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ABSTRACT 

Insoluble fiber fractions from raw and extruded oat, rice, and wheat brans were isolated, 

and phytate removed. Soluble and insoluble fiber contents were determined, and mineral 

binding studies conducted, in vitro. The objectives of this study were: 1) to determine if 

extrusion screw-speeds (50, 70, and 100 rotations per minute) affect the brans' IF 

content, 2) to determine if extrusion screw-speeds (50, 70, and 100 rotations per minute) 

affect the IF mineral binding capacity, 3) to determine the total binding capacity of the 

bran's IF fraction, for Cu2+, Ca2+, and Zn2+, after the removal of phytate, 4) to 

determine if extrusion processing affects the phytate content of the samples. Raw brans 

served as controls. A twin-screw extruder, model DNDG-62/20 D was used, where die 

temperatures, and pressure were: 156 to 169°C/36 to 44 bars, for oat bran; 123 to 

130°C/6 bars, for rice bran; and 112 to 122°C/2 bars, for wheat bran. It was found that, 

extrusion screw-speed did not affect the insoluble fiber content of wheat bran, however, 

a decrease was observed in rice, and oat bran. High screw-speeds led to an increase in 

the IF content, of oat and rice bran, whereas wheat bran was not affected. Soluble fiber 

content increased in all brans, which was attributed to a redistribution of the insoluble 

fiber. Even after phytate removal, the insoluble fiber, from all brans, bound Cu2+, Ca2+, 

and Zn2+. Oat bran bound more Cu2+ than wheat bran, which, bound more than rice 

bran. The brans bound equivalent amounts of Ca2+ and Zn2+. Overall, extrusion 

processing did not affect the brans'insoluble binding fiber capacity, for Cu2+, but it seem 

to have affected the insoluble fiber binding capacity, from rice and oat bran, for Ca2+ and 

Zn2+. Extrusion did not affect the bran's phytate content. 
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Cereal bran, a primary source of dietary fiber in the diet, and an integral 

ingredient in formulas, for a variety of extruded food products, has permeated the market 

place. In a survey, of 352 food companies, 32 % of the respondents indicated their plans 

for future development of fiber-rich foods, an interest that cuts across all food product 

categories (Best 1992). Furthermore, a national survey on consumption of breakfast 

cereals and cereal products, in the last two decades, showed that the consumption of 

breakfast cereals had increased by 37%, of pasta, by 88%, and of white flour, by only 

12 %. These numbers show that, cereal brans, especially oat, rice, and wheat bran, have 

gained increasing interest among food manufactures, as well as consumers. Functional 

properties of dietary fiber, consumer appeal, and the health benefits associated with fiber 

have generated attention toward this nutrients' properties. Thus, fiber will probably be 

a part, in virtually all food product categories, in the future. Medical data has been 

mounting, supporting the claim of fiber's health benefits, especially concerning its 

possible role in reducing risk of death from cancer, and coronary heart disease, 

America's two leading causes of death. On the other hand, much controversy has arisen 

among researchers, regarding the effect of extrusion processing on dietary fiber, and of 

dietary fiber on mineral bioavailability. From a nutritional perspective, the salient point 

is the distinction between soluble (SF), and insoluble (IF) dietary fiber fractions. 

However, studies have primarily focused on the SF component, due to its link with 
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reduced blood cholesterol levels, with studies on IF being quite scarce. Currently, very 

little is known about the effect of extrusion processing on the IF fraction, and the possible 

role of the IF on mineral bioavailability, especially during the absence of phytate. The 

objectives of this study were: 1) to determine if extrusion screw-speeds (50, 70, and 100 

rotations per minute) affect the brans' IF content, 2) to determine if extrusion screw

speeds (50, 70, and 100 rotations per minute) affect the IF mineral binding capacity, 3) 

to determine the total binding capacity of the bran's IF fraction, for Cu2+, Ca2+, and 

Zn2+, after the removal of phytate, 4) to determine if extrusion processing affects the 

phytate content of the samples. 

Extrusion processing, and dietary fiber, are both frontier research areas. 

Considered together, or separately, they are challenging scientists to gain a more 

complete understanding of the principles they encompass. Mastering these principles 

will, ultimately, result in the manufacturing of a greater variety of healthy, safe products. 

Some of the implications of this study are: 1) the suggestion that extrusion 

processing might alter the content of IF, and SF fractions, of some fiber sources, 2) a 

greater credibility suggesting that, despite the removal of phytate from cereal brans, the 

IF fraction has the potential to decrease mineral bioavailability, in the diet, 3) to show 

that extrusion processing appears to increase the mineral binding potential of oat, and rice 

bran, 4) to suggest that, compromised Ca2+ and Zn2+ status, may be exacerbated by 

frequent consumption of extruded cereal bran products, and 5) to show a possible 

interaction between screw speed, water content, and temperature, on the mineral binding. 
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1.1 - Defmition - It basically depends on the method utilized to analyze that 

nutrient. The most commonly cited and accepted definition was formulated by Trowell 

et al (1976) where dietary fiber (DF) is defined as "the sum of plant polysaccharides and 

lignin not digested by the upper gastrointestinal tract" (Torre et al 1991). 

1.2 - Insoluble Dietary Fiber (IF) - Cellulose, hemicellulose, and lignin are the 

three major IF fractions serving as structural components of plant cell walls. Their 

amounts and ratios are affected by plant species, age, and growing conditions. Insoluble 

polymers may occur naturally in cereal brans, or in a relatively pure form, such as 

cellulose (after being isolated from DF sources). Insoluble fibers are often added to 

foods to provide both bulk and water-holding capacity. 

Cellulose is a water insoluble linear polymer constituted of thousands of {3-1 ,4-

glucose units. Cereals contain around 17 %, fruits 20 %, and vegetables 31 % (Torre et 

al 1991). Hemicelluloses are water soluble heteropolysaccharides consisting of xylose, 

glucose, and mannose (Krassig 1985). They may also contain xylans, and xyloglucans, 

or amyloids (Torre et al 1991). Hemicelluloses tend to form gels, and are potentially 

fermentable in the colon (Theander 1989). Lignin is a phenylpropan polymer found in 

most foods, only in trace amounts. It is a cementing intracellular substance found in 

cereals (7%), fruits (3%), and vegetables (17%). It is amorphous and of a complex 
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nature. It contains phenolic compounds found linked to the lignin matrix by covalent 

bonds, uronic acids, proteins, methoxy and hydroxyl groups. Lignin is typically the 

hydrophobic parLof DF. 

2. EXTRUSION PROCESSING 

2.1 - Dermition: Harper (1981) defined extrusion as "the process whereby 

moistened starchy, and/or proteinaceous foods are cooked and worked into a viscous, 

plastic-like dough", whereas Linko et al (1981) defined it as a "texturization process in 

which powder or granular materials are transformed into a plasticized, viscous dough-like 

mass". 

2.2 - Twin-Screw Extruders - Extruders work similarly to a pump, however they 

simultaneously transport, shear, stretch, and shape materials, under elevated pressures 

and temperatures. Depending on the design and operating conditions, biopolymer 

structures may be reoriented into laminar or fibrous structures during processing (Linko 

et al 1981). 

Typical process conditions consist of pressures from 2 to 20 MPa (1 MPa = 

142.86 psi); temperatures from 60 to 250°C; residence time from 5 to 120 sec; screw 

rotation rates from 10 to 250 rotations/minute (rpm); and feed water content higher than 

5 % (w/w). Water is an intrinsic part of the gelatinization and denaturation reactions 

undergoing such conditions. The opening of the tertiary and quaternary biopolymer 

structures, which result from the breakdown and rearrangement of hydrogen and disulfide 

bonds, allow for the desired plastification and texture formation (Linko et al 1981). 
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Cereal based materials may be totally cooked with less than 20% water. Furthermore, 

starch my undergo liquefaction when under shear and pressure, without enzymatic 

hydrolysis. Under "severe" processing conditions, as defined by some researchers 

working with temperatures ranging from 150 to 200°C (Theander and Westerlund 1984, 

Theander and Westerlund 1987, Asp and Bjork 1984); the molecular structure of starch 

may undergo modifications. The result was the formation of some starch which was 

highly available to enzyme degradation, and some resistant starch. Extrusion allows 

nearly complete inactivation of enzymes with residual activities observed only after the 

so called relatively "mild" processing conditions. The degree of shear required in 

extrusion, depends on the material processed, and the type of products desired. Low 

shear forces are used when it is necessary to prevent mechanical degradation, whereas, 

high shearing action is required for texturization. Short residence times are necessary 

with many food applications to prevent extensive denaturation. 

2.3 - Effect of Extrusion Processing on Dietary Fiber Components from 

Cereal Bran - Dysseler et al (1990) observed that by extruding enriched maize starch

based snack foods there was a 10% loss in the total dietary fiber (TOF). On the other 

hand, Varo et al (1983) reported no effect of extrusion on TOF content of wheat flour 

or whole wheat meal by using a Clextral BC 45 twin-screw extruder, under the conditions 

of 161 to 180°C, 15% water, 200 or 300 g/min feed rate, and 150 or 200 rpm. Bjorck 

et al (1984) extruded wheat flour samples on a Clextral BC-45 twin screw extruder under 

166 (referred as "mild") and 171°C ("severe"); 15 and 20% water; 200 g/min. feed rate; 
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and 200 rpm. No change in TDF content of wheat flour samples was found under "mild" 

conditions, but significant increase in IF was found under "severe" conditions. An 

increase in water soluble DF was also observed in all extruded wheat flour samples. 

Camire et al (1990) reported a collaborative work where laboratories received identical 

extruded wheat flour samples, but utilized different methods of fiber analysis. TDF 

results were inconclusive, but the IF fraction seem to have undergone redistribution. Asp 

(1986a) also observed an increase of the DF values under what he referred as "severe" 

extrusion conditions. The DF increase was attributed to the formation of starch fractions 

resistant to amylase degradation, however might not occur under "moderate" conditions. 

Furthermore, DF components from extruded products underwent more extensive intestinal 

fermentation (therefore, breakdown) compared to the raw wheat flour, however it was 

not observed in whole wheat flour samples. It was concluded that changes in DF due to 

extrusion were minor, and the processing thus seemed suitable for producing high-dietary 

fiber foods. By comparing various thermal processings, including extrusion, Siljestrom 

et al (1986) found no effect on DF content. A Clextral BC 45 twin-screw extruder was 

utilized. Two sets of processing conditions were studied: 148 and 179°C for the product 

temperature (Tp); 24.6 and 14.6% water content; 318 g/min. feed rate; at 200 rpm. 

Schweizer and Reimann (1986) findings were similar, i.e., no change in TDF of wheat 

flour due to extrusion processing, when using a Clextral BC 72; Tp from 150 to 160°C; 

21 to 13% water; 200 Kg/hr; at 200 rpm. Theander and Westerlund (1984) found that 

by extruding potato starch or its products, at 180°C, TDF increased, which was attributed 
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to starch modifications producing enzyme-resistant water soluble and insoluble glucan 

structures, and to some extent, Klason lignin, an effect of the Maillard reaction. 

Theander and Westerlund (1987) also reported increases in TOF content of wheat flour, 

during extrusion processing, as a result of increasing processing temperatures (Clextral 

BC 45, Tp from 150 to 200°C). This increase was attributed to glucans present in the 

soluble and IF fractions, indicating starch alterations. Furthermore, solubilization of 

arabinoxylans was demonstrated. 

Asp and Bjorck (1984) found that by extruding wheat flour (twin-screw, 166°C, 

200 rpm, 20% H20), the starch was observed to be highly available to amylase, but some 

was left resistant to enzymatic degradation. Furthermore, some OF was solubilized, thus 

being more available to fermentation in the rat colon, an effect which was not observed 

by extruding whole grain wheat flour. 

Aoe et al (1989) studied extruded wheat bran OF availability and the apparent 

digestibility of coexisting nutrients such as starch, fat, and protein, in rats. They 

observed an increase in SF from 3.3%, in the raw wheat bran, to 4.2%, and 5.1 %, in 

moderate and excessive extrusion conditions (136 and 160°C), respectively. On the 

contrary, the content of IF decreased in all extruded products. The digestibility of 

nutrients was not altered except for OF which increased significantly. 

Asp (1986b) reported that processing may affect the content and properties of OF 

in various ways. None of the studied processes (extrusion, drum-drying, puffing, 

autoclaving, and steam-flaking) led to the formation of resistent starch (RS). However, 
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it was observed solubilization and loss of OF, and an increase in OF availability for 

fermentative degradation. 

Likimani -et al (1990) studied the rate of starch hydrolysis in extruded 

corn/soybean mixtures (70/30, w/w) under various conditions of moisture, barrel 

temperature (801120, 801140, 80/160; zone 1 and 2 of extruder) and screw speed (80,100 

and 120 rpm). Starch hydrolysis was lower in extrudates of higher extrusion screw 

speeds. Extrusion processing, instantizing and puffing increased starch susceptibility to 

starch degrading enzymes. Sandberg et al (1987) investigated the effect of extrusion 

processing (twin-screw extruder) on high-fiber cereal products. They also looked at the 

processing's influence on the digestibility of starch, fiber components, and phytate, in the 

stomach and small intestine of ileostomy subjects. The subjects had been fed a low fiber 

diet supplemented with 54 g/day of a bran-gluten-starch mixture, or corresponding 

extruded product. The conditions used (120° C, 5.9 MPa, 150 rpm), characterized as 

"mild", did not change the starch, OF, and phytate contents of the bran product, 

however, the phytase activity was lost. Before and after the processing, starch was 

almost completely digested in the stomach, and small intestine, while fiber components 

were digested to a very small degree. It was concluded that extrusion, under "mild" 

conditions (120°C, 5.9 MPa, and 150 rpm), did not affect the parameters studied, but 

could lead to impairment in the digestion of phytate, due to qualitative changes in it, and 

the loss of phytase activity. Corn, wheat, and rice starches were processed in a twin

screw extruder. The processing conditions were: screw speed from 20 to 120 rpm; 
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cooking time from 20 sec. to 2 min.; pressure inside barrel, of 100 bars; temperatures 

from 70 to 250°C, and moisture content from 10.5 to 28.5 %. Starch solubilization 

occurred, without maltodextrin formation. It was dependent on the starch's initial 

moisture content, extrusion temperature, and amylose-amylopectin ratio (Mercier and 

Feillet 1975). 

Overall, few studies have investigated the effect of extrusion processing on DF 

content from whole wheat or wheat bran samples. Most studies have utilized wheat flour 

as their OF source, processed in twin-screw extruders. TOF was usually measured, 

rather than it's components. Temperature conditions usually ranged from 140 to 180°C; 

screw speeds, from 100 to 200 rpm; and liquid feed rate, from 15 to 25 %. Overall, 

findings were controversial, or inconclusive. For example, some studies showed that 

extrusion does not affect TDF content of wheat flour and whole wheat meal samples 

when the temperatures ranged from 148 to 180°C (Varo et a11983, Siljestrom et a11986, 

Schweizer and Reimann 1986). Other studies carried out on wheat flour, processed 

under 150 to 200°C, showed increases in IF and SF contents at 171°C, but not at 166°C 

(Bjork et al 1984). TOF content was also reported to increase on samples processed 

under 150 to 200°C. Furthermore, some researchers have reported the occurrence of IF 

redistribution and intestinal breakdown, in extruded wheat flour, excluding whole wheat 

flour (Asp 1986b, Theander and Westerlund 1987, Camire et al 1990). Conversely, Asp 

and Bjork (1984) observed redistribution in whole grain wheat flour, processed under 

166°C, at 200 rpm; while Aoe et al (1989) observed it in wheat bran samples processed 



19 

under 136 to 160°C. 

The increase in TDF has been attributed to starch alterations as indicated by the 

presence of glucans in the soluble and IF fractions (Theander and Westerlund 1987). 

However, Sandberg et al (1986) did not find starch digestibility being affected by 

extrusion under 120oe, 150 rpm. These authors believed that, instead, phytate digestion 

was the one being affected since phytase was inactivated during the process. Likimani 

et al (1990) found that extrudates processed under higher screw speeds undergo less 

starch hydrolysis. 

2.4 - Effect of Extrusion Processing on Dietary Fiber and Minerals - Kivisto 

et al (1986) studied the effects of extruded DF on the absorption of Ca, Fe, Mg, P, and 

Zn in seven ileostomy patients by feeding them a low fiber diet with either 54 g of bran

gluten-starch mixture or the corresponding extruded product/day (d). Apparent 

absorption of Mg, P, and Zn was significantly decreased during the period of feeding the 

extruded product, compared with the control, however neither Ca or Fe had their 

absorption affected. 

Fairweather-Tait et al (1987) evaluated the effect of extrusion on Fe absorption, 

in samples of whole ground degermed maize grits; extruded maize snack, and potato 

flour processed in a twin-screw extruder at temperature conditions ranging from 120 to 

140°C, and pressure from 500 to 900 psi. Extrusion did not affect the amount of Fe 

absorbed and the Fe picked up from the process was as available for absorption as the 

endogenous Fe in the food. 
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Although many ready-to-eat (RTE) breakfast cereals are fortified with up to 100% 

of the U.S. recommended daily allowance (USRDA) for minerals such as Cu, Ca, and 

Zn, their bioavailability is variable and the extent of the effect of extrusion over them is 

still unclear (Camire et al 1990). 

3. TRACE MINERALS 

3.1 - Food Sources, Requirements and Recommendations, Interactions, and 

Deficiencies 

3.1.1 - Zinc (Zn) - Food Sources - Bioavailability of Zn depends on the food 

source. Good sources of Zn are meat (poultry and lean meat), liver, eggs, low and 

nonfat dairy products, seafood (particularly oysters), grain products (especially whole 

grains), and legumes (Moser-Veillon 1990; NRC 1989). A 4-nonconsecutive-day data 

from 1986 showed that the food groups (meat, pOUltry, and fish; grain products, and 

dairy products) provided for more than 80% of the Zn in the diet (Moser-Veillon 1990). 

In the United States, animal sources, such as meat, contribute 70% of the Zn consumed 

by most people. The Zn consumed from plant sources comes, mainly from cereals. The 

contribution from water is considered negligible, since it contains less than 0.1 mg 

ZnJIiter (NRC 1989). Wheat products in the food supply provide about 1.1 mg/d/person, 

however, Zn intake in the U.S. would be increased to 5 mg/d/person, if refined flour 

were substituted for whole wheat. Studies on energy, protein, and Zn intakes show that 

men's Zn intake was greater than 90% of the current recommendation, children's was 

between 76 and 91 %, and women showed energy and Zn intakes below the recommended 
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amounts (Moser-Veillon 1990). 

Currently it is estimated that the U.S. food supply provides 10 to 15 mg/personJd 

of Zn (NRC 1989, Moser-Veillon 1990). Pennington et al (1984) reported that in the 

United States, a diet consisting of 2,850 Kcal contained 13.2 mg of Zn; an infant diet 

consisting of 800 Kcal had 5.5 mg of Zn; while a 1,300 Kcal diet contained 8.5 mg of 

Zn. The elderly was reported to consume from 7 to 10 mg/d of Zn (Greger 1989). 

Requirements and Recommendations - There are two types of Zn requirement. First, 

the dietary requirement, consist of the amount required in the diet to maintain optimal 

metabolic and physiological functions of life (Smith et al 1983). This requirement 

depends on the age and physiological conditions of the individual, diet composition, 

amount and proportion of organic and inorganic components in the diet as to how the 

affect of Zn absorption and utilization occur (Hambidge et al 1986). Secondly, the true 

requirement, which is the amount that must be absorbed in order to replace endogenous 

losses, and to provide for tissue synthesis during growth, or milk secretion during 

lactation (King and Turnlund 1989). One's requirement depends mainly on the person's 

Zn status, or their body pool of mobilizable Zn. Excretion of Zn is roughly equated with 

the dietary intake and individual's Zn status (NRC 1989). 

Recommended Daily Allowances (RDA) - There is not an accurate indicator of 

Zn status in adults, but RDA subcommittee recommends 15 mg/d for adult men; 12 mg/d 

for adult women; 15 mg/d during pregnancy and lactation; and 10 mg/d for infants and 

children (NRC 1989). 
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Deficiency - The elderly, pregnant women, children, and adolescents are 

population groups likely to be exhibiting Zn borderline deficiencies, which would affect 

wound healing, immune response, and tissue growth. Deficiency effects on the immune 

system have been shown in a study of mildly Zn on deficient on elderly subjects (Kaplan 

et al 1988). Those groups of people are more vulnerable due to their reduced intakes of 

Zn-containing protective foods such as meats and shellfish, and the problem is 

compounded if they also have a low energy intake (Harland 1989). 

Interactions - The bioavailability of Zn depends on the dietary composition and 

the presence of dietary components such as protein, phytates, and some minerals (NRC 

1989). Phosphates in high concentration in the diet, and DF are believed to have a 

negative impact on Zn bioavailability, worldwide. However, Erdman et al (1983) and 

Morris and Ellis (1983) found that the average phytate content of the American diet is 

not high enough to adversely affect Zn utilization. For the United States population, the 

interaction of Zn with DF, phosphorus, and iron is believed to be of greater practical 

importance. However, available data in this area is still controversial (NCA 1989). 

Experimental human studies applying the phytate:Zn and phytate versus Ca:Zn ratio 

concept show that phytate does not appear to impair Zn bioavailability from omnivorous 

diets (Moser-Veillon 1990). 

3.1.2 - Calcium (Ca) - Food Sources - Dairy products provide for more than 

55 % of Ca intake for the American population. Cottage cheese is a fair source, while 

butter, cream, and cream cheese contain insignificant amounts of Ca, having basically 
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only fat. Equivalent sources of Ca are milk, sardines, salmon, oysters, extracts made 

from bones, tips of poultry leg bones, and dark green leafy vegetables (broccoli, kale, 

and collards). Processed sources are: bean curd (tofu), canned tomatoes, stone-ground, 

or self-rising flour, stone ground whole, or self rising corn meal, and blackstrap 

molasses. Among fortified sources are high-Ca milk (a new product available), orange 

juice, soy milk, and infant formula based on soy. Although grains and legumes may also 

provide Ca, the available amount is very little due to Ca binders interfering with 

absorption (Hamilton 1988, NRC 1989). 

The average Ca consumption in the United States is around 743 mg/d, with 

females from 35 to 50 years old, consuming 530 mg/d, and males of 12 to 18 years of 

age consuming 1,179 mg/d. Males' intake is higher than females; white females higher 

than blacks. Their intakes are 640 mg/d and 452 mg/d, respectively (NRC 1989). The 

Ca intake of 25 % for adolescent females, and 50 % of those who are older than 35 years 

of age, is less than 500 mg/d. Many people, especially females, consume less than 800 

mg/d (Schuette and Linkswiller 1984). However, according to Wardlaw and Insel 

(1990), the average consumption of Ca by women in North America ranges from 500 to 

600 mgt d, and men from 800 to 900 mgt d. Those authors state that 25 % of the women's 

intake is less than 300 mg/d, therefore women's diets are deficient, but not men's, due 

to their higher food consumption. 

Requirements and Recommendations - Estimation on Ca requirements derives 

from balance studies. Ca absorption tends to increase as it is physiologically demanded 
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(Schuette and Linskwiller 1984). The substantial ability of adults and adolescents to 

adapt to its lack, and the prolonged time it takes before changes in status become 

noticeable, makes it difficult to establish an optimal Ca intake. Losses are around 200 

to 250 mg/d, and absorption rate is from 30 to 40% (Whitney et al 1990). 

Recommendations are of 1,200 mg/d for both sexes, from 11 to 24 years of age; 800 

mg/d for older age groups; 1,200 mg/d during pregnancy and lactation; 400 mg/d for 

formula fed infants; 600 mg/d from 6 month to 1 year; and 800 mg/d at ages 1 to 10 

(NRC 1989). Many females consume less than 800 mg/d, with 25% of the adolescents, 

and 50% of the 35 year old individuals, consuming less than 500 mg/d (Schuette and 

Linkswiller 1984). 

Interactions - Among the chemical binders of Ca, Zn, and Fe present in high

fiber diets are phytate (in whole cereal grains), and oxalate (in rhubarb, spinach, beets, 

tea). Ca status is also affected by high-protein diets since excesses of protein increases 

Ca excretion. Dietary fiber has been reported to chelate Ca and other minerals in the 

gastrointestinal tract (GI), thus leading to the concern of high-fiber diets as a factor which 

contributes to the increased risk of bone loss and osteoporotic fracture. Studies show, 

that although wheat bran may interfere w.ith the absorption of Ca, it is not evident that 

high-fiber diets alone induce Ca deficiency, particularly if individuals consume a balanced 

diet (Arnoud and Sanchez 1990). 

Deficiency - Ca deficiency and bone demineralization are due to the lack of 

vitamin D, available dietary Ca, a high rate of Ca excretion (or transfer), and a high 
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proportion of P to Ca in the diet or other factors associated with the parathyroid hormone 

secretion. The consequences of osteoporosis are fragile bones and bone breakage (Linder 

1985). 

3.1.3 - Copper (Cu) - Food Sources - The presence of Cu in most foods is 

nutritionally negligible. Legumes, nuts, and soy containing foods have the highest Cu 

levels, followed by raisins, dried foods, and whole grains. Cow's milk and dairy 

products are low in Cu, and the little Cu present is poorly absorbable since Cu is believed 

to be bound to casein (Danks 1988). This is cause for concern, due to the high 

susceptibility of infants to Cu deficiency (Johnson and Kays 1990). Rich sources of Cu 

are animal liver (6 mg/lOO g), and shellfish, however most dietary Cu comes from plant 

sources (Johnson and Kays 1990), such as potato, fruit, bread, meat, fish, and legumes 

(Danks 1988). Among the 15 top foods providing Cu to the American diet are: white 

bread, whole wheat bread, banana, and whole milk providing 132, 360, 141, and 7 J.'g 

CullOO g of edible portion, respectively (Lurie and Holden 1990). Since these foods are 

usually consumed with breakfast cereal, which may be high in fiber, it is, therefore, of 

interest to study whether Cu might be affected by the DF contained therein. 

Studies revising the American daily intake of dietary Cu show that adult males 

consume an average of 1.2 mg, females 0.9 mg, infants (6 to 11 months old) 0.45 mg, 

and toddlers (2 years old), 0.57 mg/d. A total dietary Cu intake of about 1.6 mg/d is 

required to maintain balance in adult men, however many diets in the U.S. provide less 

than that (NRC 1989). There is evidence that segments of the population do not consume 
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2 mg/d, and other studies show intakes of less than 1 mg/d (O'Dell 1984b). 

Requirements and Recommendations (NRC 1989) - Data from metabolic 

balance studies show that a total dietary Cu intake of about 1.6 mg/d is necessary to 

maintain balance in adult men. Many U.S. diets provide less than that daily, but Cu 

deficiency symptoms (anemia and neutropenia) have not been observed in adults 

consuming typical U.S. diets. In the past, estimates of Cu requirement for humans, were 

derived from metabolic balance studies, which could have brought misleading results, 

since the efficiency of Cu absorption is increased or decreased in response to low or high 

Cu intakes, respectively (Turnlund et al 1989). Therefore, due to uncertainties on 

quantitative human requirement for Cu, there is not an established RDA for Cu, but there 

is a recommendation of 1.5 to 3 mg/d, as a safe and adequate range of intake for adults. 

The requirements of Cu for infants from birth to 6 months are of 0.4 to 0.6 mg/d, 

whereas, in infants from 6 to 12 mo. of age it is of 0.6 to 0.7 mg/d. At the age of 4 to 

6 mo., the introduction of solid foods from a mixed diet should allow the older infant to 

meet the Cu recommendation. For 7 to lO-year-old children it is recommended from 1 

to 2 mg/d. 

Interactions - It has been known from animal studies, that various factors may 

interfere with dietary Cu. Ascorbic acid might alter binding sites on metallothionein, Fe, 

and Zn. As little as 50 mg/d of vitamin C intake daily may adversely affect Cu status 

(O'Dell 1984b). Fiber has also been reported to interact with Cu, however its effects on 

Cu status are negligible, with studies indicating greater likelihood of fiber interacting with 
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Zn (Johnson and Kays 1990). The nature of the carbohydrate-Cu interaction is not yet 

understood (NRC 1989). Protein and DF content may interfere with Cu availability 

(Danks 1988). Studies on male rats fed diets containing 60% of the metabolizable 

energy, as either fructose, or sucrose, show a decrease on Cu bioavailability of 30 %. 

There is no evidence of possible extrapolation to the adult human (O'Dell 1990). Amino 

acid infusion has also been reported to interfere with Cu (Danks 1988). 

Deficiency - Deficiency, due to inadequate Cu intake, has been reported in babies 

born prematurely, and on young Peruvian and Chilean children, afflicted by severe 

malnutrition and diarrhea. However, interpretation is made difficult since one cannot 

separate the effects of protein-caloric deficiency and Cu deficiency, in those children. 

The main results of Cu deficiency are: anemia, neutropenia, and osteoporosis. It is 

believed that it is necessary to have a prolonged period of Cu deficiency, or, for it to 

have occurred in critical phases during life, for the development of those conditions to 

occur (Danks 1988). Severe Cu deficiencies can be seen when enzyme failure occurs. 

For example, tyrosinase failure would lead to depigmentation; and Iysyl oxidase failure 

would result in connective tissue abnormalities. Cu related anemia and brain damage are 

not yet well understood (Danks 1988). 

Marginal Cu deficiency is very difficult to accurately detect, since the biochemical 

indicators are affected by cigarette smoking, oral contraceptives, pregnancy, infection, 

and inflammation. Furthermore, metallothionein contains not only Cu, but also Zn. Cu 

deficiency is uncommon in healthy adults, but has been seen in people consuming high 
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3.2 - Mineral Bioavailability 
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3.2.1 - Defmition - O'Dell (1984a) defines mineral bioavailability as the amount 

of a nutrient absorbed and utilized by the body, out of the total amount consumed. In 

order to be available for utilization, a nutrient has to be absorbed from the GI, and enter 

the systemic circulation (Turnland 1991). 

3.2.2 - Factors Affecting Mineral Bioavailability - The most essential minerals 

are not well absorbed, with absorption ranging widely from 1 to over 90 %, depending 

on the mineral. Some factors influencing mineral absorption, and therefore mineral 

bioavailability include: 1) chemical form; 2) oxidation state; 3) amount in the diet; 4) 

other minerals; carbohydrates, fats, proteins, vitamins, and 5) components present in the 

diet such as phytate, fiber, and oxalate (Turnland 1991). 

It has been shown that cations bind to DF in vitro (Camire and Clydesdale 1981). 

Mineral binding in vivo may be affected by starch, organic acids (Smith 1983), phytic 

and oxalic acid, vitamin C, protein, other minerals, as well as the pH of the GI, which 

may enhance, or inhibit binding (Wisker et al 1990). However, the DF components is 

not believed to adversely affect mineral balance, if the diet contains some source of 

animal food, and if the DF intake is no higher than 50 g/d. Fibers from different plant 

sources have been shown to have different chemical structures, and, thus different 

binding capacities (Slavin 1987, Van Soest and Jones 1988). It is difficult to draw 

definite conclusions regarding the relation between the composition of studied products, 



29 

and mineral binding, because plant foods are usually associated with substances which 

may also bind minerals. Moreover the fiber content and composition of these plant foods 

differ among studies, depending on the analytical methods used to measure DF content, 

type of diet, length of these studies, and dietary manipulations to change DF intakes 

(Torre et al 1991). Furthermore, fibers occur together in most foods, thus having their 

mineral binding capacity dependent on their food environment (Kelsay 1987; Platt and 

Clydesdale 1984). Although DF from plant material or isolated components has been 

shown to bind essential inorganic nutrients, the mechanisms involved are stilI being 

investigated. 

3.2.3 - Controversial Findings - Controversial findings from in vitro and in vivo 

studies, have been attributed to the difficulty of translating the information acquired in 

the laboratory to a living organism, particularly due to the lack of coordination between 

in vitro and in vivo studies. However, these studies complement each other. 

Platt and Clydesdale (1987a) reported that guar gum retained Fe2+ and Zn2+ 

through complex formation. In vivo studies, however, have not been shown 

polysaccharides to affect mineral bioavailability. The lack in agreement between these 

studies may be related to colonic absorption of minerals bound to soluble fibers, 

following fermentation of these fibers in the colon (Stephen and Cummings 1980, Nair 

et al 1987). 

It is also difficult to compare results among studies involving the investigation of 

the effect of individual fiber components on mineral availability, because various fibers 
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differ in nature, structure, and thus, in their capacity to bind minerals (Slavin 1987, van 

Soest and Jones 1988). 

3.2.4 - Dietary Fiber and Mineral Bioavailability 

3.2.4.1 - In Vitro Studies - Rendleman (1982) carried out binding studies on Ca 

binding. Fiber sources utilized were: white wheat bran, and bran components. They also 

studied the influence of intestinal fluid constituents. The experimental conditions were 

set at 37°C, with pH ranging from 5 to 8. Binding capacity was primarily attributed to 

water-soluble dietary components, while cellulose, starch, hemicellulose, and pectin had 

little affinity for Ca2+. However, binding studies on Ca, Mg, Zn, and Fe which were 

bound with wheat bran, cellulose, lignin, pectin, and guar gum, showed that lignin and 

pectin had high metal binding capacities, and that the binding was pH dependent (Camire 

and Clydesdale 1981). Platt and Clydesdale (1986) evaluated the mineral binding 

capacity of soft and hard wheat bran on Fe alone, and in combination with Ca, Zn, and 

Cu. The addition of equimolar concentrations of Fe and Ca decreased Fe solubility, 

whereas, when Fe and Cu were added, no effect was found on Fe solubility. These 

results suggest the existence of mineral-specific binding sites in wheat bran. Platt and 

Clydesdale (1987a) studied Zn, Fe, and Cu binding characteristics of lignin, guar gum, 

cellulose, pectin, and neutral detergent fiber (NDF) under simulated duodenal pH 

conditions (pH 5). Ouar gum bound 8.4 j.tmol Fe/g fiber, NDF 5.0, high methoxy pectin 

5.0, and lignin 19.5. Cellulose bound Fe weakly. Lignin had two distinct binding sites 

for Fe, Zn, and Cu, with the high affinity sites binding Fe> Cu > Zn, and twice as much 
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Cu binding as in either Fe or Zn. According to Reinhold et al (1981), Fe bound strongly 

to NDF from wheat and maize. The authors stated that Fe was primarily bound by 

cellulose, however it was pH dependent. The amount of Fe bound was also dependent 

upon Fe concentration, pH, amount of fiber, presence and concentration binding 

inhibitors. Among Fe binding inhibitors are amino acids (especially cysteine), phosphate, 

Ca, and taurocholic acid. Thompson and Weber (1981) studied the ion exchange capacity 

of treated wheat bran, oat hulls, soy bran and cellulose for Cu and Zn. Fiber type and 

treatment (detergent, and enzymatically treated) affected the amount of minerals bound. 

A reduction in binding was observed when combined minerals were added to the column. 

3.2.4.2 - In Vivo Studies - Rockway et al (1987) studied the availability to mice 

and rats of Cu bound to wheat bran and cellulose. It was found that both species utilized 

dietary Cu bound to wheat bran, thus suggesting that mineral-fiber interactions may not 

decrease bioavailability, if the dietary mineral intake is adequate. 

Harland and Ali (1991) studied the affects of fiber and phytate on Fe and Zn, in 

sorghum flour. They observed that by feeding rats with sorghum contained diets, that 

the bone mineral concentrations decreased. Davies (1978) reviewed a study by Reinhold 

et al (1981) on phytate and fiber affects on Zn utilization, in Iranian high-fiber diets. He 

concluded that the adverse fiber effect seemed to be of primary significance. Since the 

fiber content of western diets is unlikely to be as high as in Iranians, and there have been 

fewer studies on the subject, one cannot draw a definitive conclusion on the adverse 

affect of fiber on mineral availability. The present low fiber Western diet may well be 



32 

supplying marginally adequate amounts of Zn, Cu, and Fe to the population. 

Furthermore, appreciable amounts of phytate in fiber rich diets can severely limit the 

utilization of bivalent metals. Sandstrom et al (1987) studied the effect of DF and phytate 

on Zn bioavailability with humans fed meals containing rye, barley, oatmeal, and triticale 

(wheat-rye cross-blend). The amount of phytic acid in the diets was the primary 

determinant of Zn absorption. In fiber-rich vegetable meals having carrots, cabbage, 

potatoes, peas, and turnips, Zn absorption was minimally effected. This was attributed 

to vegetables being low in phytate. In order to show the effects of maize DF, low in 

phytate, on Zn metabolism, Lykken et al (1986) fed adults with maize cornflakes, and 

grits, labelled with Zn. Zinc was more readily absorbed from grits than from cornflakes. 

Therefore, autoclaving and toasting of cornflakes might have caused RS formation, which 

is of low digestibility, and believed to chelate minerals as it passes thorough the GI. 

Furthermore, maillard reaction might have occurred in cornflakes. As a consequence, 

glucose might have complexed with minerals such as endogenous Zn, chelating it. Stable 

isotope techniques have been used to demonstrate that Zn absorption is inhibited when 

phytate is added to the diet (Turnlund et al 1984). It has been shown by Turnlund et al 

(1985), that a parallel, between reduction of Zn absorption and an increase in endogenous 

Zn loss, exists. Sandstead et al (1978, 1979) carried out metabolic studies to evaluate 

the effect of TDF extracted from wheat bran, corn bran, soybean hulls dehydrated, apple 

powder, or dehydrated carrot powder, on Ca, Mg, P, Zn, Cu, and Fe. Subjects 

consumed a diet with an additional 26g of TDF/d during a 4 to 8 month period. TDF 
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was neither found to adversely effect any of the minerals, nor were the subjects found 

to be in negative balance. Cummings et al (1979) studied the digestion of pectin in 

humans, its effect on Ca absorption, and large bowel function. They concluded that Ca 

balance remained unchanged, as pectin is largely metabolized in the gut. Slavin and 

Marlett (1980) studied the influence of refined cellulose on human bowel function as it 

is related to Ca and Mg balance. They found that a diet that contained cellulose 

significantly increased the fecal excretion of Ca and Mg. Radha and Geervani (1984) 

studied the utilization of protein and Ca by adult women fed cereal-legume diets, with 

varying fiber levels. They observed that absorption and retention of nitrogen (N) and Ca 

were significantly less with high fiber diets as compared to low fiber diets. Baker and 

Halpin (1988) used young chicks to demonstrate Zn bioavailability by measuring Zn in 

the tibia, pancreas, and liver. Fish meal, wheat bran, or a maize-soybean meal mixture 

(100 g/kg diet) was added to a casein-D-glucose basal diet. Results showed a severe 

depression of Zn absorption, where its utilization was markedly reduced by the high

fiber, high-phytate supplements. Behall et al (1987) compared the effects of wheat bran 

purified DF (cellulose, carboxycellulose), with those of locust bean gum (Ceraton si/iqua 

L.), and karaya gum (Sterculia urens Roxb.), on Ca bioavailability. Two males and five 

females, from 59 to 76 years old, consumed self-selected diets. Wheat bran was added 

to the diets during two periods of 10 days each (30 g/d). Apparent Ca absorption 

decreased in all subjects, as a result of feeding them the wheat bran, which had increased 

their neutral detergent fiber (NDF) intakes from 8.5 to 20.9 g/d. 
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Fernandez and Phillips (1982) investigated possibilities of s9Fe binding to various 

dietary sources. The fiber had a decreasing affinity for s9Fe as follows: 

lignin> psyllium> cellulose> pectin. The polymer bound to 59Fe was then perfused into 

the duodenal-jejunal section of dog's small intestines. Lignin and psyllium were potent 

inhibitors of Fe absorption, with less affect from pectin, and no affect from cellulose. 

Hallfrish et al (1987) conducted a study on 20 men and 31 women in which the 

apparent balances of the minerals Ca, Cu, Fe, Mg, Mn, and Zn were determined. The 

subjects were fed high fiber diets, consisting of simple carbohydrates (sucrose, granola, 

coconut, lemon-lime soda), and complex carbohydrate (additional cracked wheat and 

Vienna breads, oatmeal, and noodles). It was found that the high-fiber diets did not 

affect the apparent balances of Fe, Mn, or Zn, however, Ca and Mg balances were 

negative. 

3.2.5 - Insoluble Fiber and Mineral BioavailabiIity - In order to eliminate 

interferences from binding components other than fiber, investigators have worked on 

isolated DF fractions. Additional studies need to be carried out in order to systematically 

investigate the possible effects of those fractions, individually, or in combination, on 

mineral availability (Torre et al 1991). 

3.2.5.1 - In Vitro Studies - Binding of Fe2+ to cellulose has been observed to be 

minimal under any pH, whereas cellulose has had a greater effect on Ca2+. After 

reviewing the literature on Fe-cellulose binding, Clydesdale (1983) found that a very 

weak bond was formed between the mineral and the DF component, though the bond was 
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susceptible to rupturing, while in the presence of other food components. It was 

observed that binding was dependent on cellulose type, pH, and concentration of cellulose 

and Fe. Platt and Clydesdale (1987b) investigated binding strength and binding sites for 

Fe on cellulose under simulated duodenal pH conditions. A single, low-affinity binding 

site was determined on cellulose that retained Fe weakly. Southgate (1987) reported that 

there is no evidence of bonding between Fe2+ and cellulose, and suggests that some Fe 

is adsorbed to the surface of cellulose. In vitro studies on the affect of NDF and ADF 

(acid detergent fiber) on minerals show that those fiber fractions retain Fe2+, Cu2+, and 

Zn2+, through forming bonds. 

Garda-LOpez and Lee (1985) investigated the in vitro mineral binding capacity 

of extracted ADF and NDF from cooked pinto beans (Phaseolus vulgaris). It was 

observed that both ADF and NDF bound Fe2+, Cu2+, and Zn2+, with a greater affinity 

for Cu2+ than for the other minerals, and the reaction was dependent upon the pH. It 

was suggested that NDF had two binding sites for Zn2+, one for Fe2 +, and one for Cu2+. 

McBurney et al (1983) studied the cation-exchange capacity (CEC) of 12 NDF samples 

for Cu2+, at both pH's of 3.5 and 7.0. They found that the samples retained Cu2+ 

through an ion-exchange mechanism, where the carboxyl, hydroxyl, and amino groups, 

were the functional groups. It was also observed that protein influenced mineral 

retention. Platt and Clydesdale (1984, 1987) reported the existence of two specific 

binding sites for Fe2+ in lignin, which bound a significant amount of that mineral, under 

duodenal conditions. McBurney et al (1983) and Stephen and Cummings (1980) 
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suggested the existence of two possible binding sites in lignin with high affinity for Cu2+. 

According to Platt and Clydesdale (1987a), lignin has high and low affinity binding sites 

for minerals, where the high-affinity sites bind Fe2+ more strongly than Cu2+, and Cu2+ 

much more strongly than Zn2+. However, the low affinity sites bind Cu2+ more strongly 

than Fe2+, and Fe2+ much more strongly than Zn2+. 

3.2.5.2 - In Vivo Studies - Studies with humans have shown that cellulose does 

not influence the absorption of Fe2+, Ca2+, Mg2+, Cu2+, or Zn2+, however, results from 

animal studies have shown contrary results. Hemicellulose has also been reported to 

inhibit mineral absorption, in each species (Torre et al 1991). Jiang (1986) fed cellulose 

and xylan to rats, at the levels of 5 %, 6%, and 12 % (30, 60, and 120 g/Kg, 

respectively). The diets contained 10 p.g Zn and 4 p.g Cu/Kg. It was shown that 

cellulose significantly bound dietary Cu and Zn, which were subsequently excreted. 

When including 12 % cellulose in the diet, a lower "apparent" absorption of both Cu2+ 

and Zn2+ was observed, whereas, incorporating 6% cellulose lead to a decrease of only 

Zn absorption. Xylan was found to negligibly influence mineral bioavailability. These 

results were in agreement with findings by Davies (1978). In his study, rats were 

maintained on a semi-synthetic diet, supplemented with cellulose levels that were higher 

than 8 %. These levels were shown to significantly affect Zn absorption. Contrarily, 

Rossander (1987) and Behall et al (1987) reported that by adding cellulose to a basal diet 

did not seem to significantly affect apparent mineral balance. 

Vanhouny et al (1987) carried out in vivo (male albino rats) studies on the 
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bioavailability of Ca, Fe, Mg, and Zn. They were fed soluble, and insoluble fibers, at 

levels 10 and 5 % (100 and 50 g/Kg diet, respectively). It was found, that when the 

source of DF was wheat bran, only Zn exhibited an "apparent" negative balance. This 

study was carried out over a period of 4 weeks. Additional fiber sources tested were: 

cellulose; Fibyrax (a commercially prepared mixture of fibrous materials); lucerne 

(Medicago sativa); pectin; guar gum; psyllium; and cholestyramine (anion-exchange 

resin). 

Turnlund et al (1985), studied the bioavailability of Cu in young men, who were 

fed a basal diet; the basal diet plus a-cellulose; and the basal diet plus phytate. Cu 

absorption was determined by using 6SCU, a stable isotope, and was found not to be 

significantly effected in any of the studied diets. 

Rockway et al (1987) assessed Cu bioavailability on mice and rats. She measured 

their body-weight, tissue weight, food consumption, and the content of Cu in their 

tissues. Cu utilization was found to differ between the two rodents, and was dependent 

on the fiber source. It was observed that, in Cu-deficient diets, wheat bran impaired Cu 

bioavailability more than cellulose did. However, when dietary Cu was adequate in the 

diet, or even in excessive levels, no difference in Cu bioavailability was traced to DF 

source. 

According to Davies (1978), some of the controversial findings from all previous 

studies make it difficult to draw conclusions on the role of DF on mineral availability, 

in vivo. Some of the factors believed to be contributing to these conflicting findings are: 
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1) fiber contents; 2) length of study time; and 3) different species. 

Investigations are in progress that will enable a greater understanding of the 

mechanisms involved in mineral binding by DF's. Mechanisms are believed to involve 

physical retention, or chemical binding of the minerals to the free hydroxyl groups of 

cellulose polymers. Hemicellulose and cellulose are believed to differ in their mineral 

binding capacity. This might be related to differences in digestibility and transit time 

through the GI (Behall et al 1987). 

3.3 - Mineral Binding 

3.3.1 - Mechanisms - Binding may result from fibers' functional groups 

interacting with surrounding minerals. For example, the hydroxyl groups of cellulose 

may partially substitute for the water of hydration of Zn2+ ions. It might be that the 

unsubstituted uronic acid residues of hemicellulose and pectin are most likely involved 

acting as cation exchangers, and thus, maybe binding bivalent metal ions. Cellulose is 

not likely to be involved because of its inert nature. These possibilities were tested by 

Davies (1978) who found a relationship between the amount of Zn bound and the uronic 

acid content of fiber fractions. Studies in vitro showed that up to 86% of the Zn bound 

to fibers, but these results could not be confirmed by in vivo studies. 

Several essential, inorganic nutrients have been shown to bind DF's in plant 

materials or isolated components. However, the mechanisms involved have not been 

clearly understood (Munoz 1986, Southgate 1987, Laszlo 1987, Bertin et al 1988). 

According to Harland (1989), there are four major factors, adversely affecting 
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mineral bioavailability: 1) shortened transit time, thus providing less time for mineral 

absorption; 2) dilution of the intestinal contents and fecal bulking; 3) chelation of 

minerals to DF matrices through cation-exchange capacity mechanisms; 4) DF's ability 

to influence the active and passive transportation of minerals (Ward and Reichart 1986). 

Two mechanisms have been suggested by which IF's might decrease mineral 

utilization. The first mechanism is to accelerate the movement of the digesta through the 

intestine. However, Gordon (1990) points out that although it has been shown that IF 

increases the movement of luminal contents, it has not been shown yet that it affects 

mineral absorption. The second mechanism involves IF's acting as chelators by holding 

numerous metal ions, preventing their absorption (Reinhold et al 1975, Ismail-Beigi et 

al 1977). 

These two theories have lead to the following questions: 1) if there is a decrease 

in GI transit time, why is it, that other types of IF's that decrease transit time do not 

decrease Ca absorption, and 2) why aren't other minerals also being affected? (Gordon 

1990). 

Studies on individual fiber components have provided insight on the possible 

mechanisms involving the interaction of fibers with minerals. Hydroxyls from cellulose 

functional groups seem to interact with metallic elements, through intramolecular 

hydrogen bonding (Krassig 1985, Theander 1989). In vitro experiments have shown 

interactions between cellulose and Ca2+, however, there seems to have been little affinity 

of cellulose for Fe2+, under any pH condition (Torre et al 1991). Platt and Clydesdale 
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(1987a) suggested the existence in cellulose of low-affinity binding sites that can weakly 

bind ("retain") Fe2+. Conversely, Southgate (1987) states that there could have been a 

possible adsorption of Fe2+ to the cellulose surface. 

Platt and Clydesdale (1984, 1987a) studied the mechanisms by which lignin forms 

multidentate complexes with transition metal ions. In these complexes, methoxy and 

hydroxyl groups of lignin act as ligands. However, they did not dismiss the possibility 

of an ionic-exchange capacity mechanism also being involved. Wieber et al (1988) 

studied the adsorption isotherms of Cu2+ and Zn2+ bound to lignin. According to them, 

the shape of the isotherms depend on the nature of the lignin. The dependence of the 

sorption on pH showed that carboxylated anions might have been involved in the binding 

of Cu2+, whereas phenolate groups might have been involved in Zn2+ binding. 

3.3.2 - Maillard Products 

3.3.2.1 - In Vitro Studies - O'Brien and Morrissey (1989) reported the affect of 

browning on Zn and Cu binding, in vitro. At pH 5, corn flakes bound twice as much 

Zn and Cu than the unheated corn grits. It has also been demonstrated in vitro, and 

confirmed, in vivo, that coffee pigments bind Cu and Fe. Rendleman (1986) has also 

shown that, toast prepared from bread made with milk, have a strong affinity for Ca and 

Cu, compared to milk-free bread. The author did not discuss, however, what product 

had a higher degree of browning, and if the presence of casein, was of any importance. 

O'Brien and Morrissey (1989) discussed the difficulty in separating the affect of Maillard 

products (from higher luminal concentration of intermediate, and high molecular weight 
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peptides and proteins) on the small intestine's transport of metal ions. 

3.3.2.2 - In Vivo Studies - The presence of metal ions have been long known to 

affect the maillard reaction, however, the mechanisms involved are poorly understood 

(O'Brian and Morrissey. 1989). These researchers state that the maillard products lead 

to a significant increase in urinary Zn, Cu, and Fe. Individuals were, intravenously, fed 

solutions of amino acids or protein hydrolysates, autoclaved in the presence of glucose. 

Amadori compounds and fructose-arginine were also found in the autoclaved solution. 

Thus, it was suggested, that maillard reaction products were not being absorbed in 

significant amounts from the intestine. 

O'Brien and Morrissey (1989) reported a reduction in long-term Zn retention, on 

subjects consuming corn flakes. It has been suggested that, the mechanism and site of 

action, of the maillard products on Ca absorption, in the gut, is different from the effect 

produced by poorly digestible carbohydrates, such as lactose. The above products 

inhibited the duodenal and ileal transport of Ca. Lactose, however, does not seem to 

affect Ca at the duodenum, but even increases ileal Ca transport. Maillard products seem 

to affect Ca transport on the small intestine, acting either as a chelator of or as an 

inhibitor of enterocyte metabolism. 

Rats fed Maillard products of glucose/glutamate, at 0.5 % dietary levels, showed 

increased urinary excretion of Ca, Mg, Na, Zn, and Cu. The observed effect on urinary 

Ca is believed to resemble that of lactose, where chelation is not involved. Chelation 

seems, however, to be the mechanism involving urinary Zn excretion (O'Brian and 



42 

Morrissey 1989). 

3.4 - Phytic Acid (myoinositol hexaphosphate) 

Phosphorus is stored in cereal seeds, mostly as phytate. Cereal grains contain 

from 0.5 to 6% of phytate, representing 60 to 90% of the total phosphorus content in 

grains (Fox and Taso 1989, Pawar and Ingle 1989). Physiologically, phytate is a source 

of high-energy phosphoryl groups, and cations, which are utilized by seeds during 

dormancy and germination (Maga 1982, Pawar and Ingle 1989). Phytate seems to be 

associated with soluble fiber components, but there has not been evidence of it's 

association with the IF fraction (Frolich and Asp 1980, Frolich et al 1984, Frolich and 

Asp 1985, Frolich and Nyman 1988). Investigations are still in progress to understand 

the chemical structure of phytate, and how it occurs in nature. Phytate can be 

dephosphorylated, either by enzymes, or as a result of high-temperature processings, thus 

yielding positional isomers. Examples of these are: myoinositol bis-; tris-; tetra-; penta-; 

and hexaphosphates (Phillipy et al 1988, Loennerdal et al 1989). During food 

processing, and digestion, in the human gut, lower inositol phosphates are believed to be 

formed (Sandberg et al 1987, Fox and Taso 1989). 

Phytate is usually found in foods complexed with proteins, and/or essential 

minerals. These complexes are held together by electrostatic forces, involving terminal 

a-amino groups, €-amino groups of lysine, imidazole groups of histidine, or guanidyl 

groups of arginine (Cheryan 1980). These complexes are insoluble in water, and 

physiologically, unavailable for humans (DeRaham and Jost 1979, AlIi and Baker 1981), 
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because proteins involved in complexes are less subject to attack by proteolytic enzymes 

(Nosworthy and Caldwell 1988, Champagne and Phillipy 1989, Fox and Taso 1989). 

Furthermore, it is believed that phytate-phosphorous complexes are not nutritionally 

available for humans (Torre et al 1991). Thus, phytate seems to adversely affect mineral 

bioavailability (Champagne et al 1985, Nosworthy and Caldwell 1988, Churella and 

Vi vian 1989). 

3.4.1 - Effect of Phytate on Mineral Availability - Most recent studies attribute 

to phytate, rather than to DF components, the primary adverse role toward mineral 

bioavailability (Harland 1989). 

3.4.2 - Mechanisms of Phytate on Mineral Retention - Retention results from 

the formation of stable complexes between a cation, and an ionizable proton, in the 

phytate molecule. When phytate dissociates, its molecules form six strongly-dissociated 

protons, having pK' s ranging from 1.1 to 2.1, and six weakly-dissociated protons, having 

pK's from 4.6 to 10.0 (Nolan et al 1987, and Pawar and Ingle 1988). The mechanism 

involved in the phytate-mineral binding is not well understood. Phytic acid seems to 

complex a cation, within a single phosphate group, or between two phosphate groups, on 

either, the same, or different phytate molecules (Fox and Tao 1989). Usually, divalent 

cations form insoluble penta- and hexa-substituted salts with phytate (Champagne and 

Hinojosa 1987, Martin and Evans 1987, Evans and Martin 1988). Further studies are 

necessary on the formation, structure, and properties of phytate-metal complexes (Torre 

et al 1991). 
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3.4.3 - Phytate : Mineral Ratios - A widespread method utilized to predict the 

risk of mineral deficiency, especially of Zn, is referred as "phytate-mineral molar ratio. " 

For example, a phytate:Zn molar ratio of 10 has withstood the test of time, as the ratio, 

for both animals and humans, above which Zn deficiency may be predicted (Oberleas 

1975). After extensive analysis of results from in vivo experiments (rats), Davies et al 

(1986) proposed the use of a phytate/Ca:Zn ratio, as a more accurate way, to predict Zn 

deficiency. From studies on humans, Bindra et al (1985) proposed the molar ratio of 0.2. 

Harland et al (1988) measured the ratios from the dietary intake of 21 male lacto-ovo 

vegetarians. Their mineral status was considered excellent, and the phytate:Zn molar 

ratios were just under 10, whereas the phytate/Ca:Zn ratio was 0.51. She suggested that, 

the "upper limit", for phytate/Ca:Zn ratios, in humans, should be nearly 0.5. 

3.4.4 - Fa,ctors that May Influence Mineral Availability - 1) phytate 

concentration; 2) mineral concentration, size, and valency; 3) protein/phytate association; 

4) thermal processings; 5) pH; 6) presence of other metal ions, having a synergistic effect 

on binding (Martin and Evans 1987, Churella and Vivian 1989). 

The role of phytate and OF on mineral bioavailability is not well established 

(Toma and Curtis 1986, Southgate 1987, Kelsay 1987, Davies 1978). Rabbani et al 

(1987) produced Zn deficiency, in five male subjects. The subjects were provided with 

a low intake of dietary Zn (4.8 mg/d), and a high phytate intake (phytate:Zn molar ratio 

21). Dietary fiber intakes were 8.5 g/d of NDF. After an experimental period of 28 

weeks, a mild deficiency state was achieved. Zinc supplements were then administered 
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to reverse the deficiency, and it took 20 weeks of feeding 30 mg ZnJd to totally reverse 

the symptoms. 

Nolan et al (1987) studied the in vitro effect of phytate on the solubility of Ca, 

Cu, and Zn. They found that mineral solubility was dependent on phytate content, and 

pH conditions. Mineral solubility was affected by the formation of complexes. 

In vivo studies have shown that the phytate content of the diet may reduce mineral 

absorption (Brune et al 1984, Dintzis et al 1985, Sandstrom et al 1987). Reinhold et al 

(1973) measured the metabolic balances of Zn and Ca, in Iranian villagers, fed high

phytate diets. The minerals were highly retained, which was attributed to the phytate in 

the diet. 

Harland (1989) reviewed the effects of DF on mineral bioavailability. It was 

concluded that, although fiber may adversely affect mineral bioavailability, most of the 

effect is caused by the presence of phytate. However, the affect upon Fe, and possibly 

other minerals, is minimized by the presence of adequate vitamin C, animal, or fish 

protein contents, in the diet. On the contrary, phytic acid has been shown to increase the 

bioavailability of Fe (Gordon and Chao 1984), and Cu (Lee et al 1988). 

Gordon (1990) studied the interactions between phytic acid, Zn, and Cu. Cu

deficient rats were fed 5 JJ.g of Cu, plus 12, 30, or 270 JJ.g ZnJg in their diet, with or 

without, the addition of 1 % phytic acid. After 3 days, Cu and Zn concentrations were 

determined in the plasma. It was concluded that when phytic acid had reduced the 

absorption of Zn, or when the diet was imbalanced with high Zn concentrations, more 
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eu would be made available to the body. Although researchers agree that a diet high in 

phytic acid would chelate: Zn, it is also suggested that, in a varied diet, these 

simultaneous series of blockages, and enhancements, would end up leading to balanced 

nutrient absorption. 

Wheat bran is often included in the diet, when DF content is to be increased. 

Hallberg (1987) added wheat bran to a meal, and observed that, the absorption of 

nonheme Fe, from all tested foods, was impaired. This inhibitory effect is primarily 

attributed to the diet's phytate content. However, meat (fish), or ascorbic acid, or both, 

may lessen, or entirely overcome, the binding properties of the phytate in the bran. 

According to Graf and Eaton (1985), it is the DF, that acts as a potent inhibitor 

of the Fe-mediated generation of hazardous-hydroxyl radical. 

Fairweather-Tait and Wright (1985) added pea testa to bread ingredients, before 

baking. Pea testa is the outer coating of the seed, and is believed to be low in phytate 

and tannins. The bread was extrinsically labelled with 59Fe, fed to rats, with Fe 

bioavailability determined by whole-body counting. Results showed acceptable Fe 

retention, and an adequate whole-body deposition of Fe. 

Sandstrom et al (1987) fed meals to humans containing rye, barley, oatmeal, and 

triticale (a wheat-rye cross blend). In all experiments, the amount of phytic acid in the 

meal was the primary determinant of Zn absorption. However, according to the authors, 

the type and amount of cereal fiber, has less influence on Zn absorption than the presence 

of phytate. Lykken et al (1986) showed the affect of maize DF (low in phytate) on Zn 
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metabolism. They fed six 'healthy adults with two types of maize products: cornflakes 

and grits, intrinsically labelled with 6SZn. Each volunteer absorbed more 6SZn from the 

maize grits than from cornflakes. 

3.4.5 - Phytate and Zinc - Zn is one of the essential minerals, more adversely 

affected by phytate (Maga 1982, Fox and Tao 1989, Sandstrom 1989). At metal 

ion:phytate molecule ratios, from 1 to 6, the interaction results in the formation of soluble 

complexes (Evans and Martin 1988). However, Torre et al (1991) reported that at the 

ratio of 5: I, mineral precipitation was found to reach its maximum. 

Several investigations on the interactions of Zn, with phytic acid, and soy 

proteins, reported the formation of an insoluble phytate-Zn2+ , and a phytate-Zn2+ -glycinin 

complexes. This precipitation might retard proteolysis, and decrease net protein 

utilization. Champagne et al (1985) provided evidence for the association of Zn, with 

albumins from rice bran, leading to the formation of insoluble phytate-Zn-protein 

complexes. 

In vivo studies show controversies in terms of the effect of phytic acid on Zn 

availability. Sandstrom et al (1989) reported a negative correlation between Zn 

absorption, and phytic acid content of the meal. Similar results were found by Kivisto 

et al (1986), after feeding ileostomy patients, with extruded starch-wheat bran-gluten 

mixture. Navert and Sandstrom (1985) reached same conclusions, after feeding 

individuals with bread, prepared with wheat bran, and subjected, or not, to prior yeast 

leavening. 
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Some researchers believe that extrusion processing, and fermentation, inactivate 

phytase, naturally present in mature seeds (Erdman 1979, Brooks and Morr 1982, 

Sandstrom et al 1987). 

3.4.6 - Phytate and Calcium - This interaction has been studied since 1920, and 

phytate has been reported to adversely affect Ca availability (Torre et al 1991). 

Formation of complexes have been demonstrated, in vitro, by Graf (1983). Nolan et al 

(1987) found complexes having similar structures, and their formation being dependent 

on phytate concentration, and pH. Champagne and Phillippy (1989) showed the 

formation of Ca complex over a wide pH range, with binding strength being a function 

of pH, ionic strength, and conformation of phytic acid. Findings showed the existence 

of two soluble Ca-phytate complexes, and one insoluble Ca-phytate complex, in the 

stomach. Soy protein isolates had been previously digested using pepsin, and pepsin

pancreatin, in vitro. Platt and Clydesdale (1987b) also found Ca forming insoluble 

phytate complex in wheat bran. In vivo studies do not show conclusive evidence for Ca 

binding by phytic acid (Torre et al 1991). Nelson and Kirby (1987) investigated the 

binding of phytate to Ca, by feeding chickens, diets of cereals and soybean meal. It was 

found that phytate bound with Ca, therefore becoming unavailable to the chickens. 

Phytate phosphorus utilization was also affected. LOnnerdal et al (1989) studied the effect 

of inositol tri-; tetra-; penta-; and hexaphosphates (lP3 to IP6), on Zn and Ca absorption, 

using a suckling rat pup model. They reported that IPS and IP6 strongly affected the 

uptake of those minerals, while no effect was observed for the other phosphates. The 
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significance of this study is great, since processed foods may contain these inositol 

phosphates. Furthermore, during digestion of processed products and unprocessed foods, 

it is likely that these degradation products of phytate (IP3, IP4, and IPS) are formed, 

adversely affecting mineral absorption. Morris and Ellis (1985) fed humans wheat bran 

muffins, after phytate removal, to study the effect of sodium phytate over apparent Ca 

absorption. Consumption of diets having phytate:Ca molar ratios greater than 0.2 might 

result in people being under higher risk of developing Ca deficiency. However, in vivo 

studies (rats), by Churella and Vivian (1989) showed that availability of Ca was not 

affected by the phytate concentrations, but by concentrations of Ca present in these 

formulas. 

3.4.7 - Phytate and Copper - Although results clearly show a detrimental effect 

of phytic acid on the utilization of several essential minerals, few studies are available on 

the effect of phytate on dietary Cu (Torre et al 1991). Champagne et al (1985) carried 

out studies on the relationship between mineral solubility, protein, and phytate, from rice 

bran, to show the formation of insoluble complexes between the mineral Cu and albumin. 

Platt and Clydesdale (1987b) carried out an in vitro binding study involving phytate and 

Cu. The fiber source utilized was a phytate-rich, fiber-rich fraction of wheat bran, under 

pH conditions found in the GI. Phytate solubility was not found to be affected, and 

65.9% of the Cu ion remained soluble. Torre et al (1991) reported that, although in vivo 

studies have been widely carried out, comparisons among studies are difficult. Some of 

the factors responsible for this are: 1) the presence of anti-phytate agents in different diets 
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(citric acid, ascorbic acids, proteins, tannins, and polyphenols), 2) the chemical 

environment of phytate in the food, 3) formation of smaller inositol phosphates in foods, 

4) interactions among minerals, 5) length of study, etc. According to the authors, it has 

been shown that consuming a varied diet, which consists of adequate protein and mineral 

intake, is believed to counteract the adverse effect of phytate on mineral utilization. 
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1 - FiiJer Sources - Raw, hard, red wheat, and raw rice brans were provided by 

Canadian Harvest, Ontario, Canada; while raw oat bran was courtesy of ConAgra, Inc., 

Omaha, Nebraska. The material was shipped from the supplier to Minneapolis, 

Minnesota, where samples were processed in a twin-screw extruder, courtesy of Biihler, 

Inc. The remaining material was shipped to the University of Arizona, where it was 

stored in sealed plastic bags at -20°C. 

2 - Reagents - All reagents were of analytical grade, and solutions were prepared 

with distilled-deionized (DD) water. Atomic-absorption reference standard solutions and 

sodium (Di) ethylenediamine tetraacetate - ClOH14N20gNa2.2H20 (EDTA) were purchased 

from Fisher Scientific Corporation. 

Enzymes, used for starch and protein removal (a-amylase, protease and 

amyloglucosidase), as well as the Total Dietary Fiber (TDF) Kits, were purchased from 

Sigma Chemical Company (1985). 

3 - Glassware - All glassware and plastic containers utilized for mineral content 

determination, or in mineral binding studies, were acid-washed (AcW) overnight in a 

solution of nitric acid (50% HN03), rinsed with DD water and stored in plastic bags. 

4 - Fiber Treatments - Treatments consisted of extrusion under three different 

screw speeds (50, 70 and 100 rpm), for comparison with original raw cereal brans, which 
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were used as controls (Table 1). 

Table 1. Dietary Fiber Treatments 

Fiber Sources Screw Speed Treatment 
rpml Code 

Raw Oat - RO 

Processed Oat2 50 EOso 

70 E070 

100 EO 100 

Rice - RR 

Processed Rice2 50 ERso 

70 ER70 

100 ERIOO 

Wheat - RW 

Processed Wheat2 50 EWso 

70 EW,o 

100 EWlOO 

1 rpm = Rotations per minute. 
2 A twin-screw extruder, courtesy of Buhler, Inc., Minneapolis, MN. 

5 - Extrusion Processing Conditions - These conditions are described in Table 

2. The cereal brans were processed in a "BI-EX" corotating twin-screw extruder, model 

DNDG-62/20 D, capacity range 100-700 kg/h, used for pilot plant experiments. The 

equipment was manufactured in Uzwil, Switzerland by Buhler-Miag. It consists of a 62 

millimeter (mm) screw diameter, with 20/1 ratio LID (length/diameter). The shaft was 

a 24 splined shaft, which permits the transmission of high torques, and also allows for 
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5-15 % more product through than comparable equipment. The extruder is powered by 

100 HP motor, with an expanded and reinforced shaft. Two insert dies were used each 

with 5 mm die hole diameter and were 6 mm in length. The extrudate was dried in a 

rotary oven to 10-13 % moisture. The cereal brans came out with a texture similar to 

coarse flour. The control system consists of a computerized system (Dr. Massoud 

Kazemzadeh, Extrusion Specialist at Biihler, Minneapolis, MN. Personal communication 

and information were sent by Biihler's Twin-Screw Extruder Department). 

METHODS 

1 - STUDY ONE: Proximate Analyses - Percentage of protein (micro-Kjeldahl 

method, nitrogen factor 6.25), crude fat (hexane extraction), moisture, and ash were 

determined according to AOAC, 1984. Total carbohydrate content was calculated by 

difference: [100 - (protein + fat + moisture + ash)]. 

2 - STUDY TWO: 

2.1 - Dietary Fiber Determination - Soluble (SF) and insoluble fiber fractions 

(IF) were determined according to the enzymatic-gravimetric method of Prosky (1985), 

with slight modifications. This procedure is described below. TDF was calculated adding 

the figures determined for SF and IF components (SF + IF). 

Method Principle - Dried, fat-free sample (1 g), duplicates, were gelatinized by 

incubation in a phosphate buffer, with a-amylase (heat stable), protease and 

amyloglucosidase, in order to remove protein, and starch, from the samples. IF and SF 

fractions were separated by filtering through a glass cintered filter. ETOH was added, 
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to precipitate the SF fraction, which was removed by filtration, and the crucibles were 

dried. At the end of the separation steps, the samples were analyzed for protein a~d ash. 

Blanks were run along with each fiber determination. Fiber fraction, protein and ash 

content as well as the value for these components found in the blank, were subtracted 

from the final weights in order to report values, which consisted only of DF. 

Method Procedure - 1) Sample Preparation - 1 g sample (in duplicate), from 

each cereal bran, dried (at 30°C, 16 hrs., in a vacuum-oven) and defatted, was placed 

into a 400 ml beaker. Blanks, two for protein and two for ash analysis, were used during 

each fiber deermination. 2) Enzymatic Digestion - 50 ml of phosphate buffer (pH 6.0), 

and 0.2 ml of a-amylase were added to each beaker, and gently mixed. The beakers 

were covered with aluminum foil and placed in a shaker-water bath, for 30 min., at 

lOO°C. The 30 min. incubation time commenced when the internal temperature of the 

slurry reached 95°C. Ten ml of 0.171 N NaOH were added, and the pH adjusted to 7.5 

± 0.1, using NaOH or H3P04 • In order to achieve adequate dispersion, 50 mg of 

powdered protease was first mixed with 1 ml of phosphate buffer, and then 0.1 ml of the 

solution (5 mg of protease) was added to each beaker. After covering, the beakers were 

incubated for 30 min., at 60°C, in a water-bath under continuous agitation. Then, 10 ml 

of 0.205 M H3P04 were added to each beaker, and the pH adjusted to 4.5 ± 0.2, and 

0.3 ml of amyloglucosidase were added. Another incubation period, of 30 min., at 60°C, 

took place, also under continuous incubation. 3) Preparation of Fritted Crucibles -

Fine (14 u) and medium (40 u) porosity, crucibles were placed in a muffle furnace at 
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450°C, for 2 hrs., cooled, acid washed for 12 hrs., in a 50% solution of HN03, then 

rinsed with DD water, and dried at room temperature. Celite (0.5 g) was weighed into 

each crucible, and DD water added to distribute the celite uniformly across the crucible 

bottom. Crucibles were then dried at 100°C, for 12 hrs., placed in a desiccator, for 2 

hrs., and weighed (Prosky 1990). 4) Filtration - Fiber slurries were quantitatively 

transferred into medium porosity, dry, crucibles, with a celite bed. After filtration (using 

a vacuum-oven pump) was completed, the IF was washed, 3 times, with hot DD water 

(the washings and residue were saved), and 2 times, with acetone (not saved). The 

filtrate, and first three washings, contained the SF. The crucibles containing the IF 

residue were placed in an air-oven at 100°C, for 12 hrs., transferred to a desiccator, 

allowed to cool, and then weighed. One crucible (out of the duplicate) was incinerated 

at 475°C, for 12 hrs., cooled, transferred to a desiccator and its weight recorded. This 

value was used in the TDF formula (shown below), to correct for ash. The contents of 

the other crucible were quantitatively transferred to a kjeldahl flask, and protein was 

determined (nitrogen factor = 6.25). Samples were corrected for protein, using this 

value. 

In order to determine the SF content of the sample, 5 volumes of 95 % ETOH 

were added to one volume of the filtrate, previously saved. Beakers were covered with 

aluminum foil and allowed to sit, for at least 12 hrs. The precipitated SF was 

quantitatively transferred to a fine porosity, dry crucible. The residue in the crucible was 

then washed 3 times with 20 ml of 95 % ETOH, and 2 times with 10 ml acetone; the 



Table 2. Extrusion Processing Conditions1 

Dietary Fiber Sources 
Extrusion 

Oat Bran Rice Bran Wheat Bran Conditions 
EOso E070 EOIOO ERso ER70 ERIOO EWso 

Die Pressure (bar)2 36 47 44 6 6 6 2 

Die Temperature ee) 156 165 169 123 127 130 112 

Screw Speed (rpm)3 50 70 100 50 70 100 50 

Torque 30 31 29 43 39 43 27 

Feed Rate (lb/h) 150 150 150 150 150 150 113 

Liquid Rate (lIh) 15 15 40 15 15 15 15 

Mass TemperatureOC at Barrels: 
(2) 186 185 204 101 109 114 125 

(3) 205 208 211 148 149 151 176 

(4) 226 230 235 163 164 166 171 

(5) 180 185 194 135 140 145 136 

1 Processing carried out in a twin-screw extruder, courtesy of Biihler, Inc., Minneapolis, MN. 
2 One bar = 14.3 psi 
3 rpm = Rotations per minute 

EW70 EWlOO 

2 2 

122 119 

70 100 

25 25 

113 113 

15 15 

127 137 

128 174 

177 183 

142 140 

U\ 
0\ 
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filtrate was discarded. Crucibles were placed in an air-oven, dried for 12 hrs., 

transferred to a desiccator, cooled, and their weights recorded. One of the duplicates was 

ashed and the other used for protein analysis, as previously described. 

5) Calculations of the blank, soluble and insoluble dietary fiber (%) were as follows: 

Avg. = Average; Wt. = Weight; BL. = Blank; Pt. = Protein; Res. = Residue 

%IF = 

%SF = 

Avg. (%) Avg. (%) As 

Avg. Wt. Pt. of BL. + of Blank Avg. Wt. 
x of BL. Res. Res. BL. = Pt. of BL. -

Res. (mg) 
100 

Res. (mg) 

( Avg. (%) Pt. Avg. (%) ASh] 
Avg. Wt. of Sample + of Sample Avg. Wt. of 

of Sample - Res. Res. x Sampl e - BL. 
100 

Res. (mg) Res. (mg) 
Avg. Wt. of Samples (mg) 

(Avg. (%) Pt. Avg. (%) ASh] 
Avg. Wt. of of Sampl e + of Sampl e Avg. Wt. of 

Sample Res. Res. x Sampl e - BL. 
100 

Res. (mg) Res. (mg) 
Avg. Wt. of Samples (mg) 

x 100 

x 100 

Phytate determination was carried out according to AOAC (1990), in duplicate, 

and reported on a dry weight basis. 

6) Sample Preparation for Mineral Binding - A 200 g sample, from each cereal 

bran treatment, was placed on the top of a series, of sieves with decreasing particle size 

(10, 20, 30, 60, 100, 140 mesh). Each sample was shaken, for 15 min., in a portable 
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sieve shaker, model RX, made by Tyler Combustion Engineering, Inc. The fiber 

fractions retained on each screen were weighed, and particle size percentages determined. 

7) Defatting - Cereal brans were defatted with hexane, for 16 hrs., in a Soxhlet 

Extractor (400 ml hexane/50 g fiber). Hexane was evaporated ~nder a hood, at room 

temperature. 

8) Grinding - The defatted material was ground in a Tecator #1093-002 Cyclotec 

Sample Mill, to pass through a 0.5 mm sieve size. 

9) Soluble Fiber Extraction - This extraction was performed, according to 

Anderson and Clydesdale (1980), with some modification, as described below. 

9.1 - Cold Water Extraction - Defatted bran samples, weighing 300 g, were 

extracted, with 4600 ml of cold DD water (pH 7.0 - 7.5), for 2 hrs., at room 

temperature. Extraction was followed by centrifugation, at 10,000 rpm, for 15 min., at 

20°C, in a Beckman centrifuge (model' 12-21). When it was not possible to separate the 

SF from the IF fraction, using centrifugation, such as with wheat bran samples, filtration, 

using a nylon cloth, and a vacuum-pump, was performed. The supernatant was 

discarded, and the procedure repeated 2 times. The resulting IF residue was called cold 

water insoluble residue (CWIR). This residue was then subjected to hot water 

extraction. 

9.2 - Hot Water Extraction - In order to bind cations, and thus help solubilize 

pectic substances, the CWIR was extracted with 4600 ml of a hot solution (80°C), of 0.01 

M EDTA, for 2 hrs. (Furda 1977). After hot water extraction, the slurry was allowed 
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to cool, and then centrifuged at 10,000 rpm, at 20°C, for 15 min. The supernatant was 

discarded, and the hot-water insoluble residue (HWIR) collected. This extraction was 

performed a total.of 3 times. 

9.3 - Alcohol Washing - HWIR, plus 80% ethanol (1000 ml CH20H/300 g 

sample), was shaken for 30 min., and the ethanol was removed, via filtration. Additional 

ethanol and acetone were poured over the sample, during filtration. The filtrate was 

discarded, and the AW-HWIR was then freeze-dried, after being allowed to dry 

overnight, under a hood. 

9.4 - Enzymatic Treatment - The freeze-dried AW-HWIR was weighed, in order 

to calculate the amount of necessary enzymes and reagents, to be utilized, in the 

enzymatic step. These weights were used to scale up quantities, reported by Prosky 

(1984, 1985). That is, for every 1 g of A W-HWIR, 50 ml of phosphate buffer (0.05 M, 

pH 6.0) was added. The amount of a-amylase added was 0.2 ml/g of sample, while 

amyloglucosidase was used in the amount of 0.3 ml/g. Fifty mg of powdered protease 

was solubilized in 1 ml phosphate buffer pH 6.0. For every 1 g of sample, 5 mg of 

solubilized protease was used. 

The sample, and the phosphate buffer were brought up to 95°C, on a hot plate, 

while stirring. Alpha-amylase was then added. The slurry was maintained at 95°C, and 

gently stirred for 30 min. After allowing the slurry to cool, 0.171 N NaOH was added 

(10 ml/g of sample), and the pH adjusted to 7.5 ± 0.1. The slurry was then heated to 

60°C, protease was added, and the sample incubated for 30 min., at 60°C. The sample 
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was again brought to a cold room, and allowed to cool. Next, phosphoric acid (0.205 

M H3P04) was added (10 mllg of sample), and the pH adjusted to 4.5 ± 0.2. The 

mixture was reheated to 60°C and the amyloglucosidase added. The slurry was then 

stirred for 30 min. After cooling, the sample was filtered through Mira cloth (300 

mesh), using a vacuum-pump. The filtrate was discarded. 

9.S - Alcohol Washing Procedure - The enzyme treated insoluble residue (ETIR), 

was shaken, for 30 min., with 80% ethanol, and filtered. The AW-ETIR residue was 

washed with 95 % ethanol, and acetone, during filtration. The samples were then dried 

under a hood. 

9.6 - Mineral RemovaUAcid Washing Procedure - The AW-ETIR sample was 

placed in a plastic container, with 0.2 N HCI (14 ml/g of sample). The slurry was 

shaken for 4 hrs., at room temperature, and then filtered. The acid-washed ETIR (AcW

ETIR) was washed with DD water, until the filtrate pH reached the highest value 

possible, which was between 5 and 6. The AcW-ETIR sample was then placed on a 

AcW glass plate, freeze-dried, and stored at O°C, in sealed plastic bags. 

9.7 - AcW-ETIR Analyses - Mineral content, phytate, and protein - The acid

washed material was analyzed for its Ca, Cu, and Zn contents (see procedures in 2.8). 

Protein and phytate contents were also determined. 

3 - STUDY THREE: Endogenous Mineral 

Apparatus for Determining Mineral Content - Mineral analyses were performed 

by flame atomic-absorption spectroscopy, in a Hitachi Polarized Zeeman atomic-
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absorption spectrophotometer, model 180-70. The lamps utilized in the mineral readings 

were Hamamatsu Hollow Cathode Lamps (L233, L733, L1788 Series). The apparatus 

lamp specifications are provided in Table 3. 

Mineral detennination - Raw samples were defatted, freeze-dried, and stored at 

O°C, in sealed plastic bags. Prior to wet digestion, freeze-dried samples were analyzed 

for moisture content. All freeze dried samples demonstrated no change in weight after 

being dried at 30°C, in a vacuum-oven, for 16 hrs. The samples were, thus considered 

to be dry. 

Table 3 - Lamp Specifications for the analyzed elements. 

I Mineral 

Lamp Current (rnA) 

Wavelength (nm) 

Slit (nm) 

Burner Height 

Oxidant Flow - Air (Kg/cm2) 

Fuel - C2H2 (Kg/cm2) 

rnA = milliampere 
nm = nanometer 

I Copper 

7.5 

324.8 

1.3 

7.5 

1.60 

0.30 

Kg/cm = Kilograms/square centimeters 

I Calcium 

7.5 

422.7 

2.6 

12.5 

1.60 

0.40 

I Zinc I 
10.0 

213.8 

1.3 

7.5 

1.60 

0.20 

Mineral Standard - Bovine liver, from the National Standard Bureau, was used as 

a mineral standard. 

Wet Digestion - For binding studies, or mineral content determinations, duplicates 
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of 1 g, of the dried sample (vacuum-oven, 30DC - overnight), underwent wet-acid 

digestion. Blanks were run with each set of samples analyzed, using nitric and perchloric 

acids. 

Samples (0.5 or 1 g), with up to 5 ml of concentrated HN03, were placed in 10 

ml AcW glass tubes. These tubes were kept in an ice-bath, under a hood, for a time 

period of at least 12 hrs. The tubes, containing digested samples, were then placed in 

a boiling water-bath, until the liquid in the tube con~ined no visible solid fragments 

(usually 5 or more hrs.). Then, 1 ml of concentrated perchloric acid was slowly added 

to each sample tube. The tubes were heated in a water-bath, for at least 1 hr, with 

periodic vortexing, to prevent the liquid from overflowing. After allowing the digested 

sample to cool under a hood, the volume was then brought up to 10 ml, with DD water. 

Each tube was gently stirred, using a vortex, and then transferred to a AcW 10 ml plastic 

tube, and stirred again. When necessary, sample dilutions were prepared. 

Standard Curve Generation - Stock mineral solutions, of 10 ppm, were prepared 

by placing 1 ml of atomic-absorption reference standard solution (1 ml = 1000 ppm) into 

a 100 ml volumetric flask. The volume was brought up to 100 ml, with 1 % HCl. By 

doing so, the 1 ml of 1000 ppm solution was diluted 100 times (dilution factor, DF = 

100/1 = 100). Thus, the concentration of the stock solution was 10 ppm (original 

concentration of 1000 divided by the dilution factor of 100 = 10 ppm). Standard 

solutions, ranging from 0.1 to 1 ppm, were prepared from the stock solutions, as 

described below. Standard curves were then calculated from the absorbance readings of 
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the standard solutions. 

Calcium Standard Solution - Example 1: In order to make the Ca standard 

solution, with a concentration of 0.1 ppm, 1 ml of the 10 ppm Ca stock solution was 

placed into an acid-washed, 10 ml, plastic tube. 

Two ml of lanthanum oxide (5 % LaZ0 3 in 25 % HCI) were added, to eliminate 

possible phosphate and aluminum interferences. The volume was brought up to 10 ml, 

with 00 water. Water was used, instead of 1 % HCI, because the lanthanum solution 

created an environment acidic enough to keep Ca in solution. Example 2: To make a 

0.25 ppm Ca standard solution, 0.25 ml of the 10 ppm stock solution was placed in a 10 

ml plastic tube, 2 ml LaZ0 3 oxide added, and the volume brought up to 10 ml, with DO 

water. The same procedure was used to make 0.5 and 1.0 ppm solutions. All Ca 

standards had La20 3 added to them, in a final concentration of 1 %. 

Copper and Zinc Standard Solutions - These solutions were prepared, in a 

similar manner, to the Ca standard solution, except that lanthanum was not used. This 

is because the absorbance readings of Cu, and Zn, are not interfered with in the presence 

of P or AI. In these solutions, the volume was brought up to 10 ml with 1 % HCI, in 

order to keep the minerals in solution, by providing an acidic environment. 

Dilutions - Sample dilutions of 10, 100, 1000, or higher, were prepared, to 

ensure that the absorbance reading of the mineral, in the sample, would fit the range of 

the prepared standard curve. 

Detennination of the mineral concentration (duplicate) - The following 
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information was needed to calculate sample mineral content: First; absorbance values 

from: 1) mineral standards, 2) sample blanks, 3) digested samples. Second; each 

sample's DF was calculated [e.g. If 1 g of sample were digested, and the sample tube 

volume brought up to 10 ml. The sample was then diluted 10 times (DF = 10)]. If 

from that sample, 1 ml had been taken into a pipette, and then put in a tube, and its 

volume brought up to 10 ml, with any solution, the sample would have been diluted 

another 10 times. Therefore, the sample final dilution was 100 times (DF = 100). 

Third; the sample size. 

The mean, of the absorbance readings, from the sample blanks, was subtracted 

from the mineral standard solution readings, and from sample values, taking DF's into 

account. Through linear regression, a standard curve, and a prediction-equation, were 

made for each mineral. Using the values described above, the unknown mineral 

concentration was calculated using the formula below: (ppm = parts per million, PV = 

predicted value, g = grams, DF = dilution factor, sample weight = wt): 

Mineral Content (p.g/g or ppm) = (PV x DF)/wt (g) 

4 - STUDY FOUR: Mineral Binding Capacity Study 

Mineral Analysis of the Acid-Washed Material - The acid-washed, 

enzymatically treated, insoluble fiber residues (AcW-ETIR) were analyzed for Ca, Cu, 

and Zn. The mineral determination procedure performed, was the same as for 

endogenous mineral determination. 

Mineral Binding to the AcW-ETIR - In order to determine the mineral's 
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maximum binding capacity, from the extruded samples, the IF residue utilized, was the 

AcW-ETIR. Binding was carried out, on the freeze-dried material. All the solutions, 

and the DD water, used in the binding study had a pH of 6.8. This pH has been reported 

to provide maximum mineral binding (Thompson and Weber 1979). A 3 g sample, of 

the AcW-ETIR, was weighed, in an acid-washed 250 ml centrifuge bottle. Then, thirty 

ml of the atomic-absorption reference standard solution (1 ml = 1000 ppm), were added. 

Therefore, the amount of mineral added, per g of sample, was 10,000 ppm. DD water 

was then added (10 ml), to thin the slurry, and facilitate pH measurements. The pH 

of the slurry, which ranged from 0.9 to 1.0, was, then, brought up and maintained at 

6.8, with NaOH and HCI. The mixture was shaken for 4 hrs., at room temperature. 

The slurry was centrifuged at 5,000 rpm, for 15 min., at 20°C. 

After the completion of the mineral binding procedure, the enzymatically-treated, 

mineral-bound, insoluble residue (ETIR) was washed with 25 ml of DD water. It was 

centrifuged 3 times, in order to remove the unbound-mineral from the sample. The 

samples were further dried, by filtration, using a mira cloth, and vacuum-pump. The 

water-washed, mineral-bound, ETIR was transferred to acid-washed glass plates, freeze

dried, and stored at O°C, in sealed plastic bags. The bound mineral was measured by 

atomic-absorption spectrophotometry. 

STATISTICS 

ANOV A was performed using the statistical analysis system (SAS). 

Due to the high cost, and physical constraints, of this experiment, it was not 
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possible to replicate the extrusion processing. Each sample obtained, per screw speed, 

was considered to be representative of all material extruded, at that screw speed. This 

assumption was made, knowing that, twin-screw extruder conditions are known to be 

consistent, when run at a specific screw speed. 



CHAPTER 4 

RESULTS AND DISCUSSION 

1. CEREAL BRAN COMPOSITION 
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All the data in this chapter has been presented on a dry weight basis. The 

experimental design of the present study. and thus, the models used, allowed comparisons 

to be primarily made within each grain, but not between different grains. Comparisons 

between different grains were possible only when comparing raw cereal brans. 

My understanding of the data was enhanced by personal communication with Mr. 

Wils Jones, extrusion specialist, consultant with Clextral, Tampa, FL. 

The proximate analysis of the raw brans studied, i.e., oat bran (RO), rice bran 

(RR), and wheat bran (RW), before and after extrusion processing, are shown on 

Table 1. Overall, extrusion did not seem to have affected protein, ash, and fat contents. 

However, in terms of fat content, the oat bran sample extruded at 100 rpm (EO 100) , 

showed a lower fat content, comparatively, to the other two extruded oat bran treatments 

(EOso and E070). This might have been a consequence of the highest die temperature, 

that this sample was subjected to, during processing, (Table 2, Chapter 3). Volatilization 

of some fatty acids might have occurred. 

According to the literature, the following are the reported protein contents of raw 

cereal brans: oat bran, 21 % (Dreher 1987); rice bran, 18.5% (Dreher 1987), 18 to 19% 

(Juliano 1985); wheat bran, 11.8 to 14.5% (Pomeranz 1988), and 14% (Dreher 1987). 



Table 1. Proximate Analysis of the Original and Processed Cereal Brans!. 

Fiber Sources Code Moisture 
% 

Raw Oat RO 6.53 + 0.04 

Processed Oat EOso 2.23 + 0.32 

E070 1.98 + 0.04 

E0100 4.87 + 0.03 

Raw Rice RR 6.19 + 0.15 

Processed Rice ERso 6.86 ± 0.08 

ER70 5.54 ± 0.38 

ER100 6.92 ± 0.12 

Raw Wheat RW 6.56 ± 0.20 

Processed Wheat EWso 4.50 ± 0.24 

EW70 3.55 ± 0.37 

EW100 3.82 + 0.07 

1 Data reported on a dry weight basis (triplicates). 
2 rpm = Rotations per minute. 

Protein 
% 

23.38 + 0.20 

22.04 + 0.17 

23.97 + 0.53 

22.79 ± 0.38 

14.39 + 0.21 

13.98 + 0.13 

14.30 + 0.32 

14.00 + 0.36 

16.49 ± 0.30 

16.63 + 0.66 

17.27 + 0.54 

17.34 + 0.13 

3 Twin screw extruder, courtesy of BUhler, Inc., Minneapolis, MN. 
4 CHO (Total carbohydrate) = {loo - (fat + protein + ash)}. 

Ash 
% 

2.94 ± 0.08 

3.16 ± 0.08 

3.04 ± 0.05 

3.11 ± 0.01 

12.30 ± 0.03 

11.96 ± 0.03 

14.95 ± 0.07 

12.23 + 0.03 

6.83 ± 0.02 

6.83 ± 0.01 

7.16 ± 0.03 

6.77 ± 0.02 

Fat 
% 

8.15 + 0.10 

6.64 + 0.03 

6.12 + 0.06 

4.70 ± 0.05 

20.84 + 0.28 

21.03 + 0.04 

21.34 + 0.11 

21.11 + 0.21 

4.71 + 0.09 

4.26 + 0.03 

4.60 + 0.05 

4.88 + 0.06 

CHO· 

65.53 

68.16 

66.87 

69.40 

52.47 

53.03 

45.41 

52.60 

71.97 

72.28 

70.97 

71.01 

I 

I 

I 

0\ 
00 
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In the present study, the raw oat bran had a protein content higher than the value reported 

in the literature. This might reflect differences in crop varieties, or bran particle sizes 

utilized, among studies. 

According to the literature, raw cereal brans have the following fat contents: oat 

bran, 9.5% (Youngs 1986); rice bran, 20% (Lockhart and Hurt 1986), and 16.3 to 

30.5% (Juliano 1985); wheat bran, 3.6 to 5.6% (Pomeranz 1988). Again, the findings 

of the present study showed that, raw oat bran had a lower fat content than the 9.5%, 

reported by Youngs (1986). The difference might have been a result of variation, in the 

extent of fat extraction, types of solvent utilized, or differences in crop varieties, utilized 

in the studies. In terms of ash content, the literature reports 3.6%, for raw oat bran (Lee 

and Hichs 1990); 8.7% for rice bran (Juliano 1985); and 6.2 to 11 %, for wheat bran 

(Pomeranz 1988). In the present study, oat and rice brans differed from the literature 

values. This might have resulted from differences in soils, where the crops were 

cultivated, or in crop varieties used in the studies. 

2. DIETARY FIBER CONTENT 

Table 2 shows the contents of soluble (SF), and insoluble fiber (IF), from oat, 

rice, and wheat brans, before and after extrusion processing. Overall, the IF content of 

the raw brans decreased after processing, except for wheat bran; while the SF content 

increased. 

One of the research questions raised, in the present study, concerned the effect 

of extrusion screw speed, on the brans' IF content. This question is addressed below. 



Table 2. Dietary Fiber Content of the Cereal Brans1
• 

-- -- - ---- -- - - - --- -- -

Fiber Sources Code Screw Speed Insoluble Fiber Soluble Fiber 
rpm2,3 (%) (%) 

Raw Oat RO - 8.68 ± O.Ola 3.45 + 0.15c 

Processed Oat E050 50 7.14 ± 0.02c 5.46 + 0.08a 

E070 70 7.44 + 0.07b 5.24 + 0.04a 

EOIOO 100 7.45 + 0.04b 4.58 + 0.12b 

Raw Rice RR - 19.82 ± O.lla 2.00 + 0.03b 

Processed Rice ERso 50 18.34 + O.09c 2.59 + 0.02a 

ER70 70 18.45 ± O.09c 2.33 ± O.Olab 

ERIOO 100 19.05 + O.lOb 2.01 + 0.19b 

Raw Wheat RW - 50.86 + 0.06a 3.11 + 0.06b 

Processed Wheat EWso 50 49.28 + l.04a 2.97 + 0.04b 

EW70 70 48.27 + 0.22a 3.45 + O.04a 

EWIOO 100 48.47 + O.02a 3.35 ± O.03a 

1 Determinations reported on a dry weight basis (duplicates). Means ± standard error of the mean. 
Means followed by same letter, within the same column, are not significantly different at P < 0.05. 

2 rpm = Rotations per minute. 
3 Twin screw extruder, courtesy of BUhler, Inc., Minneapolis, MN. 

~ 
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The results of each cereal bran were discussed separately. The rationale for choosing this 

format has been discussed at the very beginning of this chapter. 

2.1 - Insoluble Fiber Component 

Oat Bran - The IF content of raw oat bran was 8.7%, which differed from the 

9.9%, reported by Marlett (1989). This discrepancy might have resulted from differences 

in varieties, or in the methods of fiber analysis, utilized in the studies. In the present 

experiment, the IF content, from the extruded oat bran samples, ranged from 7.14 to 

7.45%. When comparing, the raw oat bran treatment (used as control), with the 

processed samples, it was observed that they differed, significantly, from each other. 

Extrusion processing led to a decrease of 15 %, in IF content. This result is in 

agreements with findings by Dysseler et al (1990), who reported a decrease of 10% in 

TDF, after extruding enriched maize starch-based snack foods. That outcome might have 

resulted, primarily, from two factors: 1) shear rate effect, and/or, 2) temperature - the 

oat bran samples were processed under relatively higher temperatures, and low liquid rate 

(15%), which might have caused a chemical breakdown of the actual product (Mr. Jones 

1992, personal communication). When comparing processed treatments with one 

another, E070 and EO IOO did not differ from each other, while both differed from EOso ' 

Oat bran samples, processed under 70 and 100 rpm, had an IF content, 4.1 % higher than 

the sample processed at 50 rpm. However, it was expected, instead, to find lower IF 

content when processing samples under higher screw speeds, due to higher shear stress 

(Theander and Westerlund 1984, Theander and Westerlund 1987, and Asp and Bjorck 
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1984). However, this was not observed in oat bran samples. Higher screw speeds led, 

instead, to a higher IF content, showing that other factors might have been involved. 

Some of the reasons for this outcome might have been: 1) processing temperature (Bjorck 

1984, and Asp 1986a) - extrusion conditions might result in the increase in DF values, 

which was attributed, by those researchers, to the formation of starch fractions resistant 

to amylase degradation, 2) complex formation between polysaccharides, since lipids are 

known to interact with amylose chains (Camire et al 1990); 3) the addition of water, to 

EO 100, might have played a protective role, resulting in less mechanical damage to the 

sample; 4) oat bran particles are less prone to damage when processed under 100 rpm 

(Mr. Jones 1992, personal communication). 

It was concluded that, overall, extrusion processing seemed to have led to a 

decrease in the raw oat bran's IF content. However, higher screw speeds seemed to have 

led to the formation of complexes between polysaccharides. 

Rice Bran - Table 2 shows that, raw rice bran had an IF content of 19.82 % , 

while the processed brans contained from 18.34 to 19.05 % . The IF content for the 

extruded rice brans, in the present experiment, fell within the 18.2 to 22.4 % range, 

reported by Prosky and DeVries (1992), for stabilized rice bran. Extrusion processing 

of rice bran resulted in a 6.1 % decrease in the bran's IF content, compared to the control 

(raw bran). This showed that, some of the IF might have been damaged during 

processing, a possible result of shear stress. 
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Although rice bran particles are relatively small, and the screw speeds studied, 

in the present work, were rather low, overall, extrusion processing led to a decrease in 

the sample's IF content (Mr. Jones 1992, personal communication). This can be seen by 

comparing the control treatment (raw sample), with the extruded treatments (Table 2). 

When comparing extruded samples with each other, ERso and ER,o did not differ 

significantly (P < 0.05) from each other, but both significantly differed from ERIOO' There 

was a trend between what happened to oat bran and rice bran IF contents. There was an 

increase in the IF content, with increasing screw speeds. Similarly to oat bran, it might 

have been that, under higher screw speeds, there was formation of complexes between 

polysaccharides (Camire et al 1990). Thus, the high rice bran fat content might have 

favored reactions between lipid and starch, which may have been, instead, analyzed as 

"IF". 

Wheat Bran - Raw wheat bran had an IF content of 50.86% (Table 2), whereas 

the extruded brans, had IF contents ranging from 48 to 49%. Results did not differed, 

significantly, from each other (P < 0.05), showing that the IF contents, from wheat bran 

samples, were not affected by extrusion processing. 

In the present study, it was not expected to find extrusion processing affecting 

wheat bran, because wheat bran particles were said to distribute themselves well around 

the screw (Mr. Jones 1992, personal communication). Furthermore, the material was 

processed under a reasonable temperature. Damage would have been noticeable only 

under temperatures, as high as 190°C (Mr. Jones 1992, personal communication). 
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In summary, extrusion processing led to a decrease in the IF content of oat, and 

rice bran, but it did not affect wheat bran's. 

2.2 - Soluble Fiber Component 

Oat bran - The SF content of the raw oat bran was 3.45 %, while the content in 

extruded samples varied from 4.6 to 5.5 %. Marlett (1989) reported raw oat bran having 

6.6% of SF. Differences in oat varieties, extraction methods, fiber analysis performed, 

may account for the discrepancy. Furthermore, usually, oat brans undergo pre

conditioning, before extrusion, that may affect the bran's DF components. Table 2 shows 

an increase in SF content after processing the raw bran, which might have been due to 

starch modifications, producing enzyme-resistant water soluble glucan structures 

(Theander and Westerlun 1984), or to IF redistribution (Camire et al 1990). When 

comparing extruded samples, among themselves, it was observed that the SF content 

decreased, as the screw speed was increased, as expected, as a result of shear stress. 

Rice Bran - raw rice bran contained 2.0% SF content. The extruded bran ranged 

from 2.01 to 2.59%, which is within the 1.8 to 2.6% range, reported by Prosky and 

DeVries (1992), for stabilized rice bran. 

Results for SF were contrary to those observed for IF. There was an increase in 

SF content, after extruding the cereal brans. Comparing each extruded sample with the 

control, it was observed that, oat bran had its SF content increased by 32 %, rice bran by 

13 %, and wheat bran by 3.4 %. This could have been a result of modi fications in starch 

molecules, due to processing conditions (Theander and Westerlund 1984). In the present 
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study, die temperatures ranged from 156 to 169DC, for oat bran; 123 to 130DC, for rice 

bran; and 112 to 119DC, for wheat bran. Mass temperatures, at the barrels, reached 

higher values (T~ble 2, Chapter 3). According to Bjorck (1984), and Asp (1986a), at 

extrusion processing conditions, around 170DC, starch might be altered, resulting in the 

formation of starch resistant fractions. Theander and Westerlund (1984), after extruding 

potato starch, at 180DC, observed the formation of enzyme-resistant, water-soluble glucan 

structures. 

In terms of screw speeds on the bran' SF content, the present experiment showed 

that the material was affected only when processed under 50 rpm, with a 10% decrease 

in the SF content. Rice bran consists of small particles. It forms gel, and forms dough, 

immediately after entering the extruder. This makes it less prone to damage by shear 

stress (Mr. Jones 1992, personal communication). Therefore, it was concluded that, the 

SF fraction was, probably, not affected by extrusion processing, and the increase in the 

SF content might have just reflected the occurrence of IF redistribution. Consequently, 

some of the IF might have been analyzed as part of the "SF" fraction (Camire et al 1990, 

Mr. Jones 1992, personal communication). 

In conclusion, under the extrusion processing conditions studied, the oat bran'SF 

fraction was not, probably, affected by extrusion screw speed. 

Wheat Bran - In terms of the SF fraction, raw wheat bran contained 3.11 %, 

whereas the processed material had SF contents ranging from 2.97 to 3.45%. An 

increase in SF content was observed, after extruding the bran at 70 and 100 rpm. These 
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two samples did not differ significantly from each other (P < 0.05), but they differed from 

the control. Wheat bran results might suggest that, although wheat bran IF fraction was 

not, significantly affected by extrusion processing, under higher screw speeds, some IF 

redistribution might have occurred. Varo et al (1983) reported the occurrence of 

redistribution in wheat flour, and whole wheat meal, extruded in a Clextral twin-extruder. 

The processing conditions utilized were: temperatures ranging from 161 to 180aC; 15 % 

liquid rate, 150 to 200 rpm, and 12 to 18 Kg/h feed rate. 

Studies have reported raw wheat bran containing 5.4% and 3.5% SF, for two 

different types of wheat (Becker et aI1986); and 3.6% (Dreher 1987). The 3.11 % value 

found in this study is around the data reported by those researchers. Findings from the 

present study agree with findings by Aoe et al (1989), for wheat bran, related to the 

increase in SF content in that bran. Aoe et al (1989) carried out an in vivo study (rats) 

looking at the effect of a twin screw extruder on the DF components of wheat bran 

muffins under "moderate" (136°C) and "excessive" (160aC) conditions, at the screw speed 

of 100 rpm. They observed an increase in SF content from 3.3 % to 4.2 %, and to 5.1 %, 

after extruding at those two temperatures, respectively. They also observed a decrease 

in IF content. However, their experimental conditions were quite higher than the ranges 

utilized in the present work. The authors attributed the SF increase to a solubilization 

of the DF during processing, a release of the HC fraction from the DF. By extruding 

wheat flour, Asp (1986a) also observed a redistribution of IF to SF. Asp et al (1986b) 

studied the effect of heat treatments on DF. They observed a solubilization, and loss, of 
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OF after extrusion, and a higher availabmty of extruded products for fermentative 

degradation, when compared to drum-drying, puffing, autoclaving, and steam-flaking. 

The lack of available research in extrusion processing of cereal brans, specially 

regarding screw speeds, show the need for further investigations in this area. 

Furthermore, existing studies differ in the fiber methodology utilized, fiber sources, 

processing conditions, and type of equipment used. Furthermore, most studies have been 

done on wheat flour, and whole wheat flour, primarily concentrating on determination, 

and evaluation, ofTOF. The understanding of the chemical changes in fiber constituents, 

occurring during extrusion, are further complicated by the many methods existing on 

fiber determination, and above all, the long standing disagreements over the definition 

of OF. Therefore, in order to make meaningful comparisons between studies, more 

studies are necessary, utilizing of standard parameters. 

In order to clearly establish the effect of screw speed on the IF fraction of the 

studied cereal brans, in the present study, it would have been necessary to have kept 

constant, the extrusion processing conditions seen in Table 2 of this Chapter. However, 

it was found impossible to process the three different materials under the same set 

conditions. 

In this study, the IF component, from the cereal brans, was the fraction chosen 

to be studied for two reasons: 1) to evaluate the effect of the IF fraction, as a whole 

fraction, on mineral binding, after extruding the cereal brans, 2) limited amount of SF 

available to carry on this type of study. 
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3. PHYTIC ACID 

Table 3 shows the phytate content of the cereal brans in two different stages of 

the study. First, the column entitled "original material" refers to the content in raw 

brans, as the samples were received from the supplier. Second, the column entitled 

"ETIR", refers to the content of phytate in the IF residue, after its extraction from the 

brans, after it had been acid-washed, and enzymatically-treated. This insoluble residue 

was the material used in the mineral binding studies. 

Table 3 shows that, the phytate content of the treatments, within each cereal grain, 

did not differ, significantly, from each other (P<0.05), thus showing that extrusion 

processing did not alter the phytate content of the cereal brans. The term "low", used 

in Table 3, and throughout this chapter, indicates that the phytate content of the samples 

fell below the lowest point of the phytate standard curve, too low to be reported. The 

samples contained levels of phytate lower than 0.59%. 

Oat Bran: The raw bran contained 1.42 % of phytate, while in the processed bran 

samples it ranged from 1.05 to 1.26%. No data was found, in the literature, for 

comparison. 

Rice Bran: Raw rice bran contained 4.32 % phytate, whereas the extruded samples 

ranged from 4.45 to 4.53%. Reddy et al (1989) reported raw rice bran having a phytate 

content ranging from 2.59 to 5.46%, whereas Dreher (1987) reported it to be 6.9%. 

Thus, results from the present study fell within values report~d by Reddy et al (1989). 

However, results differed from those reported by Dreher (1987). This difference might 



Table 3. Phytate Content in the Cereal Brans1
• 

Insoluble Fiber Residue Code Screw Speed Phytate (%) 
Sources rpm2,3 

Original Material ETIR4 
I 

I 
, 

I Raw Oat RO - 1.42 ± O.lOa Low 

50 1.07 ± 0.06a ! Processed Oat EOso Low 

E070 70 1.26 ± 0.06a Low 

EOwo 100 1.05 ± 0.17a Low 

Raw Rice RR - 4.32 ± 0.16a Low 

Processed Rice ERso 50 4.53 ± 0.03a Low 

ER70 70 4.45 ± O.01a Low 

ERwo 100 4.46 ± 0.02a Low 

Raw Wheat RW - 5.27 ± 0.07a Low 

Processsed VVheat EWso 50 5.03 ± 0.20a Low 

EW70 70 4.59 ± 0.75a Low 

EWlOO 100 5.26 ± 0.06a Low 

1 Data reported on a dry weight-basis (duplicates). Means ± standard error of the mean. Means for each 
fiber source and within columns having same letter are not significantly different at P < 0.05. 

2 rpm = Rotations per minute. 
3 Twin screw extruder. courtesy of BUhler, Inc., Minneapolis, MN. 
4 ETIR = Enzymatically treated and acid washed insoluble fiber residues. Low = phytate content < 0.59%. ~ 
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be explained, by factors existing in legumes and cereals, that affect the accumulation of 

phytate in seeds. Depending on the stage seeds are harvested, the phytate content of 

samples vary. Some of these factors are: 1) changes in the environment, 2) location 

where the crop is planted, 3) irrigation conditions - by planting wheat in dry lands, leads 

to a lower content of phytate, compared to wheat planted in irrigated lands, 4) soil type, 

5) fertilizer type - application of nitrogen, or phosphorus fertilizers to field crops, during 

wheat growth, results in increased phytate content of seeds, 6) year the crop was planted, 

7) crop variety, 8) phytate in different grains is associated with different areas of the 

kernel, and 9) milling - depending on the milling process, phytate may be separated with 

different components. For example, wheat has 87 % of its phytate found in the aleurone 

layer, whereas 12.9% is located in the germ. In rice, 84 to 88% of the total phytate is 

found in the bran (where 80 % of it is associated with the pericarp, i.e., aleurone layers), 

whereas 7.6% is found in the germ (Reddy et al 1989). 

Wheat bran: Table 3 shows that, raw wheat bran had a phytate content of 5.27 %, 

while the extruded bran samples contained from 4.59 to 5.26%. Phytate contents from 

hard, red wheat bran have been reported as: 3.0% (Dreher 1987); 6.68% (Camire and 

Clydesdale 1982); and, 4.59 to 5.52% is a range derived from 38 varieties of wheat 

(Maga 1982). The phytate content of the wheat bran, used in the present study, fell 

within data reported by Maga (1982). Differences in phytate contents reported, between 

the present study and others, might have been a result of any of the factors discussed 

previously. 
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The interaction of phytate with minerals, and proteins has been established. 

Phytate reduces mineral bioavailability, and alters protein functionality (Champagne et 

al 1985). It has been reported to strongly bind metal ions, such as Cu2+, Zn2+, and 

Cd2+, at low pH, and at neutral pH, Zn2+ (Persson et al 1987). It was, therefore, of 

interest, in this work, to determine the phytate content of the studied cereal brans, and 

remove it from the IF residue, utilized in the binding studies. 

The acid-washing treatment used, in this study, seemed to have removed most of 

the phytate from the brans, since only "low" levels «0.59%) were found on the ETIR 

fraction. The following studies have reported the effect of acidity on phytate removal. 

According to Champagne et al (1985), Mg, Ca, and K salts of phytate tend to be highly 

soluble, at low pH, and insoluble, at high pH. Reddy et al (1989) used pH ranging from 

3.5 to 4.0 to remove phytate from navy bean flour. However, this lead to 10% of the 

phytate being precipitated. Hallberg (1987) removed phytate from oat samples, using 

dilute HCI. Platt and Clydesdale (1987b) found that, 98 % of the phytic acid, in wheat 

bran, was soluble after incubation at pH 2, for 20 min., followed by a sequential increase 

in the pH to 5, thus simulating the pH of the GI. Studies by Frolich (1990), on wheat, 

rye, oat, and barley showed that most of the phytate was associated with the SF fraction, 

and by extracting this SF fraction, the phytate would also be removed. Studies by 

Frolich and Nyman (1988), on oats, and by Persson et al (1987), on wheat bran, and 

whole-grain wheat bread dough, led to similar conclusions. 
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The present study led to the following conclusions: 1) phytate content varied 

among brans. Wheat bran showed the highest phytate content (5.27%), followed by rice 

bran (4.32%), and, finally, oat bran (1.42%), 2) extrusion processing did not alter the 

phytate content of the brans, and, 3) acid washing seemed to have removed most of the 

phytate from the brans. 

4. MINERAL BINDING 

Most essential minerals are not well absorbed by the G.I. (Turnland 1991), thus, 

leading to a number of studies, on factors affecting mineral bioavailability. However, 

it has been difficult to explain the conflicting findings, regarding the role of fiber on 

mineral availability (Davies 1978). 

Most mineral binding studies have been carried out in vivo, and have investigated 

the status of the following minerals: calcium, copper, zinc, iron, and zinc (Ca2+, Cu2+, 

Zn2+, Fe2+, and Zn2+). The DF sources that have been studied, often include other 

ingredients, which have been reported as also playing a role in mineral binding, thus 

introducing an additional variable to the problem. Some of those ingredients are: phytate, 

starch, protein, oxalates, tannins, combination of minerals, and mineral inhibitors 

(cysteine, phosphate, taurocholic acid, and Ca). The DF sources most often investigated 

have been: wheat bran, corn bran, apple powder (Sand stead 1978, 1979, Rendleman 

1982, Platt and Clydesdale 1986), cereal-legume diets (Radha and Geervani 1984), 

sorghum flour (Harland and Ali 1991), high-fiber diets, containing simple and complex 

carbohydrates (HaIIfrish et 1987), whole cereal brans (containing phytate), cereal flours, 
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breads, etc. Other studies have utilized isolated DF components, such as, cellulose, 

lignin, solutions of pectin, guar gum, NDF (Rendleman 1982, Platt and Clydesdale 

1987a). Most of these studies have been carried out on individual fiber components, 

commercially purchased. Therefore, comparisons among studies become difficult, for two 

primary reasons: first, fibers differ in type, and structure, and secondly, they occur 

together in most foods, not isolated, thus having their behavior dependent on the food 

environment. 

In the present study, interferences from mineral binding components, other than 

fiber, were eliminated. The IF fraction from oat, rice, and wheat bran was isolated, 

phytate removed, and binding studies on individual minerals (Cu2+, Ca2+, and Zn2+), 

performed. 

The next three tables (Table 4, 5, and 6), summarize the findings from the 

mineral binding studies, which are, basically, contained in three columns. One, entitled 

"endogenous". The term "endogenous" refers to the content of the mineral present in the 

original material, as received from the supplier. The column entitled "ETIR" 

(enzymatically treated insoluble residue) represents the mineral content of the IF residue 

used in the binding studies. The term "Total" represents the amount of mineral bound 

to the IF residue, after its phytate removal. Results showed that endogenous minerals 

were, significantly, removed from the bran, which was attributed to the acid-washing 

treatment. 
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The literature 011 mineral binding is very limited, and information on extruded 

cereal brans is almost non-existent, especially on rice, and oat bran. 

Table 4 presents the endogenous Cu2+ content of the fiber sources, and also, the 

Cu2+ total binding capacity of the IF residues. Furthermore, it presents data regarding 

the affect of extrusion processing on the IF binding capacity, for Cu2+. 

The following was the only literature available, on Cu2+ content, of brans. Raw 

wheat bran contained 8.5 ppm (parts per million) of endogenous Cu2+, which fell within 

the range 8.3 to 11.3 ppm, reported by Pomeranz (1988). 

When comparing the columns, "endogenous" and "ETIR", in Table 4, it was 

observed that, in all samples, the endogenous Cu2+ was stripped from the fiber sources. 

Raw oat bran had 80% of its Cu2+ removed, while the removal in the extruded samples 

ranged from 52 to 84 %. Raw rice bran had 71 % of its Cu2 + removed, while the 

processed samples ranged from 75 to 84 %. Although wheat bran showed the highest 

content of endogenous Cu2+, 94 % of it was removed, from all samples. 

When comparing columns "ETIR" and "Total", it was found that, even after 

removing phytate, the IF residue showed a great potential to bind Cu2+. All samples 

bound from 7,000 to 9,000 times more Cu2+, than the previous existing content in the 

ETIR. This data lends credibility to the notion that, the IF residue, by itself, has the 

potential to decrease mineral bioavailability. This finding is in agreement with findings 

by Rockway et al (1987), who investigated the binding capacity of wheat bran for Cu, 



Table 4. Copper Total Binding Capacity of Insoluble Fiber from Cereal Bransl 

- - ... _-_._----- - - - - .. _- -_.- - --

Insoluble Code Copper Content (ppm)2 
Fiber 

ETIR3 Sources Endogenous Total 

Raw Oat RO 3.0 ± 0.3b 0.6 ± 0.0 8,065 ± 21a 

Processed Oat EOso 4.1 + 0.2b 1.3 ± 1.0 9,126 + 68a 

E070 8.5 ± 1.2a 4.1 ± 0.3 9,331 + 926a 

EOlOO 8.1 ± 0.3a 1.3 + 0.1 8,710 ± 1092a 

Raw Rice RR 4.1 + O.4b 1.2 + 0.2 7,172 + 82a 

Processed Rice ERso 7.1 ± O.Oa 1.2 ± 0.2 6,833 + 702a 

ER70 7.1 + O.Oa 1.8 ± 0.2 6,871 ± 72a 

ERlOO 6.9 ± O.Oa 1.1 ± 0.4 7,375 ± 192a 

Raw Wheat RW 8.5 + 0.8a 0.5 ± 0.1 7,747 + 62a 

Processed Wheat EWso 10.1 ± 0.2a 0.6 ± 0.0 8,781 ± 548a 

EW70 10.0 ± O.la 0.6 ± 0.0 7,640 + 327a 

EW100 10.4 ± 0.7a 0.6 ± 0.0 9,052 ± 108a 

1 Data reported on a dry basis weight (duplicates). Means ± standard error of the mean. Means for each grain 
and within a column followed by same letter are not significantly different at P < 0.05. 

2 ppm = parts per million (1 ppm = 1 p.g/g) 
3 ETIR = Enzymatically treated, acid washed insoluble fiber residues, after phytate removal. 
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in mice, and rats. It was concluded, that wheat bran might adversely affect Cu status, 

when the intake of dietary Cu is marginal. 

These results show that a concern regarding those people who might have a 

marginal intake of Cu. In diets containing less than 1,200 Kcal, it is practically 

impossible to meet a person's needs, even if the person is consuming healthy, high

density foods. However, if the person is fed a diet high in fiber, especially those people 

dieting, or the elderly, who might have lost their desire to eat, and have been consuming 

a limited diet, their poor nutritional status could be exacerbated by the fiber's binding of 

minerals. 

In terms of processing, the present study showed that, the extrusion processing 

did not affect the IF residues' binding capacity for Cu2+ in any of the grain's treatments. 

Therefore, the concern, regarding mineral availability, should be focused on the person's 

nutritional status, and then, if pertinent, with the amount of fiber consumed, not on the 

extruding of the cereal bran. 

Table 5 presents the endogenous Ca2+ content of the fiber sources, and also, the 

total binding capacity of the IF residue, for Ca2+. Furthermore, it shows the influence 

that extrusion processing had on the binding capacity of the IF residue, for Ca2+. 

In the present study, raw rice bran contained 1,456 ppm of endogenous Ca2+. 

Th'! available literature, reported by Saunders (1990), showed endogenous Ca2+ content 

of rice bran ranging from 140 to 1,310 ppm, and by Juliano (1985), from 349 to 1,395 

ppm. The results from the present study were higher than that reported in the literature. 



Table 5. Calcium Total Binding Capacity of Insoluble Fiber from Cereal Brans·. 

- -- - - -- - --- - -------- -- ---

Insoluble Fiber Code Calcium Content (ppm)2 
Source 

Endogenous ETIR3 Total 

Raw Oat RO 816 ± 72a 42.3 + 0.9 2,694 ± 109b 

Processed Oat EOso 751 ± 29a 20.4 + 2.0 2,492 + 226b 

E070 708 ± 45a 75.5 ± 1.9 3,096 + 57b 

EO 100 723 + 62a 4.5 ± 0.0 6,759 ± 286a 

Raw Rice RR 1,456 + 79a 31.0 ± 0.7 2,500 ± 47b 

Rice Processed ERso 1,262 + 18a 49.0 ± 0.4 2,077 + lOb 

ER70 1,123 ± 27a 27.7 ± 0.4 2,274 + 117b 

ERIOO 1,209 + 296a 26.3 ± 0.4 3,614 + 206a 

Raw Wheat RW 946 + 48a 30.3 + 2.0 2,512 ± 125a 

Processed Wheat EWso 943 + 29a 0.6 ± 0.0 2,279 ± 15a 

EW70 944 + 23a 0.5 ± 0.0 2,537 ± 229a 

EWIOO 949 ± 27a 0.6 ± 0.0 2,725 ± 153a 

J Data reported on a dry weight basis (duplicate). Statistical comparisons must be done within grain. 
Means within column followed by same letter are not signiticantly different at P < 0.05. 

2 ppm = parts per million (1 ppm = 1 /lg/g) 
3 Enzymatically treated, acid washed insoluble fiber, after phytate removal. 
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However, the literature has such a wide range that it seems there might be other factors 

influencing Ca2+ content determination besides differences in methodology utilized, 

between studies. _ 

In the present study, raw wheat bran contained 946 ppm of endogenous Ca2+. 

Literature data shows raw wheat bran having the following Ca2+ contents: 1359 to 1512 

ppm (Luh 1991),778 to 1,173 ppm (Pomeranz 1988), and 1,390 ppm (Juliano 1985). 

Results, from the present work, are in agreements with findings by Pomeranz (1988). 

No data was available on oat bran. 

Comparisons between columns "endogenous" and "ETIR" showed that, although 

all raw cereal brans had a high content of Ca2+, at least 90% of it was removed from the 

samples. When comparing columns "ETIR" and "Total", it was found that, the IF 

residue, from all samples, had a great potential to bind Ca2+. Comparing columns 

"endogenous" and "total", it was found that, the IF, from oat and wheat bran, had the 

capacity to bind about twice as much Ca2+, comparatively to the bran in its original form. 

The IF from rice bran bound Ca2+, at least one fold more, compared to its original bran. 

As discussed for Cu2+, the IF's capacity to bind Ca2+ brings concern regarding people 

who might have a marginal intake of Ca, especially the elderly. Two issues seem 

relevant to be mentioned at this point. First, the concern with osteoporosis in the United 

States. Secondly, the encouragement, which has been given by national health institutions 

to an increase in DF intake, due its link to health benefits, especially the SF fraction. 

However, it should be noted, that the DF component, in various foods, consists of SF, 
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and IF, both accounting for the TDF of the product. Therefore, the recommendation of 

increasing fiber consumption might result in one's increase in the intake of, both, SF, and 

IF components. Furthermore, most of the high-fiber foods being produced, have 

somewhat undergone extrusion processing. Table 5 showed that, the extrusion processing 

of oat, and rice bran, under high screw speeds, might lead to an increase in the Ca2+ 

binding capacity of their IF fraction. Thus, the consumption of high-fiber products, 

processed by extrusion, might exacerbate the nutritional status of people, who already 

have had their Ca status compromised. Table 5 also showed that, there was an increase, 

of at least two fold, in the Ca2+ binding capacity of the IF residue from oat bran, and 

about one fold, by rice bran, comparatively to their respective control. Extrusion might 

have led to damages in the IF fraction, as a result of shear stress, which in turn might 

have resulted in an increasing exposure of functional groups, of the fiber residue, thus, 

possibly allowing more mineral binding to take place. It was also observed that wheat 

bran samples, IF binding capacity, for Ca2+, was not affected by extrusion processing. 

Table 6 contains the Zn2+ endogenous contents of the cereal brans studied, and 

the total binding capacity of their IF residue, for that mineral. It also shows the results 

regarding the affect of extrusion processing, on the binding capacity of the IF residue, 

for Zn2+. 

It was observed that endogenous Zn2+ was substantially removed, about 90%, 

from all samples. Similarly to Cu2+ and Ca2+ ~ the IF residue had a significant potential 

to bind Zn2+. By comparing the columns "endogenous" and "total", it was found that, 



Table 6. Zinc Total Binding Capacity of Insoluble Fibers from Cereal Brans·. 

Insolubl.e Fiber Code Zinc Content (ppm)2 
Source 

Endogenous ETm3 Total 

Raw Oat RO 47.8 + LOa 12.4 + 0.9 4,727 ± 176c 

Processed Oat EOso 47.5 ± O.5a 5.2 + 0.0 6,305 ± 21b 

E070 45.6 ± 0.2a 8.0 + 0.2 5,794 ± 09b 

EO 100 48.9 ± 0.8a 1.8 + 0.0 7,787 ± 299a 

Raw Rice RR 62.7 ± 0.7a 1.0 ± 0.2 3,833 ± 47c 

Processed Rice ERso 60.4 ± 0.2a 3.8 ± 0.0 4,025 ± 45b 

ER70 62.2 ± 1.3a 5.8 + 0.0 4,969 ± 63a 

ERiOo 63.6 ± 0.3a 1.9 ± 0.1 4,143 ± 24b 

Raw Wheat RW 89.5 ± 0.7b 2.7 ± 0.0 4,191 ± 363a 

Processed Wheat EWso 103.0 ± 0.8a 0.7 ± 0.0 3,942 ± 108a 

EW70 101.2 ± 1.7a 2.0 ± 0.2 3,886 ± 96a 

EWIOO 101.5 ± O.4a 2.5 + 0.1 4,017 ± 14a 

I Data reported on dry basis weight (duplicates). Means ± standard error of the mean. Means for 
each grain and within a column followed by same letter are not significantly different at P < 0.05. 

2 ppm = parts per million (l ppm = 1 p.g/g) 
3 Enzymatically treated, acid washed insoluble fiber residues, after phytate removal. 
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the IF residue, from oat bran, was able to bind about 100 times more Zn2
+, than the oat 

bran in its original form. The IF had, by itself, this great binding capacity for the 

mineral. The same trend that was observed for rice, and wheat bran. Table 6 also 

shows that, the IF, from rice bran bound about 60 folds more Zn2+, than the original 

sample, while the wheat bran' IF residue bound about 40 times more Zn2+, than the 

original bran. The same implications discussed for Cu2+ and Ca2+, apply for Zn2+. 

Table 6 also showed that extrusion processing led to an increase in the binding 

capacity of the IF, from oat and rice bran, for Zn2+. Furthermore, the binding was 

greater when the material was processed under the highest screw speed (100 rpm). As 

it has been mentioned, previously, this might reflect a greater availability of the 

functional groups from the IF residue, due to higher shear stress. However, wheat bran 

samples did not differ, significantly (P < 0.05), from one another, showing that extrusion 

processing did not affect the wheat bran's IF binding capacity, for Zn2+. 

The Zn2+ content of the raw rice bran was 63 ppm. Luh (1991) reported that, 

raw rice bran has a Zn2+ content, which ranges from 50 to 283 ppm, whereas Juliano 

(1985) reported the range being from 50 to 298 ppm. The data from the present work 

is in agreement with the literature. Raw wheat bran was found to contain 89 ppm 

endogenous Zn2+, in the present study. Pomeranz (1988) reported wheat bran containing 

from 57 to 85 ppm. Findings, from the present work, are again, in agreement with the 

literature. 
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Raw Cereal Brans: When comparing oat, rice, and wheat brans, in their raw 

state, it was observed that, all samples showed that their IF had a great potential for 

binding Cu2+, Ca2+, and Zn2+. It was seen that, in terms of binding Cu2+, there was a 

significant difference between the brans. By comparing the "total" column, in Tables 4, 

5, and 6, it was observed that, the IF, from oat bran, bound the most Cu2+, followed by 

wheat bran, and finally, rice bran. This findings was supported by the literature, and two 

factors were believed to be involved: 1) the presence of certain DF components, in the 

brans, showing greater affinity for certain minerals, and 2) some components prevail, in 

the brans, in terms of content. Thompson (1980) found similar results to the present 

work, regarding Cu2+. She studied the binding of Cu, and Zn, to enzymatically treated 

residues of wheat bran, oat hulls, and cellulose. However, the present study also showed 

that, in terms of Ca2+ and Zn2+, the raw brans did not significantly differ from each 

other. Clydesdale and Platt (1987) provided some insights on the reasoning for a greater 

binding of some minerals over others, by IF components. They found that, lignin had 

two distinct binding sites for Fe +, Zn +, and Cu, with high affinity sites binding in the 

order of Fe> Cu > Zn. The amount of Cu bound was twice as much compared to either 

Fe, or Zn. Garcia-L6pez and Lee (1985) extracted ADF and NDF from cooked pinto 

beans. They showed that, Cu preferably bound to lignin sites, over Zn. That study 

involved interactions of NDF, and ADF (acid detergent fiber), with Fe2+, Cu2+, and 

Zn2+. It was suggested that, NDF has two binding sites for Zn, one for Fe, and one for 

Cu. Lignin seemed to have, high, and low-affinity binding sites. High affinity sites bind 
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Fe, more strongly than Cu, which binds more strongly than Zn. However, low-affinity 

groups bind in the order of Cu> Fe> Zn. Lignin, and the metal ion, are believed to 

form strong multidentate complexes, where the methoxy, and hydroxyl groups of lignin, 

act as ligands (Stephen and Cummings 1980, McBurney et al 1983, Platt and Clydesdale 

1984, 1987b). 

The discussion above showed that, the explanation for the greater binding capacity 

of the IF residue, from some brans, over others, might be due to the existence of mineral 

affinity sites, present in some IF components, such as lignin. It was also shown that, 

despite of the type of site present in lignin, Cu2+ binds to them, more strongly than Zn2+. 

This data, thus, supported the findings from the present work, where Cu2+ bound more 

than Zn2+, and Ca2+, to the IF residue. However, the literature also shows that oat bran 

has a greater content of lignin than wheat bran, which in turn, has more lignin than rice 

bran: 4%,3.4%, and 2 %, respectively (Dreher 1987). Thus, it was concluded that, oat 

bran might have had more affinity sites available to bind Cu2+ over Zn2+, since it has a 

higher content of lignin. Furthermore, binding seems to have been due to the presence 

of lignin. 

Phytate removal - Another research question asked in this work, was related to 

the capacity of the IF residue, to bind any of the studied divalent minerals studied, in the 

absence of phytate. The literature does not present consistent findings for this subject. 

Some studies claim that phytate is primarily responsible for mineral binding, whereas 

others claim that it is due to the DF component. Others, believe that both, phytate and 
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OF components, are involved. It is, however, difficult to find an answer to this question, 

since most of the studies used complex food systems, or diets, containing ingredients, 

also reported as mineral binders. 

In order to answer to this question, the present study, used cereal brans, as they 

are provided by the supplier to the industry, and nutrients, other than fiber, were 

removed from them. The definition of fiber utilized was according to Prosky (1984), and 

Trowell et al (1976), where OF are plant polysaccharides, and lignin, not digested by the 

enzymes in humans gastrointestinal tract. The nutrients which were extracted from the 

brans included starch, SF, lipids, and the ingredient, phytate. The IF was, then, 

incubated with minerals, and its binding capacity determined. It was found that, despite 

the removal of phytate (Table 3), the IF residue had a great potential to bind Cu2+, Ca2+, 

and Zn2+. This finding supported the notion that OF, by itself, has the potential to 

decrease mineral availability. Reinhold et al (1975) worked on dephytinized bran, and 

reached similar conclusion. 

In the present study, mineral binding studies were carry out at a pH of 6.8, 

according to studies by Thompson (1980), and Reinhold et al (1981). Mineral binding 

has been shown to be.pH dependent (Camire and Clydesdale 1983), reaching a maximum 

just below neutral, and minimal, at pH around 1 (Southgate 1987). Fiber has been 

reported to bind divalent ions, at pH values ranging from 6.8 to 7.2, similarly to that 

found in the small intestine. Other studies show binding being minimal, at pH 4.0, and 
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increasing rapidly, above pH 5.0, and then, reaching a maximum at pH 7.0 (Thompson 

1980, Reinhold et al ,1981). 
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CONCLUSIONS 

I. Extrusion processing led to a decrease in the insoluble fiber (IF) content, from raw oat 

and rice bran, whereas the wheat bran's IF content was not affected. This was attributed 

to the IF's redistribution. Furthermore, higher screw speeds (70 and 100 rpm) led to an 

increase, in IF content, from oat and rice bran, whereas wheat bran was not affected. 

2. Extrusion processing caused an increase of the soluble fiber (SF) content of the raw 

brans, which was believed to be due to IF redistribution. 

3. Extrusion processing did not affect the cereal brans' phytate content. 

4. All cereal brans' IF residues were found to significantly bind Cu2+, Ca2+, or Zn2 +, 

despite their phytate removal. This showed that, the IF fraction, by itself, has the 

potential to bind those minerals. 

5. Extrusion processing did not affect the binding capacity of the brans' IF residues, for 

Cu2+. 

6. Extruding oat, and rice bran, under high screw-speed (100 rpm), led to an increase in the 

IF capacity to bind Ca2+. This was attributed to possible IF damage by shear rate, and 

to the exposure of its functional groups. The Ca2+ binding capacity of the IF from wheat 

bran did not appear to have been affected by extrusion. 

7. Extrusion processing led to an increase in the Zn 2+ binding capacity of the IF from oat, 

and rice bran. 

8. Raw bran's IF residues bound equivalent amounts of Ca2+ or Zn2+. However, the IF 

from raw oat bran (RO) bound more Cu2+ than the IF from raw wheat bran (RW), which 

bound more Cu2+ than the IF from raw rice bran (RR). This might have been due to 

lignin, and its content, in the brans. 
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