical can damage many molecules because it is not eliminated by any 

enzymatic activity. However, it can be removed by endogenous antioxidants, such as melatonin 

and dietary antioxidant, such as vitamin E. Then the reaction that removes *OH when it reacts 

with nearest carbon chain from a polyunsaturated fatty acid leaving carbon-centered radical (- 

O -). Under physiological conditions, this lead to the reaction o f -O - and oxygen to form 

peroxyl radicals. The latter is so reactive that can react with fatty acids [13,15,16,18].

-C H  + •OH -»  - O  + HzO

—o — + o 2 -> —COO*

-C O O *  + -C H  -»  —COOH + —C*

Singlet oxygen species 102: This species is not a radical, but it has powerful damaging effects. 

The ’02 species is formed during the transfer o f energy to oxygen or during the photosynthesis 

o f pigments, such as chlorophylls, flavins, and retinol [14]. This species has a very short life in 

aqueous solution. It is more reactive than the stable oxygen, and it can react with 

polyunsaturated fatty acids (PUFA) [13,15,16,18].

The role of ROS

ROS play crucial roles in human health. Under normal conditions (i.e. homeostatasis), ROS 

are essential for body defense against some types o f bacteria strains by activated macrophages 

and other phagocytes in the immune system. The main source of ROS is nicotinamide adenine 

dinucleotide phosphate oxidases (NADPH oxidases) [20, 21]. ROS also play a role in some
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cellular processes such as signal transduction and regulation through mediation o f a number of 

cellular responses, such as programmed cell death [22].

Reactive oxygen species can be formed in different ways. Peroxisomes, which are involved in 

the catabolism of long-chain fatty acids, also are other important source o f ROS in the cell. They 

produce the largest amount o f ROS during oxidation of enzymes (NADPH oxidase, 

myeloperoxidases). Also, reactions that involve iron and other transition metals can be internal 

source of ROS. In addition to that, there are some external sources that produce free radicals or 

ROS, including cigarette smoke, environmental pollutants, UV light, alcohol, chemicals in food 

(pesticides and additives), radiation (X- rays), ozone, and certain drugs. Some researchers have 

indicated that a person's mental status, i.e., feelings of stress and negative emotion, as well as 

various conditions that result from diseases, such as inflammation, also are physiological 

sources for free radicals [13,15].

Reactivity and toxicity of ROS

Radicals can react with other molecules in many ways; for example, a radical could donate its 

unpaired electron to  a non-radical (a reducing radical), or could take an electron from another 

molecule in order to  form a pair (an oxidizing radical). Another way they can react is by the 

combination o f the unpaired electrons o f two radicals to form a covalent bond. In addition, a 

radical could combine with a non-radical. In each o f these reaction mechanisms, a non-radical 

becomes a radical [13]. Thus, these mechanisms can possibly lead to injuries, i.e, oxidative 

damage, to the cell, thereby affecting many cellular functions. If the body is unable to ward o ff 

such damage, it can lead to oxidative stress that could affect the body's DNA, proteins, and
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lipids, causing apoptosis, necrosis, and cell death [9]. In humans, oxidative stress is thought to 

be a key factor in the development of various diseases, including cancer, Alzheimer's, and 

cardiovascular diseases.

Oxygen radicals are the most important radicals generated in the living system. All scientists 

who have conducted research related to free radicals have indicated that, due to  their high 

reactivity, these species can affect all important molecules o f the cell [15]. Under the normal 

condition the body's antioxidant defence system can remove free radicals that are produced.

Lipid peroxidation (LPO): This damaging process occurs more frequently than any o f the other 

damage process due to ROS in living organisms. It is initiated when excessive generation of ROS 

occurs in the cell, initiating the oxidation of lipids by extracting a hydrogen atom from a 

polyunsaturated fatty acid (PUFA), which is cell membrane component. The complete process 

of the LPO occurs in three steps, i.e., initiation, progression, and termination steps. The 

initiation step includes some transition metal complexes, such as Fe complex, which are 

essential for human body. The highly-reactive free radical, *OH, is responsible for this step, and 

is generated by *0 2 and H20 2. It will steal the hydrogen atoms from the unsaturated fatty acid 

and from the methylene carbons in the side chain of the PUFA.

SOD m eta l ion
• 0 2 — * H20 2 ---------- ► »OH

Io n iz in g  ra d ia tio n
Or H20  --------------------- * «OH, e", H«, »02, H20 2/ H2

LH + *OH -»L» + H20 

(Lipid) (Lipid Alkyl radical)
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After that, the oxygen with fatty acid at the carbon centered lipid radical generates ROO. 

The latter reacts immediately w ith another hydrogen atom close to the side chain o f the PUFA. 

As a result, products of lipid hydroperoxidation will be the primary products, and they will 

break down into several reactive species such as lipid alkoxyl, alkanes, lipid epoxide, and fatty 

alcohol.

L* + 0 2 LOO (lipid proxy radical)

LOO* + LH -> LOOH + L*

LOOH -> LO* (Epoxide)

The termination step occurs when large quantities o f free radical have accumulated in the 

cell membrane, initiating a chain reaction in which the free radicals react with each other 

producing non-radical species. Thus, the radical reaction will stop, and multiple peroxide 

molecules (as secondary products) will be produced, leading to their reacting with neighboring 

lipids to produce other L* and restarting o f the chain reactions [13,16].

L* + L* L+L 

L* + LOO* LOOL 

LOO* + LOO* -» LOOL + 0 2 

It is well known that 10 2 also attacks the PUFAs by reacting with it, without stealing any

hydrogen atom [lipid peroxidation]. One of the most excessive examples of end products of

lipid peroxidation is malondialdehyde (MDA). Malondialdehyde is a highly toxic aldehyde and a

marker for lipid peroxidation in vivo that can damage DNA leading to mutation [23].

As the peroxidation of PUFA proceeds, the fluidity of the cell membrane is decreased,

leading to secondary damage to the proteins in the cell membrane. LPO takes place in the
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membrane o f cytoplasm and in the mitochondria [13, 16, 22]. In fact, monounsaturated fatty 

acid and saturated fatty acid are more resistant to free radical due to the lesser number of 

double bonds with which to react with free radicals. Therefore, the more o f PUFA there are in a 

given food, the more peroxidation will occur [24].

DNA damage: It is well known that ROS are a key factor in the initiation o f cancer through 

damaging DNA by making some base modifications, single- or double strand break damages ( by 

attacking the sugar residue), deoxyribose modification, and DNA cross-linking [25, 26]. The 

species *OH is the predominant species among the ROS, and it is highly reactive. It reacts with 

DNA by adding H atom to or stealing H atoms from the double bond (methyl group) of any of 

the DNA nucleobases (adenine, cytosine, guanine, and thymine) and then generates products. 

The main products for the oxidative damage of DNA are 8-hydroxyguanine (8-OHG), 8- 

hydroxyadenine (8-OH-Ade), cytocine glycol, and thymine glycol [26]. One o f the most generally 

studied products for the oxidative damage of DNA in vivo is 8-hydroxyeoxyguanosine (8-OHdG) 

as shown in Figure 2 [16, 25]. Deoxyguanosine could be oxidized to give 8-OHdG or reduced to 

give 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapygue). The compound 8-OHdG is 

stable and can combine with cytosine and adenine. DNA can be repaired o f damage by DNA 

oxidation primarily via the DNA base-excision-repair- pathway [26],
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Figure 2: 8-OHdg formation by free radicals [27].

8—OHdG
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Another reaction occurs when the »OH takes a hydrogen atom from the sugar moiety, which 

is released from DNA, or bound to DNA from each o f the carbon atoms. Subsequently, a sugar 

carbon-centered sugar radical is generated, which also generates other sugar products, DNA 

double strand break, and base-free sites [28].

The results of these damages can be physiological such as a decrease in protein synthesis, 

and damage to photosynthetic proteins affecting the growth and development of the organism 

[7]. Several cancer research studies have found that there is a connection between the 

oxidation of DNA bases and cancer or inflammatory diseases such as hepatitis [29].

Protein oxidation: Proteins make up part o f every cell in the body, and they have important 

and different roles to  keep the body alive and healthy. Proteins, as any other component of the
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cell membrane, can be attacked by ROS and make some modification to their function. The 

protein oxidation is defined as the covalent modification of a protein induced either directly by 

reactive oxygen species or by-products of oxidative stress [7, 29]. There are various types of 

protein oxidation modification. In all such type, the oxidation *OH initiates the protein 

backbone oxidation by adding H atom to the aromatic ring, or abstracting H atom from the 

aliphatic amino acid and form carbon-centered radical (RCO). The latter reacts quickly with 0 2 

to produce alkyl peroxide (RCOO). This is followed by the formation o f an alkoxyl radical 

(RCO), which is then converted to hydroxyl protein derivatives (RCOH) {Reaction 1}. These 

intermediate products may go through a side reaction with another amino acid in the same or 

different protein molecule. The protein-protein cross-linked derivative occurs in the absence of 

0 2, and then the carbon-centered radical can react with another carbon-centered radical [29] 

{Reaction 2}.

• OH 0 2 H 0 ’ 2->02 H 0 * 2- * 0 j+ H j0  h o * z ->o 2
1. RC — ► RC* -* RCOO* > RCOOH » RCO*----------» RCOH

2. RC* + RC* RCCR

Amino acids such as lysine, arginine, and threonine reacting with aldehyde produced during 

the lipid peroxidation to form of alkoxyl radicals (RCO*) starts the step of the peptide cleavage 

bond, via a-amidation or oxidation of glutamic acid, which then reacts with aldehyde, which is 

produced during the lipid peroxidation, to form protein carbonyl. The presence of protein 

carbonyl has been used as marker of the protein oxidation by ROS [29]. Several studies have 

established that high levels o f protein carbonyl cause some diseases, such as Alzheimer's 

disease, diabetes, and renal failure. Therefore, carbonylation o f protein cause modification in
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the peptide led to  alterations in the protein function, but also show severe damage [30]. 

Furthermore, hydro peroxide may generate other radicals by reacting with some metal.

In addition, amino acids that contain sulfur and unsaturated bond can be more sensitive to 

reactive with free radicals; e.g., cysteine and methionine [19]. The other amino acids that are 

most reactive with free radicals are tryptophan, tyrosine, histidine, phenylalanine, and Arginine, 

which contain unsaturated bonds.

Human antioxidant defense system

All organisms have a defense system, i.e., antioxidant, against the process of oxidation. 

These antioxidants act as stabilizers to free radicals, thereby protecting cells from damage by 

ROS [literature review of ROS]. ROS are naturally occurring products; therefore, a number of 

enzymatic and non-enzymatic antioxidants mechanisms work to protect cells against ROS [31]. 

Interestingly, fruits, vegetables, and grains are the main source o f non-enzymatic antioxidants. 

These sources are rich in polyphenols, carotenoids, vitamins and minerals that can prevent the 

oxidation [32]. When the antioxidants donate an electron to free radicals, the latter become 

stable and it does not react with molecules in the cell. Furthermore, because o f their stability, 

antioxidants do not become a free radical. The imbalance in favor of the generation of free 

radicals over their elimination by antioxidant can result in the damages to  the structure and 

function of macromolecules described in the previous section [33]. Inside the body, 

antioxidants work in three different stages:

1. Preventing damage by minimizing the formation o f ROS (e.g. desferrioamine).

2. Scavenging ROS (e.g. ascorbic acid).
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3. Repairing the damaged target molecules (e.g. glutathione) [34].

Enzymatic antioxidants: To complete their catalytic activity, these enzymes require some 

micronutrients cofactor, such as selenium, iron, copper, and manganese. In fact, excess dietary 

intakes of these metals are important to complete the activity of antioxidant molecules [35].

• Superoxide dismutase (SOD):

o First-line defense due to the fact that superoxide anion is the initiation of the 

ROS generation, 

o Lowering 0 2* - level, 

o Converts 02 *' to H20 2 [34, 36].

• Catalase (CAT):

o Found in red blood cells and in the liver where the highest activity exists, 

o Decomposes H20 2. 

o Protects tissues from *0H.

CAT
o In the high concentration of H20 2, catalase acts as a catalyse ( H20 2 — ► H20  + 

02).

o In the low concentration of H20 2, catalase acts peroxidically (peroxidatic 

reaction takes place in the liver to help in alcohol metabolism) in the presence 

of hydrogen donor, such as phenolic compounds [20, 34].

•  Glutathione peroxidase (GPx):

o Is a sulfhydryl (—SH) antioxidant, which is an electron donor, 

o There are eight different members in the GPx family.
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o The main function is to  protect the body against damage from free radicals, 

o Catalyze H20 2 and lipid hydroperoxides by glutathione (GSH). 

o The main reaction reduces the H20 2 to water and Glutathione disulfide GSSG. 

o GSSG converts to GSH in the presence of NADPH [37].

Non-enzymatic antioxidants:

• Vitamin E (a-tocopherol)

o Fat-soluble antioxidant and is a major, powerful antioxidant, 

o Main function is to protect against lipid peroxidation.

o Donates hydrogen and then becomes a radical, which later reduced to its 

original by vitamin C [20, 38].

•  Vitamin C (Ascorbic acid)

o Water-soluble antioxidant that works in aqueous environments, 

o Work well with vitamin E, carotenoids, and enzymatic antioxidants, 

o Main function is to protect the thiol group of proteins from oxidation as a 

chain-breaking antioxidant [20, 38].

• Reduced glutathione (GSH)

o A tripeptide, most important intracellular free thiol and antioxidant, 

o Multifunctional antioxidant.

o The main function is when it acts as a co-factor for several detoxifying enzymes, 

o Also directly scavenges *OH and 10 2.

o Regenerates vitamin E and C back to their active forms [20, 38].

•  Ubiquinone or Coenzyme Q



o Also known as (Q10, CoQIO, and CoQ). 

o Present in the mitochondria.

o  Energy carrier then undergoes oxidation-reduction reactions, 

o Inhibits lipid peroxidation by preventing the production of lipid peroxyl radicals, 

o Prevents oxidation of bases and protein, 

o Generates other antioxidants, such as vitamin E [20, 39].

Dietary antioxidant compounds

There are several groups o f antioxidant molecules in food amongst them are polyphenols. 

They are one of the main groups of phytochemical antioxidants that occur naturally in the 

plants as secondary metabolites. They are found in fruits, vegetables, cereals, dry legumes, and 

chocolates [40]. They are characterized by at least one aromatic ring bearing with at least one 

or more hydroxyl substituent [40]. The antioxidant properties of these compounds may be 

through radical scavenging preventing thereby ROS damage or through binding iron to prevent 

the generation o f ROS, which results from the hydroxyl group attached to the aromatic ring 

[anti of poly]. Phenolic compounds classified into groups based on the number o f carbons on 

the molecule (Fig 2). They range from simple phenols to more complex compounds, which are 

known as polyphenols. There are more than 8000 different known structure from these 

substances [40, 41].

Phenolic compounds play a crucial role in the plants, by protecting against UV light, 

pathogens, and insect pests [40, 41]. Some phenolic compounds contribute to  the plant color, 

taste, and odor [40].
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A number of these phenolic compounds have been identified in cereals including oat which 

is the subject of the current investigation.

Oat and its nutrients

Oat and other cereals are one of the important ingredients in human nutrition because they 

are a source of carbohydrate, lipids and proteins [8], In addition, they also provide the body 

with dietary fiber, vitamins, minerals and bioactive compound with essential health benefits

[42]. Epidemiological studies have shown that high consumption o f whole grain cereal products 

reduces the risk o f some chronic diseases such as obesity, diabetes, and cardiovascular diseases

[43].

The major cereals consumed worldwide are wheat, rice, maize, barley, oats, rye, millet, and 

sorghum. Oat (Avena sativa) is consumed in relatively low quantities, but it is consumed as a 

whole grain [3]. Oat belongs to one o f the old crops with multifunctional uses for human 

consumption, livestock feed and raw material for food, healthcare products and cosmetics [4]. 

It is an annual plant like the other cereals. However, it is the only cereal that can grow in the 

cool areas of Canada, the U.S.A, Russia, Poland and Germany [1].
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The oat grain is surrounded by the kernel, which is enclosed by a hull. When the hull is 

removed in the milling processes, oat groat is produced, which is considered to be the whole 

grain oat [44]. Oat groat contains some of the oat nutrients, such as P-glucan. The outer layer of 

the kernel is called bran which is edible and recovered by grinding clean groats. Oat bran 

contains most of the oat nutrients as shown in Tablel.

Table 1 oat nutrients

Component

Carbohydrates

Dietary fiber

5.4 mg

Oat nutrients

Carbohydrates make up 90% of oat [45]. The main component is starch. Also, the main 

starches in oat are amylose and amylopectin. Also, oat contains other non-starch
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polysaccharides that contribute components o f the dietary fiber, such as P-glucan, 

arabinoxylan and cellulose [44].

Some studies o f oat and other cereals found that, among the tested cereals, oat 

contained the highest amount of proteins and amino acid due to the storage of proteins in 

the globulins.

Oat also has higher lipid content than other cereal grains. The main lipid found in oat is 

triglyceride, w ith some amounts o f phospholipids, and sterols [44]. The dominant 

triglycerides in oat are the unsaturated fatty acids, linoleic acid and oleic acid [44]. Oat is a 

good source of linoleic acid, which is essential in the human diet for improving the immune 

system and preventing heart disease [45].

Dietary fibers are one o f the essential requirements for the human digestion system, and 

they are found only in plants. One of the important soluble fibers that is found in oat is p- 

glucan [46]. It is found in higher concentration in the oat bran than the oat endosperm. The 

great function and nutritional properties is the high viscosities in low concentrations. Many 

in vivo studies have confirmed that diets containing oat P-glucan can lower LDL cholesterol, 

leading to reduced risk o f heart diseases. Also, it was found that oat P-glucan can lower 

serum glucose concentrations after a meal, which suggests that this substance can help 

control type II diabetes. P-glucan has been used in personal care products, and 

pharmaceutical products due to its ability to  facilitate the healing of wounds and to protect 

and moisturize skin [4].
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Tocols, which include tocopherols (vitamin E) and tocotrienols occur naturally in grains 

including oats. Vitamin E acts as an antioxidant in cells, where it protects lipids. It exist in 

high concentrations in oats. In addition to their scavenging properties, tocopherols can also 

lower LDL cholesterol by inhibiting the biosynthesis of cholesterol.

Avenanthramides (AV) phenolic compounds unique to oats have strong antioxidant 

capacities [3]. AVs consist of hydroxycinnamic acids linked to anthranilic acids by an amide 

bond [4]. In oat, avenanthramides are formed from three major phenolic acids which are, p- 

coumaric acid, caffeic acid and ferulic acid (4). Twenty five AVs have been identified in oats. 

They differ in the cinnamic and anthranilic acid ring substitution. The three major acids that 

occur at high concentrations are AV-A, AV-B and AV-C. Studies have reported that there is a 

relationship between the presence o f Av and anti-inflammatory properties.

CH

NH

HO

Figure 4 : Avenanthramide-A chemical structure.

Oats also contain small quantities of phenolic acids, and they are considered excellent 

nutrients for human health, and they can lower the risk of some diseases. Studies of oat 

have found that the major phenolic acids are hydroxybenzoic and hydroxycinnamic 

derivatives. Ferulic, caffeic, p-coumaric and vanillic acids are found in free form or bound to
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polysaccharides, proteins and esters in the wall of the cell. These phenolic acids may give 

oats their characteristic flavor [3].
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Figure 5 : some o f the phenolic acids that are found in oats

Flavonoids are found in small quantities in oat, and the dominant member o f flavonoids 

family is flavones [3, 47].
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Figure 6 some o f the flavones that are found in oats

Lignan is one o f the family members o f the phytoestrogen class; lignans are found in 

oats, and they also have antioxidant activity [47]. Generally, the two major lignans that are 

found in cereal and oat are secoisolariciresnol and matairesinol, which are converted to 

mammalian lignan by a microbial enzyme in the colon [42]. Epidemiological studies have 

reported that lignans from other foods reduced the risk o f some diseases, especially breast 

cancer and prostate cancer [48].

OH Secoisolariciresnol

X H 3

OCH

HO

H,CO

OH

Figure 7: lignan chemical structure
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Phytic acid is myoinositol hexa-phosphoric acid (IP6), which serves to  store the 

phosphorus that is found in many plants, especially in the bran [49]. It has antioxidant 

properties, and chelates various elements, including Zn, Fe, Ca and /o r Mg [42]. The positive 

effect of phytic acid is that it reduces the incidence o f colon cancer according to the results 

of in vitro studies [49].

HO

HO— P— OHO
OH OH

OH
HO

HO HO
OHO— P— OH

OH

Figure 8: Phytic acid chemical structure

More than 50 clinical studies of oat have shown that oat is a reducing agent for cholesterol 

and cardiovascular diseases and the effect has been attributed to beta-glucan, higher 

polyunsaturated fatty acids relative to other cereals, and polyphenols [46,50].

Extraction methods for polyphenols in cereals

Studies o f various cereals have found that phenolic compounds are more concentrated in 

the outer layer of the kernel, i.e., the bran [51]. In plants, phenolics are mostly bound to diverse 

cell components, or they are cross-linked with polysaccharides in the walls o f the cells, such as 

pectins and arbinoxylans [52]. Phenolics compounds present in simple and soluble forms,
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constitute a small amount stored in the vacuoles. The extraction of these phytochemical 

compounds is the first step in determining their function.

The extraction o f phenolics compounds that are stored in the vacuoles in the plant matrix is 

simple, just requiring the use o f a common organic solvent [53]. However, the extraction of 

insoluble phenolic compounds is difficult because they are bound to carbohydrates and 

proteins. Compounds in flours are generally solubilized using mixtures o f alcohol and water. 

Phenolic compounds are then successfully extracted by liquid-liquid procedure with solvents 

such ethyl acetate. Factors that affect the extraction procedure are temperature, pH, and the 

ratio o f the solvent to the sample [54]. Some additional steps are used during the extraction 

process to facilitate the removal o f unwanted phenolic compounds or non-phenolic substances, 

such as fat.

The two main techniques used to separate and release phenolic acids are acid hydrolysis 

and saponification or base hydrolysis [53, 54]. Acid hydrolysis involves the use of HCI and an 

alcohol as a solvent, such as methanol at 100 °C. Saponification requires the use of NaOH 

solution at room temperature. Another less common technique is the use o f enzymes. The 

enzymes release phenolic acids by degrading the linkage between the acids and the 

carbohydrates to which they are attached.
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Enzymes activity

Enzymes are used in industry to bring about reactions at normal temperature and pressure. 

The most common enzymes that are used in food processing are proteases and carbohydrases 

[54,a].

Carbohydrases are hydrolytic and digestive enzymes that break down the complex 

carbohydrates to simpler molecules, such as glucose. These enzymes are found in the 

mammalian intestine [54,a].

Each enzyme has its own specificity against certain bonds. For example, a-amylase and 

amyloglucosidase belong to the amylase group. Amyloglucosidase cleave the a-1,4 and a-1,6- 

glycosidic bonds. On the other hand, a-amylase hydrolysis the a-l,4-glucan linkages in 

polysaccharide, such as starch. Cellulase hydrolyse the (3-1,4-glycosidic linkage in cellulose and 

cereal P-D-glucan [54,b]. However, Viscozyme is a multi enzyme complex containing a wide 

range of carbohydrases, including arabanase, cellulase, (3-glucanase, hemicellulase and 

xylanase. It is used to degrade non-strach polysaccharides as branched pectin-like substances 

found in plant cell wall. Also, it reduces viscosity of such material [54,c].
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Chapter 3: Methodology

Material and chemicals

Oat flour was donated by Can-Oat Milling (Portage La Prairie, Manitoba MB). 2,2'-azobis (2- 

methylpropionamidine) dihydrochloride (AAPH), mono- and dibasic potassium phosphates, 6- 

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), rutine trihydrate, 1,10- 

phenanthraline, gallic acid, a-tocopherol, ferrozine, ethylene diamine tetraacetate (EDTA), 

iron(ll) fluoride, cobalt (II) fluoride tetrahydrate, picolinic acid (PA), propyl gallate, magnesium 

sulfate, trans-cinnamic acid, caffeic acid, vanillic acid, p-coumaric acid, alpha-amylase(110,000 

units/g), cellulase (100 Fungal Beta-glucanase (FBG)/g), viscozyme (700 Endo-Glucanase Units 

(EGU)/g), amyloglucosidase (70,000 Units/g), and 30% hydrogen peroxide were obtained from 

Sigma-Aldrich Ltd (Oakville, ON, Canada). ASC and HPLC grade methanol, ethylacetate, hexanes, 

and fluorescein were purchased from Fisher Scientific Co. (Nepean, ON, Canada). High-purity 

water was produced in the laboratory by an Alpha-Q system (Millipore, Marlborough, MA).

Preparation of phenolic extracts

The medium oat bran flour samples from Can-Oat (5 X 50 g) were defatted by mixing with 

hexane (1:4 w/v) and mixed for 1 h with a magnetic stirbar. The samples were then filtered on 

Whatman paper No. 1 and the defatted flours were dried overnight in a fume hood. To each 

defatted sample 300 ml o f doubled distilled water were added and the pH was adjusted to  a 

value where the enzyme should remain active; the enzymes were added in the amount shown 

in Table 1. Samples were first extracted by incubation at 50 *C for 2 h in an incubator shaker 

(200 rpm) model G25 from New Brunswick (Edison, NJ, USA). The pH was then adjusted to 7.0
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and 300 ml of methanol was added to each sample and incubated for 30 min at 50 °C. The 

extracts were recovered after centrifugation at 4000g in a Thermo Sorval centrifuge model XTR 

centrifuge from Fisher Scientific Canada (Nepean, ON), filtration on Whatman paper No. 1 and 

dried on anhydrous magnesium sulphate. The solvent was removed using Heidolph Laborota 

4000 rotary evaporator model (Fisher Scientific Canada, Nepean, ON) at 40 *C. The samples 

designated as water-methanol extracts were recovered in pure water and freeze dried 

(Freezone 4.5 I, Labconco Co., Kansas City, MO), and stored at 20 ”C until further analyses. To 

obtain ethylacetate (EtOAc) extracts, 0.5 g of freeze dried water-methanol sample was 

dissolved in 4 ml o f water (pH 2), 4 ml of EtOAc was added and vortexed for 1 min. The 

extraction was repeated three times and the combined EtOAc fractions dried under a stream of 

nitrogen gas at 40 °C in brown tubes for determination of antioxidant and antimicrobial activity 

and total phenolic content.

Table 2 Extraction condition o f medium oat bran samples

Sample (50 g) Enzyme amount

Viscozyme 200 FBG

Celluclase 3000 EGU

FBG: fungal beta-glucanase units: 1 FBG of viscozyme L is the amount of enzyme required under standard 
conditions (30 _C, pH 5.0, reaction time 30 min) degrading barley beta-glucan to reducing carbohydrates with a 
reduction power corresponding to 1 mM glucose/min. EGU: endoglucanase units. 1 EGU indicates the amount of 
celluclase which liberates. 1 uM reducing sugar from 1% carboxymethyl cellulose at pH 5.0 and 50 _C.
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Determination of total phenolic content (TPC)

The water-methanol extracts were dissolved in methanol to obtain a concentration o f 0.5 

and 1.0 mg/ml. To facilitate the dissolution, samples were sonicated for 1 min in a sonicator 

model FS30 (Fisher Scientific Canada). The TPC was determined according to literature [55, 56] 

with some modifications. Folin-Ciocalteu's reagent (0.5 ml) was added to centrifuge tubes 

containing 0.5 ml of methanolic extracts. The contents were mixed thoroughly, and 4 ml of 

sodium carbonate (75 g/l) were added to each tube. To the mixture, 5 ml o f distilled water 

were added with thorough mixing. The tubes were then allowed to  stand for 2 h at ambient 

temperature in the dark, and subsequently the contents were centrifuged for 5 min at 3500g. 

The absorbance of the supernatant was read at 765 nm. A blank sample prepared with 0.5 ml of 

methanol in place o f the sample solution was used for background subtraction. Total extracted 

phenolics were expressed as milligrams o f gallic acid equivalents (GAE)/g of bran material using 

a standard curve prepared with 12.5-200 pg/ml (final concentrations) of gallic acid.

Antioxidant activity assays

Determination of oxygen radical absorbance capacity (ORAC)

This assay was performed according to reported procedures [57]. A microplate fluorescence 

reader model FLx800 (Bio-Tek Instruments, Inc., Winooski, VT) with fluorescence filters 

(excitation wavelength 485/20 nm, emission wavelength 528/20 nm) was used and run using 

the Gen5™ software. Potassium phosphate buffer (75 mM, pH 7.4) was used to prepare all 

reagents, standards, samples, and the control. Five Trolox (6-hydroxy-2,5,7,8-
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tetramethylchroman-2-carboxylic acid ) concentrations, 6.25,12.5, 25, 50 and 100 pM, were 

used for the standard. Fluorescein (0.082 pM) and AAPH (0.15 M) were prepared immediately 

before use. Rutin trihydrate (10 pM) was used as control. Two concentrations, 150.0 and 300 

pg/ml water-methanol extract; and 13.0 and 26.0 pg/ml for ethyl acetate extracts, were used 

in triplicate. Fluorescein (120 pi) was transferred into the wells followed by addition of 20 pi of 

samples or blank (buffer). The mixture was incubated for 20 min at 37 'C in the built-in 

incubator, and subsequently APPH solution (60 pi) was added to each well. Data were collected 

every min for a total of 50 min and processed according to [58, 59]. The ORAC values were 

expressed as Trolox equivalents (TE) using the standard curve.

Determination of Hydroxyl Radical Averting Capacity (HORAC)

This assay was performed according to reported procedure [60] with some modification. 

Briefly, potassium phosphate buffer (75 mM, pH 7.4) was used to prepare all standards, 

samples, and controls. Five Propyl gallate concentrations 3.125, 6.25,12.5, 25 and 50 pM were 

used to make standard curve and a solution o f 1.53 mM cobalt (II) solution was prepared by 

adding 5.2 mg CoF2.4H20  and 6.7 mg of picolinic acid to 6.7 ml o f water. Fluorescein (0.1033 

pM in buffer), H2 O2  (0.37 pM in water) were also prepared as well as rutin trihydrate (50 and 

100 pM) and caffeic acid (125 pM) standards. Samples were analyzed in triplicate at 0.10 and 

0.05 mg/g bran. For the assay, 0.1033 pM fluorescein (120 pi) was transferred into a black 

microplate followed by addition of 20 pi of samples or blank (buffer). The plates were 

incubated for 10 min at 37°C, and then add 30 pi hydrogen peroxide and 30 pi o f cobalt (II) 

fluoride solution were added. Data were collected every min for a total o f 35 min with a 

microplate fluorescence reader model FLx800 with fluorescence filters (excitation 485/20 nm,
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emission 528/20 nm) controlled by Gen5™ software was used (Bio-Tek Instrument, Inc., 

Winooski, VT). HORAC values were expressed as propyl gallate equivalents (PGE)/g bran.

Hydroxyl radical (HO*) scavenging assay

The HO* scavenging assay was modified on the basis of a reported procedure [61]. 

Methanol-water extracts equivalent to 10 mg o f bran/ml, negative control and gallic acid 0.5 

mg/ml (positive control) were prepared in 0.75 mM potassium phosphate buffer at pH 7.4.

Then, 300 pi o f each solution were added to 1.5 microcentrifuge vials in triplicate followed by 

the addition o f 300 pi o f 3 mM 1,10-phenanthroline in phosphate buffer and 300 pi o f 3 mM 

FeS0 4  7HzO in water. To initiate the reaction, 300 pi of 0.03% aqueous H202 were added, and 

the reaction mixture was incubated at 37 °C for 1 h with shaking at 200 rpm on a Max-Q, 500 

incubator (Fisher Scientific Canada, Nepean, ON). The absorbance was measured at 536 nm 

using a Cary 50 Bio UV-Vis spectrophotometer controlled by Cary WinUV Bio Pack Software 

(Varian Inc., Mississauga, ON). The absorbance was also determined for a blank (without 

sample and H202) and a control (without sample). The HO* scavenging activity was calculated 

as described in literature [62].

Superoxide scavenging activity

The superoxide scavenging activity of water-methanol extracts and gallic acid (positive

control) was measured according to previous reported method [63]. The amount of w ater-

methanol extracts equivalent to 10 mg o f bran were dissolved in 2 ml o f 50 mM Tris-HCI buffer

containing 1 mM EDTA, pH 8.3. Gallic acid at 0.5 mg/ml was used as control. To run the assay

500 pi o f sample or control were mixed with 500 pi of the buffer in 1.5 ml disposable UV

cuvettes in darkness. Then, 460 pi of 1.5 mM pyrogallol dissolved in 10 mM HCI were added to
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each cuvette. The reaction rate (DA/min) was measured immediately at 420 nm fo r 4 min at 

room temperature using the buffer as a control. The superoxide scavenging activity was 

calculated using the following equation.

Superoxide scavenging activity % = {[(AA/min)c -  (M /m in)s]/(AA/m in)c} x 100.

Determination of free radical scavenging activity by DPPH assay

The free radical scavenging activity o f water-methanol extract of oat bran was measured by 

l,l-diphenyl-2-picryl-hydrazil (DPPH*) according to the literature [61] with some modification. 

Briefly, 200 pi of each sample solution at 1.0 and 0.5 mg/ml in 50% aqueous methanol were 

added to 800 pi of 100 pM DPPH prepared in 100% methanol. The mixtures were incubated for 

30 min at room temperature at absorbances recorded at 515 nm on a Cary 50 Bio UV-Vis 

spectrophotometer controlled (Varian, Mississauga, ON). A methanolic solution o f DPPH served 

as a control. A lower absorbance represents a higher DPPH scavenging activity. Percentage 

inhibition was calculated using the following formula:

Where A s was the absorbance at time t and A c tl the absorbance o f control (DPPH) at time zero. 

Metal chelating assay

The metal chelating assay was based on a previous method [64] with slight modifications. An 

aliquot (1 ml) of water-methanol extract sample or gallic at a final concentration of 0.5 or 1.0 

mg/ml was combined with 50 pi of FeCI2 solution (2 mmol/l) and 1.85 ml of double-distiled 

water. Ferrozine (3-(2-pyridyl)-5,6-diphenyl-l,2,4-triazine-40,400-disulfonic acid sodium salt) 

solution (100 pi, 5 mM) was added and mixed vigorously. The mixture was left to stand at room

Scavenging effect (%) = 1
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temperature for 10 min. The absorbance was measured at 562 nm using a Cary 50 Bio UV-Vis 

spectrophotometer controlled by Cary WinUV Bio Pack Software (Varian Inc., Mississauga, ON). 

In the control, the sample was replaced with double-distilled water. The chelating effect was 

calculated by the following equation:

Chelating effect (%) = ( Ac -  As/Ac) x 100

Inhibition of linoleic acid autoxidation

Linoleic acid oxidation was measured according to the method o f [65] with some 

modification. Phenolic extracts equivalent to 1 g bran o f each sample were dissolved in 50 mM 

phosphate buffer (pH 7.0) and further diluted 5 and 10 times. Assay was performed by adding 

0.8 ml of each sample to  0.8 ml of linoleic acid (10.8 mg/ml in 95% ethanol) in 2.0 ml 

microcentrifuge vials, and at 60°C incubated for 6 days. The amount o f oxidation was evaluated 

daily by measuring the ferric thiocyanate values as follows. The sample solution (50 pi) 

incubated in the linoleic acid model system described above was mixed with 2.35 ml o f 75% 

ethanol, 50 pi of 30% ammonium thiocyanate, and 50 pi of 0.02 mol/L ferrous chloride solution 

in 3.5% HCI. Then, the thiocyanate value was measured by reading absorbance at 500 nm on a 

Cary 50 Bio UV-Vis spectrophotometer controlled by Cary WinUV Bio Pack Software (Varian). a- 

tocopherol was used as a control. The degree o f color development represented linoleic acid 

oxidation.

Extraction of phenolic acids for HPLC analysis

The extraction procedure was done according to literature [66] w ith some modification. An

aliquot of the water-methanol extract, equivalent to 0.5 g bran of each sample was dissolved in

6 ml of acidified water (pH 2) and partitioned with 4 ml of ethyl acetate three times. After
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centrifugation to break any emulsion, the combined ethyl acetate layers containing free 

phenolic acids (FPA) were dried under a stream of nitrogen gas. The water phase was 

neutralized to pH 7 with 2M NaOH and was freeze-dried (Freezone 12 L, Labconco, Kansas City, 

MO). The dried sample was dissolved in 4 ml of 2 M NaOH and stirred for 4 h at room 

temperature. The solution was then acidified to pH 2 and was extracted with ethyl acetate as 

previously described. The ethyl acetate layers contained base-hydrolysable phenolic acids 

(BHPA). All FPA and BHPA samples were reconstituted in 1:1 (water: methanol) containing 1% 

acetic acid, filtered through a 0.45 pm nylon syringe filter (Dima Glass, Richmond Hill, ON) prior 

to  HPLC analysis.

HPLC analysis

HPLC analysis was carried out using Waters 1525 Binary HPLC Pump equipped with a 

vacuum membrane degasser, an auto sampler model 2707 with temperature control and a 

2998 photodiode array detector (Waters, Milford, MA). Sample compartment was maintained 

at 8°C and data were collected and processed and analyzed using Waters Empower version 3 

software. The analytical column was Waters Spherisorb 5 pm ODS2 (4.6 x 250 mm). The 

injection volume was 30 pi and the flow rate was 1.0 ml/min. A mixture o f 1% acetic acid in 

water (A) and 1% acetic acid in methanol (B) was used to elute the phenolic acids from the 

column. The linear gradient conditions were A: B (100:0) for 5 minutes, A:B (80:20) for 25 min, 

A:B (50:50) for 5 min, and A:B (10:90) for 5 min. There was 10 minutes of equilibrium between 

injections. The peaks were monitored at 280 nm and identified by comparing their retention 

times and UV spectra with those of authentic standards.
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Antimicrobial activity

The antimicrobial activity o f the phenolic extracts was determined against two 

microorganisms, the gram positive bacterium (Bacillus subtilis ATCC 23857), and the gram 

negative bacterium (Escherichia coli DH5a, Invitrogen, Burlington, Canada). The bacteria were 

maintained on Petri dishes containing tryptic soy agar (TSA; Benton Dickinson, Sparks, MD). 

Bacteria were transferred in tryptic soy broth (TSB; Benton Dickinson) and incubated for 48 h 

(E. coli) or for 48 h (B. subtilis) at 26°C with shaking (150 rpm). Following incubation, bacteria 

cells were counted using a hemacytometer and adjusted to 5 x i o 7 cells/ml. 5 pi of each cell 

suspension were individually transferred to 450 pi o f TSB. Phenolic extracts equivalent to 1 g of 

oat bran were prepared in water and diluted 100,000 times. 50 pi of each extract was added to 

the cells cell suspensions. 5 pi o f sterile water served as the control. The cell suspensions were 

incubated for 48 h at 26°C with shaking (150 rpm).Following incubation, samples were serial 

diluted and transferred to TSA dishes. The dishes were incubated at 26°C for 24 h for E. coli and 

48 h for 8. subtilis. Following incubation, colony forming units (CFU) per ml were determined 

for each treatment. Each sample was performed in duplicate and the experiment consisted of a 

complete bloc design with five repetitions.
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Chapter 4: Results and discussion

Most of the phenol compounds in oat and other cereals are bound to cell wall 

polysaccharides. The use o f carbohydrases in this study was to  see if while degrading 

polysaccharides, they could at the same time increase the extraction of phenolic compound and 

increase bioactivities specifically antioxidant and antimicrobial activities of the resulting 

extracts. I was also interested in quantifying the effect on the concentrations of some common 

phenolic acids.

Polysaccharide degradation

The 3,5-dinitrosalicylic (DNS) acid assay was used for quantification of reducing sugars, which

are the sugars that have aldehyde group) in samples. The results showed that samples treated

with the enzymes contained more reducing sugars than the control sample (no enzyme). The

highest percentage was for viscozyme and amyloglucosidase at 21.4% and 20% respectively.

Alpha-amylase had the lowest percentage among the treated samples with 12.6%. The control

sample had just 2% reducing sugar. As a result, carbohydrases cleaved the polysaccharides in

the cell which led to  release o f substrates that are bound to it. The 3,5-dinitrosalicylic acid assay

(DNS) method is one of the common methods to measure the amount of reducing sugar in food

samples and it is based on the reduction of an oxidizing agent by the sugar. The increase of

reducing sugars in samples was associated with concomitant increase in amount of other

extractable compounds such as phenolic compounds as shown in the next section. Some

studies showed a positive correlation between glucose release and phenolic compound in food

samples treated w ith enzymes [67]. Kapasakalidis et al. (2009) [68] observed a degradation of

cell wall polysaccharide (6.13 mg/ml) in supernatant o f black currant treated with cellulase and
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this concentration was affected by both enzyme/substrate ratio and extraction time. The 

enzyme substrate ratios and incubation time used in the present study were selected based on 

available data on their use in other food samples. The concentration of vizcozyme was selected 

based on the work of Guan and Yao (2008) [69] who tried different concentrations and 

incubation times to  optimise the conditions for protein extraction from oat bran. Amylase and 

cellulase concentrations were within the range used fo r protein extraction from heat-stabilised 

defatted rice bran [70].

Table 3 reducing sugar and total phenolic content

Amount of Total phenolic
Sample

extraction in gram content

Viscbzyme

Cellulase

Different letters within the same column indicate significant difference (P < 0.05).

Total phenolic content

The enzyme addition at concentrations shown in Table 3 had a significant effect on the

release of phenols in the samples obtained with water-methanol (50:50). Phenolic hydroxyl

group cause a reduction to the Folin-Ciocalteu (FC) reagent, resulting in the formation of dark

blue product. The control sample had total phenolic content (TPC) o f 0.5 mg GAE/g o f bran.
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Amongst the samples, cellulase yielded the lowest TPC content (2.4 mg GAE/g), while 

viscozyme and amyloglucosidase had the highest, 4.7 and 4.8 mg GAE/g, respectively. The 

analysis of TPC from 21 oat varieties o f aqueous methanol extracts showed that their content 

range from 0.11 to 0.54 mg ferulic acid equivalents/g o f grain [71]. Although we used gallic acid 

as standard, the TPC of control sample is within the reported range. Emmons and Peterson 

(1999) [72] found that the TPC of four oat cultivars adapted to the Midwestern USA were 0.24- 

0.28 mg GAE/g. These values are lower certainly because they are expressed per gram of grain, 

while the results from this study are expressed per gram of bran and also because phenolic 

compounds are more concentrated in cereals bran. It has been reported that the TPC of oat 

was affected by germination. From extracts o f oat samples obtained at different time during 

germination Tian et al. (2010) [73] reported a TPC of 0.25 to 0.91 mg GAE/g. The TPC of our 

control sample is within this range however, the TPC of all four carbohydrases pre-treated oat 

bran samples are higher than literature values.

Oxygen radical absorbance capacity (ORAC) assay

The ORAC is one o f the standard assays accepted for measuring the antioxidative activity of 

nutraceuticals and functional foods, botanicals, and herbs. The fluorescein, which is protected 

by the antioxidant, is used as a probe to detect the antioxidant activity of the sample; 

therefore, the more antioxidant in the sample, the more stable fluorescence signals. The 

procedure has been widely used to assess the free radical scavenging capacity o f pure 

antioxidants, protein hydrolysates, plant/food extracts, and biological fluids [74]. ORAC is the 

only assay that combines both inhibition time and degree of inhibition into a single quantity 

[75]. ORAC was used in this study (Fig. 3) to evaluate the scavenging power o f aqueous
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methanol and ethyl acetate extracts from the control and carbohydrases treated oat bran 

samples and expressed the results as pM Trolox equivalents (TE)/g. For aqueous methanol 

extracts (Fig. 3A), it was found that viscozyme and cellulase treated samples were the most 

active with ORAC values o f 24.1 ± 4.3 and 25.4± 3.2 pM TE/g bran, respectively. The ORAC 

values for alpha-amylase treated sample (15.9 ±1.9 pM TE/g) and the control sample (14.4± 2.3 

pM TE/g) were not significantly different. Although the ORAC values o f samples are higher than 

the control they did not correlate with the total phenolic content suggesting that other 

compounds like peptides and amino acids may have contributed to the activity. As seen in Fig. 

3B, ORAC values o f all ethyl acetate samples were significantly higher than control. Viscozyme 

treated sample had the highest peroxyl radical scavenging potential with an ORAC of 505 ±26 

pM TE/g. The sample resulting from alpha-amylase treatment displayed the lowest activity (220 

± 10 pM TE/g). Overall, the antioxidant properties of ethyl acetate extracts are higher than 

those of the corresponding aqueous methanol extracts. This is because treating oat bran 

extract with cell wall degrading enzymes produces more free phenols that can be separated 

from sugars molecules by extraction with ethyl acetate. The difference in the radical scavenging 

properties of samples could be due to the enzymes selectivity and variation in the reaction 

rates [76]. It was found that hydroxybenzoic, hydroxycinnamic, flavonols, flavones, and 

stilbenes concentration in lentils varied upon treatment o f flour with various enzymes (phytase 

alpha galactosidase, viscozyme, and tannase) [77]. Handelman et al. (1999) [78] found that the 

ORAC values o f oat varied from 2.08 to 8.13 pM TE/g. These authors also reported that the bran 

and flour had similar antioxidant activities, due to the mixing o f the bran with the starchy 

endosperm. The higher value found in this study for our control bran sample (14.4 ± 2.3 pM
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TE/g) is probably due to the fact that we used water-methanol at 50 ‘C compared to 100% 

methanol used by [78]. The antioxidant activity of two pearled Canadian wheat cultivars 

Western Amber Durum and Western Red Spring ranged from 41 to 87 pM TE/g of defatted 

materials [79]. The wheat appeared to have a superior antioxidant activity than oat in the ORAC 

assay.
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Figure 3: ORAC values of control and carbohydrases treated samples. (A) samples obtained with 
methanol-water (50:50). (B) ethyl acetate extracts obtained after partition with water- 
methanol extracted samples in (a). Values are mean ± SD (n = 3). Amylogl.: amyloglucosidase. 
Different letters indicate significant difference (P < 0.05)
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Hydroxyl Radical Antioxidant Capacity (HORAC) and Hydroxyl radical 

scavenging activity

Hydroxyl radicals (H O ) are highly reactive and can be formed from superoxide anion and 

hydrogen peroxide, in the presence o f metal ions, such as copper or iron which is called Fenton 

reaction. When a hydroxyl radical reacts with aromatic compounds, it can formed 

hydroxylcyclo-hexadienyl radical that can undergo further reactions with oxygen to give peroxyl 

radical, or decompose to phenoxyl-type radicals by water elimination [80]. Due to the fact that 

H O  radicals are short lived with a high rate constant, it is unlikely that antioxidants present at 

biological concentrations will be able to  scavenge the H O  radical [81]. However, antioxidants 

that are able to chelate metal may be able to prevent the formation of the HO* radical, thus 

acting as a preventative antioxidant [82]. The HORAC and hydroxyl radical scavenging assays 

therefore measure the ability of the antioxidant present to chelate Co (II) prior to the occurring 

of Fenton reaction [59].

The HORAC assay is based on the oxidation o f fluorescein by hydroxyl radical through a 

classic hydrogen atom transfer. HORAC values o f oat bran samples are presented in Figure 4. 

Values ranged from 13.3 to 20.1 PGE/g o f bran. Amyloglucosidase increased HORAC value by 

approximately 30% relative to the control. Viscozyme and cellulase showed the highest 

increases in HORAC values (approximately 51%) when compared to the control. There was 

however no significant difference between alpha-amylase and control samples. Because HORAC 

measures the metal chelating and DPPH scavenging properties, the results from these two 

assays are not necessarily similar [82]. However, HORAC data from this study seem to follow to 

the same trend as those from the DPPH assay. Other studies have shown that phenolic
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compounds can reduce the generation of H O  radicals [81]. The HORAC value of control oat 

bran sample from the present investigation is within the range of those determined for 

aqueous methanolic extracts from barley cultivars (9.1 and 13.0 CAE/g) [55]. It has been 

reported that phenolic compounds with metal chelation potentially show higher HORACFL 

values, whereas the compounds with poor metal chelation activity show negligible HORAC 

values [82]. Phenolic compounds act as metal chelators by coordination to  Co(ll), thereby 

blocking the reaction sites for H2 0 2. HORAC values do not correlate with either the number of 

hydroxyl groups or the number o f chelating sites. It is mainly decided by the stability o f the 

Co(ll)-phenol complex formed [59].

The hydroxyl radical scavenging assay is based on the generation of hydroxyl radical HO* 

from F2 +/H 2 0 2  and used to evaluate the activity of aqueous methanol extracts. The scavenging 

abilities of bran control and bran treated with four carbohydrases on HO* radical inhibition are 

shown in Figure 5. Alpha-amylase sample inhibition percentage (24.3%) was significantly lower 

than control (31.6%). However, samples treated with viscozyme, cellulase and 

amyloglucosidase had significantly higher HO* inhibition power then control. The HO* radicals 

scavenging of compounds have been attributed to the combined effects of reducing power, 

donation of hydrogen atoms and scavenging of active oxygen [83]. The antioxidant activity of 

phenolics is mainly due to  their redox properties, which allow them to act as reducing agents, 

hydrogen donators, and singlet oxygen quenchers. Phenol compounds with multiple hydroxyl 

groups have also been shown to have better radical scavenging properties than compounds 

with mono-hydroxylated ring. Total phenolic content of alpha-amylase treated bran sample is
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higher than control, however its HO* inhibition activity is lower and this may be explained by 

the number of phenolic hydroxyl groups.

25.0

No enzyme viscozyme alpha-amylase cellulase amylogl.

Figure 4: Hydroxyl radical scavenging activity of control and carbohydrases treated samples. 
Values are means o f triplicates ± standard deviation. SPL CTL: sample control, Amyloglu.: 
amyloglucosidase. Means with same letters are not significantly different according to an LSD 
test (alpha level = 0.05)
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Figure 5: Hydroxyl radical scavenging activity of control and carbohydrases treated samples. 
Values are means of triplicates tstandard deviation. Amylogl.: amyloglucosidase. Different 
letters indicate significant difference (P < 0.05)
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Superoxide scavenging activity

Superoxide anion is a reduced form of molecular oxygen created by receiving one electron, 

which is also an initial free radical formed from mitochondrial electron transport systems [84], 

Superoxide radical is known to be a very harmful species to cellular components because it is a 

precursor of more reactive oxygen species. The superoxide radical is known to be produced in 

vivo and can result in the formation of H2 O2  via dismutation reaction [85]. Superoxide anion 

radicals (C>2 *- ) were generated by a pyrogallol autoxidation system. The C>2 #_radicals are 

scavenged by antioxidants and consequently, decrease the rate o f pyrogallol autoxidation. The 

ability of water-methanol extracts to  scavenge 0 2 * -  was carried out using this system and the 

results are reported in Figure 6 . The lower absorbance indicates higher inhibition of superoxide 

radical. Scavenging activity of cellulase pretreated methanol-water was the highest (19%). 

Alpha-amylase and amyloglucosidase samples have comparable 0 2  scavenging activity, but this 

was significantly lower than the control sample. Finally viscozyme sample activity was similar to 

control. Some phenolic compound are known scavengers of Oz»~; however their presence in 

the extracts obtained from carbohydrase treated samples have not always been associated 

with increased activity [8 6 ]. Robak and Glyglewski [87] reported that flavonoids are effective 

antioxidants mainly because they scavenge superoxide anions. Without complete chemical 

analysis it may be difficult to  exactly know chemicals that have the most influence on activity.
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Figure 6 : Superoxide anion radical scavenging activities o f control and carbohydrases treated 
samples. Values are means o f triplicates ± SD. Amylogl.: amyloglucosidase. Bars with different 
letters are significantly different at p < 0.05.

Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity

The stable DPPH radical is widely used to evaluate the ability of food or food molecules to 

act as free radicals scavengers or hydrogen donors [61]. The absorbance o f ethanolic or 

methanolic DPPH solution at 517 nm is gradually reduced while the free radicals are been 

scavenged [8 8 ]. The reduction in absorbance is due the transfer o f a proton or electron from a 

donating substance (e.g. antioxidant) to the DPPH free radical [89]. This assay was used to 

evaluate the scavenging capacity o f control and carbohydrates treated methanolic oat bran 

extracts (Figure 7). It was found that three of the carbohydrases significantly scavenged DPPH 

radicals when compared to control. Cellulase and amyloglucosidase showed the greatest 

increase in radical scavenging with the average DPPH inhibition increase o f 22.5%. Viscozyme 

showed a lower significant DPPH inhibition increase of 10%. Meanwhile, percentage inhibition
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of sample treated with alpha-amylase was not significantly different when compared to 

inhibition of control sample.

Several studies have attempted to correlate the DPPH scavenging activity o f molecules to 

total phenolic content and to individual phenolic acids. In that respect, Pereira et al. (2009) 

found that there was no direct correlation between DPPH inhibitory activity and total phenols, 

ferulic or caffeic acids content o f Radix angelicae sinensis, although they reported a correlation 

with I/IC 5 0  values. Total phenolic contents of barley samples correlated with DPPH inhibitory 

capacity [90]. Verardo et al. [5] found a strong correlation (r2  = 0.93) of DPPH result o f five oat 

cultivars to total free phenolic correlation. In this study the correction (r2  = 0.54) between DPPH 

and total free phenolic acids for the four carbohydrases treated samples is much weaker. One 

possible explanation is that the previous study quantified more phenolic acids including 

avenanthramides than the present investigation.

No enzyme viscozyme a-amylase cellulase amyloglu.

Figure 7: DPPH radical inhibition percentage values o f control and carbohydrases treated 
samples. Values are mean ± SD (n = 3).SPl CTL: sample control, Amyloglu.: amyloglucosidase. 
Means with same letters are not significantly different according to an LSD test (alpha level = 
0.05).
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Metal chelation

The chelation o f metal ions can decrease the amount o f free iron available to  participate in 

the Fenton reaction and ultimately decrease the formation o f the OH radical [91]. The 

procedure was used to test the ferrous ion (Fe2+) chelating efficiency of soluble compounds in 

aqueous methanol from oat bran. Ferrozine forms a complex with Fe2+ which is not completed 

in the presence of chelating agents in the plant extract, indicating their ability to chelate the 

iron when there is a decrease in the absorbance and the complex red color. In this assay, we 

found that at the exception of cellulase treated bran sample chelating activities, expressed as 

percentage inhibition of other carbohydrases treated samples, were significantly higher than 

the control (Fig. 8 ). The sample with the highest activity (16.6%) was treated with 

amyloglucosidase. The presence o f two adjacent hydroxyl groups in the polyphenol ring 

moieties were shown to increase their binding to transition metal ions [92] like iron and copper. 

Therefore, these types of phenols possess better chelating ability [92]. The lower binding 

properties of alpha-amylase treated sample may then be due to the lower concentration of 

phenols with two adjacent hydroxyl groups.

53



No enzyme viscozyme a-amylase celludast amylogl.

Figure 8 : Ferrous ion-chelating properties of control and carbohydrases treated samples at 1.0 
mg/ml of extract. Each value is expressed as mean ± SD (n = 3). Amylogl.: amyloglucosidase. 
Different letters indicate significant difference (P < 0.05)

Inhibition of linoleic acid auto-oxidation

Lipids contain unsaturated fatty acid which undergoes peroxidation. The lipid peroxidation is 

known as the most damaging process to  every living organism and can also causes deleterious 

effects in foods [62, 93]. Peroxides had the potential to induce oxidation of ferrous iron to 

ferric iron which, can then reacts with ammonium thiocyanate to forming a colored complex 

that is measured by spectrophotometry. The lower the absorbance, the stronger is the 

antioxidant activity of extracts o f molecules. As shown in figure 9, control Linoleic acid had a 

typical increase in lipid hydroperoxides formation over time. The addition of the viscozyme 

treated sample did not decrease lipid hydroperoxide formation relative to the control linoleic 

acid (LA). Conversely, the alpha-amylase, cellulase, and amyloglucosidase treated samples 

showed a marked reduction in peroxidation relative to the control LA. The inhibition of
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peroxidation in these three enzyme treated samples was equivalent to that o f alpha- 

tocopherol.
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Figure 9: Inhibition o f lipid hydroperoxides formation in the linoleic acid emulsion assay. CTL: 
linoleic acid only, STD: standard (alpha-tocopherol), SPL CTL: sample control, amyloglu.: 
amyloglucosidase.
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Phenolic acid content

Enzyme addition at concentrations described in the experimental section were used to 

obtain extracts rich in phenolic acids that were quantified by HPLC. We focussed on vanillic, 

caffeic, p-coumaric, ferulic and cinnamic acids because they are the main phenolic acids in oat 

[94, 95]. Table 4 presents the content o f these acids directly obtained from extracts or obtained 

after base hydrolysis of control and extracts obtained after treatment with four carbohydrases: 

viscozyme, alpha-amylase, cellulase and amyloglucosidase.

The free phenolic acids are from the methanol: water (50:50) extracts that were partitioned 

with ethyl acetate. The content of most phenolic acids (Table 4) in sample treated with 

carbohydrases is significantly higher compared to sample control. More specifically, vanillin and 

caffeic acids significantly increased in oat bran treated with viscozyme, alpha-amylase and 

cellulose, but not amyloglucosidase. Highest increase in vanillic and caffeic acid relative to  the 

control was achieved by cellulose (3.7-fold) and viscozyme (4.4-fold), respectively. p-Coumaric 

acid significantly increased in oat bran digested with viscozyme (2.9-fold) and alpha-amylase 

(2.3-fold) compared to the control whereas it did not increase with cellulose or 

amyloglucosidase. Ferulic acid content significantly increased with all enzyme treatments and 

alpha-amylase showed the greatest increase (9.9-fold relative to the control). Only alpha- 

amylase increased cinnamic acid content whereas viscozyme decrease its content relative to 

the untreated control. Cinnamic acid was not quantified in amyloglucosidase sample due to 

overlapping o f its peak in HPLC chromatograms. The amount o f each o f the four phenolic acids 

identified here in sample control is much higher compared to value reported from five Italian 

and five Romanian oat cultivars [5] obtained with 4:1 aqueous mixtures of methanol, acetone



and ethanol. This could be explained by the weaker polar strength of the extraction solvents 

relative to the 1:1 aqueous methanol used in the present study. Another difference is that our 

results are expressed per gram of bran while results from Verardo et al. are expressed per gram 

of whole seeds. It is well known that phenolic acids are more concentrated in oat bran [72, 96], 

Emmons et al.[72] examined phenolic acids content in methanol extracts of different oat milling 

fractions and reported a vanillic acid content of up to 2 0  pg/g of fraction, which is higher than 

its value in the control and most tested enzyme-treated samples (except cellulase) from the 

present investigation. Literature values of caffeic, p-coumaric and ferulic acids Verardo et al. [5] 

are generally lower than those obtained for all samples in the present study. However there is 

one report of higher concentrations o f caffeic (14.3 pg/g), p-coumaric (23.8 pg/g) and ferulic 

acids (187.5 pg/g) in whole oat grains [97].

The sum of free phenolic acid in the control sample was 121.7 ± 4.3 pg/g. This amount is 

slightly higher than the concentration of total free phenolic acids (63.1 ± 3.9 to 115.1 ± 0.3 

pg/g) reported in commercial oats and four Romanian oat cultivars [5]. A fifth  cultivar however, 

contained more total free phenolic acids (196.9 ± 5.5 pg/g) compared to sample control from 

this study. Amyloglucosidase treatment provided a lower total free phenols (61.4 ± 4.9 pg/g) 

relative to control while the other three enzymes gave extracts with total free phenolic acid 

content (326.8 to 418.2 pg/g) almost three times higher relative to control probably because of 

the release of some bound forms by the enzymes. In the literature, the fermentation of oats by 

filamentous fungi was successful used to increase the total and individual phenolic acids, 

specifically ferulic and caffeic acids [94],
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The aqueous phases (after obtaining free phenols) were hydrolysed with sodium hydroxide 

for quantification of bound phenolic acids. Samples were analyzed under the same HPLC 

conditions. Base hydrolysis increased 6  to 11-fold the amount of all acids except cinnamic acid 

whose bound-amount was lower in all samples relative to its amount in the free phenolic acid 

fractions (Table 4). The increase of phenolic acid after base hydrolysis is expected considering 

the fact that they are mainly linked to polysaccharides [55]. More specifically, caffeic acid 

increased following treatment with all enzymes except for amyloglucosidase. Alpha-amylase 

showed the highest increase (2.0-fold) in caffeic acid relative to the control. Ferulic acid content 

significantly increased following all enzymatic digestions relative to the control. The increase 

was particularly noticeable with alpha-amylase (3.5-fold) and cellulase (6 .8 -fold). For the other 

base hydrolyzed phenolic acids, increased content was shown fo r vanillic acid with alpha- 

amylase, p-coumaric acid with cellulase, and cinnamic acid with alpha-amylase and cellulase 

(Table 4).
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Table 4 Phenolic acids in control and different enzyme-treated oat bran samples

Free phenolic acid (FPA) content (pg/g of bran)

Vanillic acid 41.4 ± 0.1“ 11.3 ± 1.2*

p-Coumaric

acid
6.110.2* 17.7 1 0.2C 13.9 ± 0.8b 5.2 ± 1.4* 7.511.2*

Cinnamic acid 69.010.8b 58.3 ±1.3" 83.612.5* 66.6±1.2b

Base hydrolyzed phenolic acid (BHPA) content (pg/g of bran)

Vanillic acid 91.3 1 1.6b 86.5 + 0.3* 103.9 ±1.3° 100.3 ±1.6b 81.1 ± 1.9

p-Coumaric

acid
43.7 1 0.5C 34.811.1* 73.710.2* 55.6 111.l d 39.0 1 0.6b

Cinnamic acid 2.410.4* 2.2 10.1* 8 .9 1 0.6b 15.9 1 0.3C ND

IHUBHUMhbhhU H
Sum (FPA + 

BHPA)
668.5 1 10.2* 1116.019.1b 1988.1110.8C 3130.4153.1d 638.4118.9*

Data are the average of triplicate (means 1 SD) determined by HPLC analysis.
Within a row, means with the same letter are not significantly different according to an LSD test (alpha level 
0.05)
ND: Not determined due to overlapping
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Antimicrobial activity

Bacillus subtilis is a ubiquitous bacterium commonly recovered from water, soil, air, and 

decomposing plant residue. B. subtilis is not a human pathogen, nor is it toxigenic like some 

other members o f the genus. It is present in the spore form that is tough to  tolerate the 

extreme environmental conditions. Also, it is used as a model organism in laboratory studies as 

of the gram positive bacterium.

Escherichia coli, also known as E. coli is a gram positive rod-shaped bacterium that lives in 

human and animal intestines in large numbers and most o f the strains are harmless. However, 

many strains of E. coli could cause serious food illness and therefore, there is a need to  prevent 

or control the growth o f these pathogenic strains [ 1 2 ].

For B. subtilis (Figure 10A), oat bran sample control (not digested with carbohydrases) 

surprisingly showed significantly lower bacterial growth (43% less) that the negative control. 

Viscozyme and alpha-amylase treated oat bran samples significantly increased B. subtilis 

growth by 122% compared negative control. Growth of B. subtilis with cellulase and 

amyloglucosidase treated extracts was not significantly different from the negative control. For 

E. coli (Figure 10B), alpha-amylase treated sample, which demonstrated the least antioxidant 

activity in both DPPH and ORAC assays, and the sample control not treated with enzymes had 

no effect on the growth of E. coli while samples treated with viscozyme, cellulase, and 

amyloglucosidase equally reduced E. coli growth by approximately 37% when compared to 

controls.

The antimicrobial activity of phenolic compound is well known. Various phenolic extracts 

have been demonstrated to inhibit B. subtilis growth [98], while no effect has been obtained
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with others [99]. Alkyl gallates were found to be bactericidal against B. subtilis [100]. Probiotic 

activities of B. subtilis have been reported and ingestion of its cells is considered safe for 

humans under normal host conditions [101, 102]. B. subtilis in used in the preparation o f the 

soy food natto. Various beneficial attributes (e.g. superoxide dismutase activity, growth, 

survival, immune system) have been found in fish fed diets containing B. subtilis [103,104]. In 

fact, the release o f the sugars after the pre-treatment with enzymes could work as a prebiotic 

and enhance the growth of Bacillus subtilis. In this study, there is no correlation between 

reducing sugar or releasing sugars and the growth of Bacillus subtilis. In the reducing sugar 

assay, sample treated with viscozyme got the higher amount of releasing sugar, but in the anti

microbial activity alpha-amylase got the higher amount o f colony forming units (CFU).

Some studies indicated that phenolic acids have the ability to either interact with or cross 

cell membrane. For example, phenolic acids have been shown to cross E. coli cell membranes 

and exert their activity inside the cytoplasm [105, 106]. Other work has shown that phenolics 

cause damage membranes leading to efflux of cellular component [107]. Gram- positive (e.g. B. 

subtilis) and gram-negative (e.g. E. coli) bacteria can have different sensitivity due to the 

differences in the cell membrane components and the structure o f the membranes and cell 

walls [105].

In this study, the same extract was tested against some fungi species to investigate the effect 

o f these extracts on the growth o f the fungi. The disc diffusion assay against the Alternaria 

solani, Fusarium sambucinum and Pythium sulcatum did not show any significant results. The 

extracts did not inhibit the growth of any fungi species.
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Figure 90: Effects o f control and carbohydrases treated samples on the growth of 
microorganisms. (A): Bacillus subtilis. (B): Escherichia coli. CTL: control microorganisms (no 
treatment), SPL CTL: sample control, amyloglu: amyloglucosidase. Each value is expressed as 
mean + SD (n = 5). Means with same letters are not significantly different according to  an LSD 
test (alpha level = 0.05).
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Chapter 5: Conclusion 

Summary

Oats have long been known for their nutritional benefits. Oats contain high levels of 

antioxidants, which is concentrated in the outer layers. This thesis has investigated the use of 

carbohydrases as a pre-treatment to achieve high concentration o f phenolic acids in oat bran. 

The water-methanol extract of the enzymatic hydrolysis analyzed for quantified their phenolic 

acids content and determined their antioxidant and antimicrobial activities.

Lipid peroxidation is one of the most damaging forms of oxidation in the human body. It is 

initiated by the attack of hydroxyl radicals followed by the formation o f alkoxyl radicals and the 

extension of the lipid chains. Superoxide anion could also act as an initiator o f lipid peroxidation 

in erythrocyte membrane. Metal iron, presumably working as a catalyst, can stimulate lipid 

peroxidation by generating hydroxyl radicals via the Fenton reaction and accelerate lipid 

peroxidation by decomposing the lipid peroxidation products. Thus, antioxidants that can be 

used to protect lipid peroxidation are expected to have iron chelating and ROS scavenging 

activities.

The results from the extracts analysis demonstrated that pre-treatment o f medium oat bran 

with four cell wall polysaccharide degrading enzymes significantly increase soluble phenolic 

content. Also, the individual and total phenolic acids content o f oat bran samples increase upon 

treatment with carbohydrases, where the dominant phenolic acid was ferulic acid. The extract 

showed radical scavenging activities against peroxyl, hydroxyl and superoxide anion radicals, 

and ferrous ions chelating capacity. The results for the antimicrobial activity indicated that
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reducing the growth o f E. coli, a potential food hazard, and enhancing the growth of B. subtilis, 

a potential pro-biotic strain, could contribute to food safety in the food manufacture field.

The alpha-amylase showed the least activity among the other carbohydrases in most of 

assays. The other enzymes as viscozyme, cellulase and amyloglucosidase showed more activity 

in most assays. The viscozyme treatment proved to be the most effective against the microbial 

growth.

Future work

Oat bran extract treated with carbohydrases can be useful in the development o f functional 

foods with increase in lipid stability. Thus, more studies are needed to  find optimum enzyme 

concentrations for preparation of oat bran phenolic extracts with increased antioxidant 

properties and to determine how they can be used as preservatives in processed foods.

Future work can also look at the bioavailability o f the phenolic acids in intestinal cell lines 

and their cytoproctection the cell lines under condition o f oxidative stress.
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