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ABSTRACT

Iron deficiency anemia continues to be a majoritioial challenge worldwide and is mainly
caused by dependence on staple foods which araloen bioavailability. In many parts of the
world, the common bearaseolus vulgaris) is an important source of iron. Bean iron hayve
low bioavailability and household/industrial prosieg technologies have been shown to
improve iron bioavailability. In this study, irdnoavailability of 16 Ugandan bean varieties was
determined using an in vitro digestion/Caco-2 calture model and modeled with respect to
key influencing factors; phytate, polyphenol, feénreand iron content. The effect of extrusion
cooking on iron bioavailability was also establidhdron bioavailability of white seed coat bean
varieties was significantly higher than in colossgbd coat varieties. A reverse trend was
observed in which colored varieties showed higlodyghenol content than white ones. These
results indicated that iron bioavailability canibdirectly screened for by seed coat color.
Regression modeling showed that only iron and gawypl content significantly influence iron
bioavailability in beans. The linear effects ofyphenol and iron decreased iron bioavailability

while their interaction increased it.

Extrusion cooking process variables; raw materiaistare content, extruder die temperature and
feed flow rate were optimized with respect to bean bioavailability, paste viscosity and
consumer acceptability of extruded flours. Exioastooking increased both iron content and
iron bioavailability and gave consumer acceptalders with reduced paste viscosity. The
increase in iron content indicates possible contatron from extruder parts and may partly

account for the increase in bioavailability. Thetimal combination of extrusion variables was
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15% moisture content, 120 °C die temperature akglt3feed flow rate. Model validation

experiments revealed that most of the responsdd beueliably predicted, save for iron

bioavailability.
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CHAPTER 1. GENERAL INTRODUCTION AND RESEARCH

JUSTIFICATION

Common bean$Phaseolus vulgarisL.) are widely grown in Uganda and rank among tipe to
three sources of proteins, calories and iron ferbpulation (FAO, 2010). Beans contain 30-
190 pg/g iron depending on variety (Grahetral., 1999; CIAT, 2008; Beebet al., 2000)
making them an important source of iron to popaltadidependent on staples for their nutrition.
However, the bioavailability of iron in beans igyéw (<5%) (CIAT, 2008; Petrgt al., 2010,
Petryet al., 2012) due to high content of polyphenols, phgticd and fiber, factors known to
inhibit iron absorption (Welch et al., 2000; Hua¢t 2006). These act by forming insoluble

complexes with dietary iron in the gastro-intedtinact thus inhibiting its absorption.

It is for this reason that iron deficiency is thestprevalent micronutrient deficiency in the
world (WHO, 2010), especially in populations depamidon low iron bioavailability staples,

such as beans. Strategies to alleviate iron @efgi include supplementation, fortification,
biofortification and dietary diversification. Hower, in spite of these efforts, iron deficiency is
still a major nutritional problem and new strategneed to be considered in addition to what is
currently being implemented (Micronutrient Initiai 2004). In the case of beans, strategies to
improve their contribution to iron nutrition inclad(1) increasing iron concentration but
maintaining bioavailability, (2) maintaining theramentration and improving bioavailability, or
(3) increasing both iron concentration and bioalality. Bouis et al. (2011) projected that to
achieve atleast 30% Estimated Average RequirenfEAR) of iron from beans for

nonpregnant, non lactating women (1,460 pg/day)ciidren 4-6 yrs (500 pg/day), iron
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content of beans ought to be increased from thectiaverage of 50 pg/g to 107 pg/g. This
assumes a daily consumption of 200 g and 100 ¢ dodahe women and childern respectively,
an iron bioavilability of 5% and processing lose&€45%. Biofortification, the use of
conventional breeding techniques or genetic engmg#¢o enhance the micronutrient content of
staple food crops, is already being used to inere@as content of beans (Bouis, 2003). Using
intra and inter specific breeding, high iron vaast(up t0190 pg/g) have been used as parental
stock and progeny with iron content of up to 150gurgalized (CIAT, 2008). Though some
studies show an increase in total absorbed irom wdrease in bean iron content (Tako et al.,
2009; Tako et al., 2011) others have shown no beakfit (Donangelo et al., 2003; Pett\al.,
2012) highlighting the need to match biofortificatiefforts with strategies to increase iron

bioavailability.

On the other hand, ferritin is the major iron st@grotein in beans and the associated iron has
been shown to be as bioavailable as ferrous syEseila-Hicks et al., 2004; Lonnerdal et al.,
2006). Thus, ferritin is hypothesized to incre@mse bioavailability in staple foods such as
beans (Lukac et al., 2009). However, ferritinisceptible to gastric digestion at physiological
pH in the stomach (pH 2) and may release assodiatedo interact with iron absorption
enhancers and inhibitors (Hoppler et al., 2008)cWimay hamper its iron absorption promoting
capacity. Itis thus important to determine thatree contribution of known iron absorption

inhibitors and other dietary modifiers in ordeliiorm breeding programs.

Iron bioavailability can also be enhanced by fooacpssing. Technologies that reduce

polyphenol and phytic acid content as well as myaaiif the food matrix have been shown to
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enhance iron bioavailability by 21-50%. Theseude milling, soaking, germination, dehulling
and various heat treatments (Matella, 2005; Matdbrejas, 2006; Nergiz and Gokgoz, 2007;
Shimelis and Rakshit, 2007; Alonso et al., 200Qj.these, extrusion cooking has been shown to
be the most effective methodology that enhancesvhitability without loss in iron content and
effectively destroys anti-nutritional factors indmes (lectins, hemaglutinins, enzyme inhibitors)
(Alonso et al., 2001). It also adds value to beaigmificantly reducing cooking time and

improving overall nutritional and sensory qualifybeans.

To study the effect of influencing factors on ifmieavailability, the Caco-2 cell culture model is
a cost effective technique, especially when langalmers of varieties and/or processing
conditions need to be screened (Fairweather-Tait,2005). Bioavailability is the relative
measure of how well a nutrient is absorbed by timadn body and becomes available for
metabolic use. When determined in vitro using@aeo-2 cell culture model, iron

bioavailability is often expressed as relative bgatal availability (RBA, also known as relative
biological value, RBV) which is the bioavailabyiof the iron in a given compound/food matrix
compared to the bioavailability of ferrous sulfédesalt assumed to be 100% bioavailable) within

the same experiment.

Therefore, the current study hypothesized thatpimal combination of extrusion cooking
parameters significantly improves iron bioavailapiand consumer acceptability of promising
bean varieties through elimination of anti-nutrité factors and enhancement of desirable
flavor. Two study objectives were formulated; {d )screen for iron bioavailability in 16

Ugandan bean varieties and model the relationshipkey influencing factors; iron,
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polyphenol, phytic acid and ferritin content; (8)dptimize extrusion cooking variables with
respect to iron bioavailability, sensory and phgsteemical properties of the most promising

bean variety.

Dissertation organization
The dissertation consists of a review of literatomethe distribution of common beans and their

nutritional importance, extrusion processing withpdasis on utility to beans; iron
bioavailability and how it relates to bean nutritigohyto ferritin and its relationship to iron
bioavailability and finally the use of optimizatidechniques in product development. This is
followed by two papers in preparation for submisgio theJournal of Agricultural and Food
Chemistry. The first paper it titled ‘White common beaRhgseolus vulgaris) have higher in
vitro iron bioavailability than colored seed coatieties’. This study modeled the relationship
between key bean composition factors and iron laiavility using multiple regression
techniques. The second paper is titled ‘Optimaratf white common bearljaseolus

vulgaris) extrusion cooking process.” It involved utilicat of Response Surface Methodology
(RSM) techniques to optimize extrusion cooking atads; raw material moisture content,
extruder die temperature and raw material flow véth respect to iron bioavailability, sensory,
and physicochemical properties of extruded flouis then capped by a chapter on general
conclusions from the study.

Authors’ roles

The authors of “White common beahéseolus vulgaris) have higher in vitro iron
bioavailability than colored seed coat varietietiapter 3, are Mutambuka M, Murphy PA,

Hendrich S and Reddy MB. Mutambuka sourced the baaeties, conducted Caco-2 cell
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culture studies as well as chemical compositionyarsof raw materials. The authors of
“Optimization of white common bealtaseolus vulgaris) extrusion cooking process”, chapter
4, are Mutambuka M, Murphy PA, Hendrich S, Reddy &hd Lamsal PB. Mutambuka carried
out the extrusion cooking experiments, sensoryuatan experiments, Caco-2 cell culture
experiments and chemical composition analysis ttided bean material. The author of the

concluding chapter is Martin Mutambuka.
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CHAPTER 2. LITERATURE REVIEW

2.1The common bean

2.1.1 Origin, distribution and classification
The common bearPhaseolus vulgarisL.) is one of the most ancient crops of the New World

and is currently the most important grain legumedicect human consumption in the world. It
is a member of family Leguminosae, triBraseoleae and subfamily Papilionoideadhe
common bean is self-pollinating, diploid and chésdzed by growing habits as determinate or
indeterminate bush beans and climbing beans. drsesticated in the upland regions of Latin
America more than 7000 years ago, the common fseaow the most widely cultivated of all
beans in temperate regions, and widely cultivatesemitropical regions. Current cultivars are

believed to have evolved from a wild growing vine.

Two centers of origin for this crop have been idad as the highland regions of Mexico and
Andean South America, each with distinct morphataljiagronomic and allozyme patterns as
well as seed protein variations (Gepts, 1988).aAalysis of banding patterns of phaseolin, the
major seed storage protein in beans, has revealed predominant patterns (S= Sanilac, T=
Tender green, C= Contender) and which have beahtaggovide reliable information about
the corresponding gene pools (Gepts and Bliss 198pis et al 1986). Banding patterns were
named after the variety in which they were discedeiThe Mesoamerican gene pool is
characterized by small seeds and type "S" whiléAthdean gene pool is characterized by larger

seeds and two phaseolin types ("T" and "C"). Thlesdé&merican gene pool is represented by
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pinto, pink, black, white and some snap beans, @dsethe Andean is represented by kidney,

cranberry and many snap beans (Talukder et al 2010)

From the domestication centers, the beans sprdélad/ifiog different routes (Gepts, 1988); the
smaller seeded Mesoamerican lines spread througicand Central America, via the
Caribbean and northern South America to Brazil. ti@nother hand, the larger-seeded Andean
type were probably introduced into Europe via therian peninsula, from where they made it
into Africa and northeastern USA through trade mmohigrations. However, it is important to
note that both Andean and Mesoamerican genotypesdigseminated to the same regions of
the world. Currently, the Centro InternacionalAtgicultura Tropical (CIAT) in Cali,

Colombia, maintains a world collection of morert,000 accessions; including indigenous
wild and weedy specimens, unimproved landracesparellines oPhaseolus vulgaris, as well

as numerous related species (CIAT, 2011).

In Uganda, close to 0.5 million tons of beans aioavg by 53% of the farmers (UNHS, 2005);
making them the fifth most important food crop nexplantains, cassava, maize and sweet
potatoes. The per capita consumption averageg/p@ison/year and they contribute 6% of
daily calorie and 15% of protein intake (FAO, 2018)owever, in the southwestern part of the
country, production and consumption are highedt Wwéans taking on an even greater
importance. Indeed, the south western neighbaringtries of Rwanda and Burundi have a per

capita consumption of about 66 kg and 31 kg per,yeapectively (Broughtoe al., 2003).
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There is great phenotypic and genetic diversityerms of the market classes grown by farmers
in Uganda and the East African Highlands in geneaaiging from red mottled, red, navy,
cream, yellow, black, purple, and brown (Wortmaalet1998). Red-mottled bean varieties are
the most important and account for about 22% @fl te¢an production. Historically, the
dominant gene pool in the region are Andean vasetHowever, the Mesoamerican gene pool
is on the rise (Blaiet al., 2010a) due to introduction of new improved clinthbvarieties (CIAT,
2010) which are from the Mesoamerican gene poolklaadoot rot disease to which Andean
varieties are less resistant. Climbing bean viagsegxhibit a higher yield in small space, large
grains, good nitrogen fixation, reduced vulner&piio certain diseases and flexibility for various
cropping systems. There is also a lot of interegetrogression which may be due to the fact
that beans are often cultivated in multi-cultur@#is is a coping mechanism against biotic and
abiotic stresses, environmental/climatic variapiéind with diversifying production in small
plots, early and late maturing components are pthtdgether providing harvestable products
over a long period. However, there is growing dednay the urban consumers for pure lines
instead of mixtures since these provide more umiftyrand are easier to prepare. This, as well
as introduction of new varieties, has threateneckttisting diversity of genotypes in the region

and reduced the genetic pool.

2.2 Nutritional importance of common beans to humas
Dry beans have been consumed since time immenatlakarcheological evidence showing

their consumption in Southeast Asia, the MiddletEABica, the Americas, India and China

8000 to 10000 years BP. They offer a high nutraerisity and are a good source of starch,
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protein, complex carbohydrates/dietary fiber ad aglitamins (Vitamin B6 and folate),
phytochemicals and minerals (iron, zinc, and phosmins) as shown in Table 2.1 (USDA,
2011). Important health benefits include redudsedake risk; diabetes (Villegas et al., 2008),
coronary heart disease (Kabagambe et al., 2008aiceancers (Deneo-Pellegrini et al., 2002;
Key et al., 1997), enhanced longevity (Darmadi-Bleery et al., 2004), lower total cholesterol,
LDL-cholesterol, triglycerides, while increasing Higholesterol (Shutler et al., 1989; Winham
et al., 2007). Dietary Guidelines for Americansammends 3 cups of beans per week (dry

weight ~200 g).
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Table 2.1: Nutrient composition of dry beans

Nutrient* Composition (per 100g, dwb)
Energy, Kcal 308
Protein (g) 20. 8
Total lipid (g) 1.3
Ash (g) 3
Carbohydrate (g) 56.9
Total dietary fiber (g) 17.2
Total sugars (g) 0.8
Calcium (mg) 105.72
Iron (mQ) 6.21
Magnesium (mg) 145.44
Phosphorus (mg) 332.12
Potassium (mg) 1076.8
Sodium (mg) 43.67
Zinc (mg) 2.23
Copper (mg) 0.6
Manganese (mg) 1.11
Selenium [19) 3.96
Vitamin C, total ascorbic acid (mg) 8.93
Thiamin (mg) 0.56
Riboflavin (mg) 0.24
Niacin (mg) 1.76
Pantothenic acid (mg) 0.86
Vitamin B-6 (mQ) 0.34
Folate, total (g) 243.81
Choline, total (mg) 58.74
Vitamin B-12 (ug) 0
Vitamin A (1U) 0.21
Vitamin E (@-tocopherol) (mg) 0.8
Vitamin K (phylloquinone) 1ig) 16.71

*Average of black, navy, pinto, kidney, great nertihand red beans. Source:

www.nal.usda.gov/fnic/foodcomp/search
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The following sections look at the biochemistry gainysicochemical properties of cooking

beans.

2.2.1 Proteins
Typically beans contain 15-30% protein on a dryghiebasis. Water-soluble albumins and salt-

soluble globulins, respectively, account for ud@- 30% and 45 - 70% of the total proteins
(dwb) (Sathe et al., 1984). Glutelins (12 - 309 arotease inhibitors (0.3%), non-extractable
proteins and non-protein nitrogen make up the rébe albumin fraction is typically composed
of several different proteins, with phytohemaggiirtiaccounting for 10% of total proteins while
a single globulin, phaseolin, dominates the gloimuind may account for up to 50 to 55% of the
total proteins (dwb). Osborne (1894) first extegicand characterized bean protein and found
two major globulins that required a certain amaafribnic strength for solubilization in aqueous
media. Later, Danielsson (1949) showed that tgegmilins (vicilin-like and legumin-like) had
sedimentation coefficients of 7S and 11S, moleowkights of 186,000 and 331,000 and

isoelectric pH of 4.8 and 5.5 respectively.

The 7S vicilin type protein in beans is the majorage protein (accounting for over 50% of the
total seed proteins) and is known as phaseolio {(@sously referred to as globulin G1 fraction,
euphaseoling globulin and Glycoprotein II) (Derbyshire et dl976). It is regarded as an
oligomeric protein consisting of three polypeptsidunitsa, B andy, with a molecular weight
distribution ranging from 43 to 53 kDa (Lawrenceakt 1994). The group is typically composed
of pre-proproteins of MWs in the range 50 — 75 kdbd may be glycosylated. Both Raman

spectroscopy (Yin et al., 2011) and circular digsmospectroscopy (Deshpande and Damodaran,
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1989) show that the secondary structure of nathaseolin is 5098-sheets, 31% random coils,
10.5%a-helixes and 8.59%-turns. The three-dimensional structure of beagldBulins has
been determined using x-ray crystallography anavshdisk shaped trimeric proteins with
diameters of ~90 A and thicknesses of 30 - 40 Avlemce et al., 1994). There is great genetic
variability in expression of phaseolin and its bagdoatterns have been utilized to trace origin
of bean varieties (Mesoamerican vs. Andean) (GapdsBliss 1986, Gepts et al 1986). This
variation may be attributed to the large numbegerfes encoding for phaseolin, the extent of
glycosylation and posttranslational proteolyticq@ssing of the pre-proproteins. Mannose,
xylose and glucosamine are the carbohydrate coasti that have been identified to be
associated with phaseolin, and may be linked athajor sites, Asf*2and AsAi*! (Sturm et al.,

1987)

Several authors have investigated the functiorgbgnties of the 7S protein fraction in beans and
have shown its unique potential in food systems$h&and Salunkhe, 1981a, b; Plietz et al.,
1987, Deshpande and Damodaran, 1989; Kimura étCf18; Yin et al., 2011). Uniqueness of
functional properties of phaseolin may be relatethe positions and level of glycosylation
associated with it. Water absorption capacitylbfiains and globulins is 3.18 and 2.77 g/g
respectively (Sathe and Salunkhe, 1981a, b) aaduaction of presence of carbohydrate
moieties and pH, increasing with increase in glytatson and pH. Oil holding capacity of
albumins and globulins are 3.29 and 3.23 g/g, @spdy; similar to soybean glycinin but much
lower thanB-conglycinin. The isoelectric pH of bean protedms in the range of pH 4-5 and

they are more soluble at alkaline pH than at agéic
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Kimura et al., (2008) compared functional properté 7S and 11S globulins of beans, soybean,
pea, black cowpea, red cowpea and fava bean. i$ylah bean 7S protein was very high and
similar to that of soybean 7S globulin and higtlemt 7S globulins of the other legumes, which
may be attributed to glycosylation of soybean aganb/S globulins. Salt type, pH and ionic
strength are the most important parameters affgt@an protein solubility, with dilute alkalis
being most effective (Sathe and Salunkhe, 1988dium carbonate and potassium sulfate
were the most effective salts. The foaming andlgifiying properties of bean proteins are fair,
with some bean varieties showing excellent suréativity (Sathe and Salunkhe, 1981a, Kimura
et al., 2008). 7S globulins from soybean and lgzese smaller average particle sizes and thus
better emulsifying abilities than those from peaga bean, and red and black cowpea, especially
atp=0.08 (Kimura et al., 2008). 11S globulins did sabbw any difference in emulsifying

ability across the varieties and were poor em@ssfi Bean 7S globulin showed an excellent
ability to form stable emulsions compared to th8 flobulins and 7S globulin from other
legumes. The excellent emulsion stability showrésn 7S globulin over soybean 7S globulin
cannot be explained by glycosylation alone, as bgibs show similar levels of glycosylation.
However, the difference in the positions of thebctwydrate moieties may account for this

anomaly.

Bean 7S proteins are thermally stable compareahtites fractions from other legumes (Kimura

et al., 2008) showing suitability for productionfobds requiring high thermal stabilities. This

suggests that forces, which are sensitive to istnength, for example, hydrophobic interactions,
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play a more important role in the maintenance efdtnuctures of cowpea, pea, and soybean 7S
globulins than those of bean 7S globulins. Howghrgdrophobic interactions are important for
the maintenance of the structure of bean 11S glob@&urface hydrophobicity of bean 7S
protein was lowest among the legumes, showinglslittafor foods requiring low surface
hydrophobicity. The foaming capacity and foam #itgtof bean globulin proteins are poor
when compared with many animal proteins partly beedhey typically have compact and rigid
structure. The smallest gelation concentratioallefimins and globulins are 18 and 20% (Sathe

and Salunkhe, 1981a).

In beans, the 11S legumin type globulins form aanocomponent to the protein content
(Derbyshire et al., 1976). The native leguminsdgily have sedimentation coefficients of 11 to
13S and are not glycosylated. One polypeptide ®eash of ther andp subunits are linked via
disulfide bond(s) to form a polypeptide of MW ~ @00 (Lawrence et al., 1994). Six such
polypeptides (each of MW ~ 60,000) are thoughtaiestitute the native molecule (hexamer)
with MWs of 320,000 to 400,000. Typically, leguriike proteins are not glycosylated but
show molecular heterogeneity which may be dueddléxible region of the 11S type proteins
that is susceptible to proteolysis (Plietz etE87). Both legumin and vicilin proteins contain
(N-terminal) leader sequences that are removedarsiaitionally prior to packaging the mature

proteins in membrane bound protein bodies.

In addition to phaseolin 7S and 11S globulins, Besso contain 17 - 18S and 2~3S proteins

which may contain aggregated and dissociated fofrtitsee main storage proteins, respectively,

www.manaraa.com



16

as well as other smaller MW proteins (Sun et &74). The 2 - 3S fraction of bean proteins
contains many small proteins, including trypsin4tiogrypsin inhibitors and some enzymes.
Trypsin inhibitors occur in appreciable amountd&ans and contain significant amounts of
sulfur amino acids compared with other proteinsaf®et al., 1995). The double headed
Bowman-Birk type trypsin and chymotrypsin inhibgare the most important protease
inhibitors in beans (Lajolo and Genovese, 2002)eyTare small molecular weight (MW 8-
10kDa) cystein-rich polypeptides containing a langenber of disulfide bonds which makes
them heat stable. They consist of two bindingsdibeated at opposite sides of the molecule and
are able to form a 1:1:1 stoichiometric enzymedbitbr complex with trypsin and chymotrypsin
(Bergeron and Nielsen1993). Several isoforms afifdan-Birk inhibitor (BBI) have been
isolated from common beans (Wu et al., 1990; Bergand Nielsen1993). Their heat stability
is an important factor in protein nutritional gialsince they require higher temperatures and/or
prolonged time for inactivation. Earlier inter@sBBI was based on poor raw bean protein
utilization by rodents and associated pancreafpehyophy in animals with pancreas size >
~0.3% (as % body weight) (Grant et al., 1995). sy, pancreatic hypertrophy is not
observed in larger animals. Instead, an antichtagenic effect has been reported in humans

with BBI implicated in the treatment of differerypies of cancer (Armstrong et al., 2000).

Beans also contain amylase inhibitors, notably loictv are thei-amylases inhibitorsufAl).
Three isoforms ofi-Al (a-All, a-Al2, a-AlL) have been isolated and characterized in beans
with o-All, the isoform with anti-amylase activity in hams, being most widely distributed

(lguti and Lajolo, 1991). The-amylase inhibitors-All anda-Al2 exist in their native form as
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typical lectin tetramer structures,f;) with a molecular weight of approximately 56.7 kDa

Al have an amino acid sequence homology of abou®6% with bean phytohemagglutinins
(PHA) (Moreno and Chrispeels, 1989). However,arae major differences in the number of
surface loops in the three dimensional structufésese bean proteins (Rougi et al., 1993).
PHA has three loops;-AlL has one shortened loop, while the loops amgletely absent in-
All anda-Al2. Thereforep-Al has no carbohydrate-binding activity due toklat
carbohydrate-binding loops that are present in RPPieyo et al., 1993). Moist heat typically

inactivates most of the carbohydrase inhibitors theg are therefore not nutritionally important.

Beans also contain lectins, also referred to asopleynagglutinins (PHA), glycoprotein lor
protein Il (Lis and Sharon, 1980 Native lectins are typically tetrameric pro®e{MW range
85,000 to 150,000) and are glycosylated with sedtaten patterns similar to the vicilin-type
proteins. They are composed of two different typlesubunits; a leucoagglutinating sub unit
(34 kDa) and erythroagglutinating sub unit (36 klaavitt et al., 1977). These subunits are
synthesized in the endoplasmatic reticulum and taerdomly combined to produce five
isolectins that are assigned the structures L41,.B2E2, L1E3, and E4. Both bean lectin
subunits contain the characteristic N-glycosylaseguence; subunit E at Asn12, Asn60 and
Asn80, subunit L only at Asn12 and Asn60. In thetume proteins, only the first two sites are
actually glycosylated. The glycan at Asn12 belalmghe high mannose type, while glycan at
Asn60 belongs to the complex type containing xyknse fucose (Thomas et al., 1996). All
legume lectins possess two bound metal ions (doaioaion and one transition metal ion,

mainly Mrf") per monomer, in the vicinity of the sugar bindsig. The presence of these two
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bound metal ions is vital for the sugar bindingadaipties of the legume lectins (Bardocz et al.,
1995). Lectins have a unique property of being ablbind disaccharides in a highly specific
fashion(Pusztai et al., 1989)Most animal cell membranes contain these sugdeaules. The
toxic activity of lectins derives from theiesistance to proteolysis aability to bind tightly to
sugars present on cells in the small intestinesingdood poisoning or long term inhibition of
nutrient absorptioifPusztai et al., 1989} owever, heat treatment (e.g. boiling for 12 misjite
has been shown to completely eliminate the hem#éggting activity, though slow heating
below boiling point may not. Also, fermentatiornr 2 h at 42C completely removed lectins
from lentil flour (Cuadrado et al., 2002Dther biochemical properties of lectins are agghtion

of erythrocytes, mitogenic activity (induction oftosis of lymphocytes), agglutination of malignant
cells, and specificity for human blood groups (&l Sharon, 1986). They have also been shown to

potently and selectively inhibit HIV-1 and HIV-2 MT4-cells Balzarini et al., 1992)

Another class of bean proteins is the sulfur-richtgains (SRPs) which are nutritionally
important since bean protein is generally deficiargulfur containing amino acids (Burow et al.,
1993). They are high in methionine and accoun&f®%o of total seed proteins. The bean SRPs
are thought to be similar to the soybean ones emdanposed of several polypeptides (MW
range 17,000 to 45,000). The final class of beatems are the enzymes (amylases, lipases,

proteases, peptidases) bioactive peptides and polgfieptides.

Nutritionally, the contribution of cooked bean miotis curtailed by relatively low digestibility

(65 - 85%) and a low supply of sulfur amino aciggthionine and cysteine (Sathe et al., 1984;
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Montoya et al., 2008a). The low digestibility afdn protein may be due to the food matrix,
protease inhibitors and resistant protein fractioBsan proteins are contained within cell walls
that remain primarily intact during cooking and neayer the small intestine encased within
fibrous cell walls, limiting access of proteas@&ean protease inhibitors and lectins have been
discussed in an earlier part of this section. Bligdity of the different protein fractions also
differs. Montoya et al. (2008a) found that the réegof hydrolysis of 43 different types of
phaseolin ranges from 57% to 96%. They attribtitedvariations to differences in subunit
composition, subunit precursor origimdr ) and trypsin susceptibility between phaseolin
subunits (Montoya et al., 2008b; Montoya et alQ20 For the legumin (11S) fraction, only
polypeptides may be partially degraded, whileolypeptides remain intact, even after heat
treatment (Momma, 2006). Degree of hydrolysisamfked albumins and glutelins is very low
(13-18%). The low degree of hydrolysis of 2S pritenay be due to a high number of

disulphide bridges and the presence of carbohysl(Mereno et al., 2005).

2.2.2 Carbohydrates
Dry beans contain about 70% carbohydrate. St&®h 45%), non-starch polysaccharides or

fiber (18 - 20%)p-galactosides (starchyose, verbascose, and ragfiBos5%), and sucrose (3 -

5%) are the major types of carbohydrate. Typicalty bean starches contain less amylose (10-
44 %) than amylopectin (Reddy et al., 1984; Waralet2010), but the percentage of amylose is
higher than most cereal or tuber starches. Thea@yraction of bean starch has a high degree

of polymerization (1000 - 1200). Bean starch pramh@antly exhibits a type C X-ray diffraction
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pattern and has low rates of gelatinization buhnage of retrogradation. The latter two
properties predispose it to a low starch bioavditgbglycemic index. Further, retrograded
starches escape digestion and provide substratelmmic micro biota thus enhancing colonic
health. Also, bean starch is embedded withinwalls limiting enzyme accessibility and further

contributing to reduced glycemic index.

Beana-galactosides are not digested in the upper pdheo$mall intestine due to a lack of the
enzyme p-galactosidase and thus contribute to colonic miota fermentable material.

Soaking is the most common treatment for partiatiekation of these oligosaccharides and
addition of bicarbonate enhances their removaltduke greater permeability obtained by
partial solubilization of the cell wall (Ibrahimp@2). Germination for 48 h at 20 °C removes 40
- 60% of bean oligosaccharides. Bean fiber costaqual amounts of water soluble and
insoluble fractions. The most important fiber caments are cellulose, hemicelluloses and
lignin, but pectins are also present (Reddy etl@B84). These also contribute to fermentable
substrate to colonic micro biota, alongside a nunobether health effects such as increase fecal
volume and thus reduce transit time, lower blooolesterol and reduced risk of some cancers,
cardiovascular diseases and diabetes (Flight aiftdi©12006).

2.2.3 Lipids

Beans contain between 1- 3% lipid depending oretysaand growth environment. Lipids in
beans are stored in oil bodies or sphereosomégiodtyledon, which differ in size and relative
abundance (Sathe et al., 1984, Holland et al., 1@8%uliri and Obu, 2002). Neutral lipids are

the predominant class of lipids and are primarigdeup of triglycerides, accompanied by
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smaller proportions of free fatty acids, sterold aterol esters (Onwuliri and Obu, 2002).
Phospholipids and glycolipids are also presenppreciable amounts. The majority of the fatty
acids are unsaturated. Oleic (7-10 %), linoleic28%) and linolenic (37-54%) are the major

unsaturated fatty acids in beans and make up 647étal lipids.

2.2.4 Minerals
Beans are a significant dietary source of seveysgmial minerals and are particularly rich in

potassium, iron, zinc, magnesium, phosphorus, aogmpe manganese (Table 2.1). Others
include calcium and selenium. Potassium makes$up026 of the mineral content of beans,
making beans an important food with respect tothesalth. Phosphorous in beans is mainly
associated with phytic acid and may not be bioat#l. However, phosphorous deficiency is
not critical in human health and thus phytatesnateof concern for this particular mineral. Zinc
and iron are the minerals of most nutritional iagtrin beans since their deficiency is highly
prevalent and beans are critical sources of theserals. However, the bioavailability of iron
and zinc from beans is rather low due to presehpelgphenols and phytic acid (see section
2.3). Mineral content is genetically determinedtwAndean beans having higher iron
concentrations and Mesoamerican higher in zinarfistt al., 2002). Recent studies have
identified quantitative trait loci (QTL) controllghiron and zinc accumulation (Blaat al., 2009,
Blair et al., 2010b). In regard to varieties commonly growcast and Central Africa, inter-
gene pool introgressed genotypes tend to have thsgeel iron concentration, followed by
Andean and finally the Mesoamerican (Blair et2010a). Seed zinc content is higher in the

Mesoamerican and lowest in Andean, with introgrésseieties in-between.
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The CIAT germplasm bank contains beans with irameat between 30 - 190 pg/g depending
on variety (Grahanat al., 1999; CIAT, 2008; Beebet al., 2000). This genetic variability and
the high iron content of related speciPsgolyanthus and P. coccineus which contain up to 127
Kg/g of iron) has spurred interest in breedinghigh iron varieties, a process known as
biofortification (Bouis, 2003). Using high iron y@ats, progeny with iron content of up to 150
Hg/g (almost twice the iron content of low iron temt market classes) have been bred (CIAT,
2008). The concentration of seed micronutrientso affected by environmental interactions
(CIAT, 2008). Recent work by CIAT (2008) has iratied it is possible to increase seed levels

of Fe and Zn through addition of inorganic nitrogehosphorus and potassium.

2.2.5 Vitamins
Dry beans are an excellent source of the watebsolitamins thiamin, riboflavin, niacin and

folate (Table 2.1). The vitamin content of beaasas widely among varieties and reduces on
cooking by 70-75% (Augustin, 1981). The bioavaligbof vitamin B6 in beans is also an area
of interest with Gregory and Kirk (1981) suggestihg cell wall matrix and non-digestible
polysaccharides and lignins may inhibit vitamin B& absorption. Rockland et al. (1977)
showed that both soaking and cooking led to sigaiifi reduction in bean water soluble
vitamins. Cooking however, led to the greatess losvitamin but depended on variety and not

on cooking time. Up to 50% losses in vitamin wexgarted after soaking and cooking.
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2.2.6 Antinutritional factors

2.2.6.1 Phytic acid
Phytic acid is the primary storage form of both gftworous and inositol in plant seeds. Itis a

hexahydric cyclic alcohol and exists as the hexaphoric ester of myo-inositol (Figure 1).

OPO3zH, OPO3zH,
@ @ OPO3H2
3
@ OPOzH,
6] @
OPO4H,
OPO4H,

Figure 2.1: Chemical structure of phytic acid (S®yReddy and Sathe, 2001).

Phytic acid, also known as myo-inositol 1,2,3,4 3e@&akisphosphate (IP6) or phytate when in
salt form, is the principal inositol phosphate lars (65- 80%) though other inositol mono and
polyphosphates (inositol penta-(IP5), tetra- (IRdphosphate (IP3), diphosphate (IP2) and
monophosphate (IP1) exist in plants (Dorsch eD@BY. The lower ester forms may exist
naturally but may also be products of IP6 enzymatison-enzymatic/thermal hydrolysis during
food processing. Phytate accumulates in the sag@tgydhe ripening period and the associated
phosphorus and inositol are not utilized by montrgaanimals because they lack the intestinal

digestive enzyme phytase.
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Phytic acid comprises about 1-5% of legumes, t®red seeds, pollens and nuts (Cheryan
1980). In legumes, phytate can be found in théeprdodies of the cotyledon (Schlemmer et
al., 2009). The anti-nutritional effect of phytadedue to its ability to forms strong, mainly
insoluble complexes with divalent and monovalentemals such as iron, zinc, magnesium,
copper, calcium and potassium. This is mainly tués chemical structure. Phytic acid contains
12 replaceable protons; 6 are strongly dissocmitddpK of about 1.8, 2 are weak acid
functions with a pK of 6.3 and 4 are very feeblystdiciated (pK of 9.7) (Cheryan, 1980). This
suggests that at all pH values normally encounteréaods, phytic acid will be strongly
negatively charged indicating tremendous potefiiatomplexing or binding positively charged
molecules, such as cations or proteins. Due tmutiplicity of reactive phosphate groups,
phytic acid can complex a cation within a phosplgateip itself, between two phosphate groups
of a molecule, or between phosphate groups ofréiftemolecules. Thus, lower ester forms
(IP1-1P5) bind less minerals and the complexeselatively more soluble. Thus, phytic acid
strongly chelates with cations such as calcium,maaigim, zinc, copper, iron and potassium to
form insoluble salts, adversely affecting theira@psion. Phytates also form complexes with
proteins resulting in decreased protein solubigtyzymatic activity and proteolytic digestibility.
However, consumption of phytates has been showate some favorable effects. These
include anti-carcinogenic (Shamsuddin, 2002; Vucanid Shamsuddin, 2003), anti-oxidant
(Minihane and Rimbach, 2002) and reduced bloodaglecesponse (Thompson, 1993). Others
include reducing cholesterol and triglyceridesypreion of renal stone development, removal

of traces of heavy metal ions and even inhibitibRl /-1 replication (Kumar et al., 2010).
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Phytic acid is a particularly strong inhibitor obin absorption. The inhibitory effect of phytic
acid on iron absorption was first studied by Widdow and McCance (1942) who found
decreased iron levels in subjects who consumedrbhread instead of white bread, though the
former provided a 50% higher iron intake. Thisugr@nd other workers went ahead to show
inhibitory effect of phytic acid in both monogastanimals and humans and later Hallberg et al.,
(1989a) showed that this relationship was doserdbp#. Hallberg et al., (1989b) showed that
7, 89 and 887 mg of phytic acid served to healtlajenrand female subjects as part of a meal
containing 4.1 mg of iron reduced iron absorptigriB, 62 and 82% respectively. This
inhibitory effect could however be overcome by abimacid (Hallberg et al., 1989b,
Siegenberg et al., 1991) and EDTA (Troesch eR8D9). Several authors have studied phytic
acid in common beans and show that it comprise 8% of seed weight (Reddy and Sathe,
2001). Contribution of phytic acid to inhibitior ibon absorption in beans has been studied
using both human studies (Lynch et al., 1984; Dgelnet al., 2003; Pertry et al., 2010; Pertry
et al., 2012) and in vitro digestion/Caco-2 celture (Hu et al., 2006; Beiseigel et al., 2007).
However, the relative contribution of phytic acaiton absorption in beans is still a complex

guestion since polyphenols and fiber contributeresitvely to inhibition of iron bioavailability.

2.2.6.2 Polyphenols
Phenolic compounds are substances possessingraataroing bearing one or more hydroxyl

groups, including their functional derivatives. ejtare one of the most numerous and
ubiquitous groups of plant metabolites arising friovo main synthetic pathways; the shikimate

pathway and the acetate pathway (Shahidi, 2008js i$ an extremely wide and complex group
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of plant substances and in their simplest clasgibic can be grouped phenolic acids and
derivatives, flavonoids and tannins (Bravo, 1998henolic acids include low molecular weight
phenolic compounds, such as phenol itself butialdode hydroquinone and derivatives, and
phloroglucinol (Robbins, 2003). Phenolics with @& C1 structure such as phenolic acids (e.g.,
gallic, vanillic, syringic, p-hydroxybenzoic) anttlahydes (e.g., vanillin, syringaldehyde, p-
hydroxybenzaldehyde) are common. Phenylpropanaisiateves (G-Cs) are also common and
include chromones, coumarins and hydroxycinnamidsap-coumaric, caffeic, ferulic, sinapic)
and derivatives. The flavonoids are sub classedanthocyanins (e.g., pelargonidin, malvidin,
cyanidin), flavones (e.g., epigenin, luteolin, dietin), isoflavones (e.g., daidzein, genistein,
glycitein), flavonols (e.g., quercetin, myricetkgempfeol), flavanones and flavanols (Merken
and Beecher, 2000). Tannins are high moleculaghte&iompounds and can be subdivided into
two major groups; hydrolysable and condensed tanf\artin-Tanguy et al., 1977).
Hydrolysable tannins are easily hydrolyzed withdaeikali or hot water and by enzymatic
action (Porter, 1989). They consist of gallic agétivatives and can be subdivided into
gallotannins and ellagitannins. Condensed tarmipsoanthocyanidins consist of falvan-3, 4-ol
(catechin, epicatechin, etc) monomeric units wiflaaan-3, 4-diol or leucoanthocyanidin

molecule as its precursor.

The polyphenol content of beans is in the rang@ 18-8 mg/g seed and is a function of bean
seed coat color (Elias et al., 1979; Bressani dias FL980; Hu et al., 2006, Luthria and Pastor-
Corales, 2006). Beans contain a wide range ofgb@yols including phenolic acids,

proanthocyanidins, anthocyanidins as well as flal&nFlavonol glycosides (astragalin,
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guercetin 3-O3-D-glucopyranoside-(21)-O-D-xylopyranoside, and quercetin 3f2b-
glucopyranoside), tannins and anthocyanins (cyar8etliglucoside, 3,5-diglucoside,

pelargonidin 3-glucoside, 3,5-diglucoside, malvidlancosides, delphinidin 3-O-glucoside,
malvidin 3-O-glucoside, and petunidin 3-O-gluco$idee present in the seed coat (Beninger et
al., 1998, 1999; Takeoka et al.,1997). In dehutledns, presence of caffeic, p-coumaric, sinapic
and ferulic acids have been reported (Garcia €i988). Isoflavones (daidzein, genistein,
glycitein) and their glycosylated forms have bedgntified in various bean varieties (Romani et
al., 2004; Antonelli et al., 2005) and their contgimown to increase with germination (Diaz-

Batalla et al., 2006).

Tannins in beans are linear polymers of flavan-gatechin and gallocatechin) and flavan-3 to
4-diol (leucocyanidin and leucodelphinidin) unik8grtin-Tanguy et al., 1977). There are
differences in the content of condensed tannirizeahs depending on the color of seed coats.
The white varieties of beans usually contain loas@rcentrations of tannins than those with red,
black or bronze seed coats (Bressani and Eliag); Hl&s et al., 1979). However, Marquardt et
al. (1978) reported that white varieties of fabarieehave higher concentrations of tannins than

those with dark testa.

Polyphenols have diverse biological functions; batthe plant and in human health. In plants,
they act as phytoalexins, anti-feedants, attrast@mtpollinators, contributors to plant
pigmentation/sensory characteristics of fruits aegetables, antioxidants and protective agents

against UV light, amongst others (Naczk and ShaBia6). In food, polyphenols have been
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reported to have preservation properties and ae as natural colorants. In human health, the
high redox potential is an important property foeit anti-oxidant functions allowing them to act
as reducing agents, hydrogen donors, singlet oxggenchers and metal chelators (Shahidi,
2000). Further, isoflavones possess estrogeranagstrogenical, anticarcinogenic and
antioxidant activities (Zhang et al., 2009) thatdnheen linked to a reduction in osteoporosis,

cardiovascular disease, prevention of cancer &adntrent of menopause symptoms.

2.2.6.2.1 Interactions with minerals
Polyphenols may form a stable complex with a watege of minerals (Conrad, 1970;

McDonald et al., 1996). Polyphenols containingiloydroxyphenyl (catechol) and o-
trinydroxyphenyl (galloyl) such as proanthocyangl{natechol groups and galloyl groups) and
hydrolysable tannins (galloyl groups) are the npagéent iron chelators (Brune et al 1989,
Hurrell et al 1999). In plants, this reaction bagn suggested to play a significant role in
defense against microorganisms (Scalbert, 1998 &hd Scalbert, 1994), but is of vital
nutritional significance in humans as it lowers erad bioavailability. Iron chelating phenolics
have been identified in legumes, tea, vegetablesgsysorghum and coffee (Brune et al., 1989;
Hallberg and Rossander, 1982; Hurrell et al., 1998)is inhibition may be due to formation of
insoluble iron (lll)-phenol complexes, thus makthg iron unavailable for absorption in the
gastrointestinal tract (Slabbert, 1992). On theephand, addition of ascorbic acid increases the
absorption of nonheme iron in the presence of gwypls due to the reduction of Fe (lll) to Fe

(I (Hallberg et al., 1989a; Siengeberg et al91P
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2.2.6.2.2 Remedies for anti-nutritional effects diood phenolics
Several methods for lowering the potential antitiotral effect of phenolics in the diet have

been evaluated (Salunkhe et al., 1989). Thesededupplementing the diet with phenol-
binding materials, dehulling, cooking/steaming/agion cooking, soaking in water and chemical
solutions, and promoting metabolic detoxificatiby {ermentation or addition of external
polyphenol oxidase). Soaking and cooking kidnegnisedecreased polyphenol contents by
about 70% with losses from both soaking and cookgigg of similar magnitude and mainly
due to leaching into water (Shimelis and Rakshit7)0 Heat processing may lower levels of
assayable tannins because of the formation ofub®mkcomplexes between tannins and seed
proteins or other hydrophobic compounds (ButleB% $himelis and Rakshit 2007).
Ammoniation, treatment with alkaline solutions,dscand formaldehyde (Deshpande and
Cheryan, 1983), have been shown to significanttyekese the content of assayable tannins.
Breeding for beans with low polyphenol content withadverse effects on pathogen resistance

and seed coat color is also another approach (Beedle 2000).

2.3 Iron bioavailability
In the literature, the term ‘bioavailability’ is fileed differently depending on the background of

the author, the field and specific interest (Wienlal., 1999). Fairweather-Tait and Hurrel,
(1996) defined mineral bioavailability as the fiantof the ingested nutrient that is absorbed and
subsequently utilized for normal physiological ftions. The bioavailability of iron in mixed
human diets is low and variable depending on hodtdéetary factors. Host factors include,
among others, body iron stores, erythropoetic @gtand enterocyte exposure to iron; a

reduction in iron stores will result in increaseficgeency of absorption. Dietary factors include
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form of iron (heme vs. nonheme) and presence @ratietary components ingested with the
meal (Dunn et al., 2007). Heme iron comes frombiteakdown of hemoglobin and myoglobin
in meat, fish, and poultry whereas nonheme irostexas ferric or ferrous salts in both plant and
animal foods. Dietary heme iron is directly absarinto the enterocytes with virtually no
influence by dietary factors, so its bioavailalgilhay reach up to 30% (Fairbanks, 1994).
Dietary nonheme iron, on the other hand, is comsnafiected by dietary factors that chelate the
iron and either enhance or inhibit absorption (blaigy and Hulthen, 2002). The result is a
bioavailability that may range from < 1-10% (Hallpeand Rossander, 1982). Factors that have
been shown to inhibit nonheme iron absorption idelphytic acid, fiber (cellulose,
hemicelluloses, lignin, cutin, etc.), polyphenalsalic acid, Calcium, certain proteins/amino
acids, haemagglutinins (lectins) and heavy me@ids Hg, Pb, etc.). Promoters of nonheme iron
absorption include organic acids (ascorbic acithdrate, malate, citrate), hemoglobin, ‘the meat
factor’, certain amino acids (met, cys, his, lysil f-carotene (Hallberg and Hulthen, 2002).
Effect of phytic acid and polyphenols on iron biadability has been discussed under section

2.2.6 of this manuscript.

Iron bioavailability can be assessed at digestybfavailability), transport into intestinal
enterocytes (uptake), efflux across basolateral lonene of enterocytes (absorption), retention or
endogenous excretion in urine and feces (retentiar)sport to tissues (utilization) and

transport to storage sites (body stores) (Fairvezaltiit et al., 2005). In vitro, animal and

human methodologies have been developed to detelinoim bioavailability at each of these

steps. At the digestion step, iron bioavailabiign be accessed by solubility (Shackleton and
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McCance, 1936; Narasinga Rao and Prabhavathi,18ig8yzability (Miller et al., 1981) and

use of human gastric juice (Bezwoda et al., 197&hods. Iron solubility measures the fraction
of iron that is soluble in dilute aqueous or dilated extracts in vitro, in vivo (by collecting
digesta samples from humans) or ex vivo in animblarasinga Rao and Prabhavathi (1978)
showed that percentage ionizable iron correlateg well with percent iron absorption in a
human absorption study. They also demonstratatitaty effect of phytate and tannic acid as
well as promoting effects of ascorbic acid and métdwever, subsequent studies have shown
that this method has poor correlation with eithac&2 cell culture or human field trials and
thus not a useful predictor of iron bioavailabil{iBiatt and Clydesdale, 1984; Forbes et al., 1989;
Pynaert, 2006). The iron dialyzability method sisprovement to the solubility procedure and
introduce in vitro digestion supported by gradual eeproducible pH adjustment from gastric to
intestinal levels as well as use of a dialysis meamé with a specified molecular weight cut off
to allow only low molecular weight, soluble iron {IMr et al., 1981). Determination of iron
bioavailability using this method correlated highith iron absorption studies in humans
(Schricker et al., 1981; Forbes et al., 1989) ttouogt all dialyzable iron is bioavailable.
Although it can be used to screen for iron bioalkality and for effect of enhancers and
inhibitors, the magnitude of the effect and somesrthe direction may differ from human

studies, calling for careful interpretation of riésiFairweather-Tait et al., 2005).

At the uptake and absorption steps, in vitro (Caa@ll culture model), in man, and animals

methods (using native iron or isotope labeled itwaye been developed. These methods

recognize the fact that not all soluble or dialyedlon is absorbed and thus a need to measure
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iron absorption across the basolateral membraeatefocytes. The Caco-2 cell culture model,
a cell line developed from a human adenocarcintr@sipeen the most commonly used in vitro
iron absorption method (Alvarez-Hernandez et &911 Halleux and Schneider, 1991). The cell
line spontaneously differentiates in cell cultuwddrm a polarized epithelial monolayer with
many of the characteristics of enterocytes (ergguyction of enzymes, well developed

microvilli and tight junctions, etc). Caco-2 ceflee grown on porous membranes in bicameral
chambers for 12-18 days to ensure maximal trartbedal electrical resistance. In vitro
digested food samples are then added to the apicgdper chamber and uptake allowed to
proceed for 1-24 hrs. A dialysis membrane mayduked to prevent contact with digestive
enzymes or the digest is heat treated to inacteatgmes. The food sample may be radio
labeled and the radioactivity in the cells, apaadl basal chambers determined and used to
calculate percentage uptake. Otherwise, Cacol2ergtin formation is determined and used as
surrogate for iron uptake (Glahn et al., 1998pnIdeficient cells are more effective in iron
uptake than cells grown on normal iron levels. uAHer modification of the method is use of
cells grown on solid plastic plates which are tharvested after iron uptake and ferritin
formation determined (Proulx and Reddy, 2006).sThodel has been used to show that Fe (II)
is better up taken than Fe (lll) and that ascorbateances bioavailability (Alvarez-Hernandez et
al., 1991). Further, enhancing effects of meatkiahibiting effects of bran, tea and phytates
have been shown (Au and Reddy, 2000). The modeb&en shown to better approximate
human iron absorption (Au and Reddy, 2000; Yun.e2804). Subsequently, the Caco-2 cell
model has been used to determine effects of nureénbibitors and enhancers as well as effect

of processing and fortificants on iron bioavailéiifrom numerous food matrices. However,
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the in vitro digestion/Caco-2 cell culture modes mumerous short comings; the fact that they
are derived from colonic adenocarcinoma cells m#aasthey may behave differently from
normal, small intestine enterocytes. It has alsnbeported that transepithelial resistance in
Caco-2 cells is much higher than in human smadisitte and resembles that of human colon
(Amine and Hegsted, 1975). The absence of a nlager, which may play a significant role in
intestinal iron absorption may also be problema@aco-2 cell monolayer shows a low carrier
expression, resulting in very low transport rasesthat a scaling factor may be required
(Lennernas et al., 1996). Further, there is qaesif standardization of the procedure with

various passage numbers and incubation periodsteepio literature.

Animal models can be used to measure iron bioaiitly at uptake, absorption, retention and
utilization stages. Rats (AOAC, 2012), chicksKd@and Glahn, 2010; Tako et al., 2011) and
pigs (Howard et al., 1993) are the most commongdwmimal models. Usually, the animals are
depleted of iron by feeding an iron-deficient dieby periodical bleeding. However, the need
for depleting iron stores may be avoided by usiegming animals with a similar iron status.
The use of the rat model is complicated by the ta&t the physiology of iron absorption is
different from humans, especially by the fact thaty are able to synthesize ascorbic acid, and
they possess intestinal phytase activity. Thusnalnmodels have been shown to deviate
significantly from human studies (Reddy and Cod&91l). Though less frequently used, the pig
model may more resemble the human iron absorptmein At retention step of iron
bioavailability, human chemical balance studiesehiaeen used (Moore et al., 1943; Rosado et

al., 1992). Human chemical balance studies medkaramount of iron that is absorbed or
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retained by the body after accounting for fecah ilmsses (McCance and Widdowson, 1937;
Rosado et al., 1992) or measure post-absorpti@malaron (Moore et al., 1943). They were the
method of choice for determining iron absorptiofobe the use of radioisotopes was introduced
and are still useful in situations where radioipatdacilities are not available or exposure to
ionizing radiation is not advisable. Radioisottya¢ance techniques were introduced in the late
1940s (Dubach et al., 1948) and have an advantdgexgaining estimates of endogenous
excretion. However, problems arise if the raditipe does not exchange completely with the
native iron. Stable isotopes, on the other haade hncreasingly replaced radio-isotopes
(Weaver, 1988) and eliminate health risks fromzorg radiation, do not decay, and can be used
freely in analytical or other sample or food pragieg equipment without fear of radioactive
contamination. Other methods have made use oftisgsncentrations of iron (plasma/serum
iron, serum ferritin, serum transferrin recepttresnoglobin regeneration and hemoglobin

incorporation) as surrogates of iron bioavailapi(iDlszon et al., 1978).

2.3.1 Iron bioavailability from beans
Though beans show a high iron content (3041§/Q seed) bioavailability of this iron is very low

and variable, depending on variety. Polyphendigtip acid and some fractions of bean proteins
have been implicated in lowering bean iron bioakility. Solubility/dialyzability methods
typically over estimate iron bioavailability froneans while Caco-2 cell culture/animal studies
and human absorption studies are more or less@eagent on the fraction of bean iron that is
bioavailable. However, what is in agreement i$ #iaite beans provide more bioavailable iron

than colored beans due to the lower polyphenolesunt
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2.3.1.1 Iron solubility and dialyzability studies
Initial solubility studies by Shackleton and McCar{@¢936) indicated high percentage of

ionizable iron in raw, cooked and tinned beans #y®hen extracted in dilute acid solutions.
However, on implementing in vitro peptic digestigepsin and HCI at pH 2 for 2 hrs at %)

and pancreatic digestion (pancreatin and bile salgd 7 using NaHC&for 4 hrs at 37C)
proposed by Miller et al., (1981) to the iron salitypmethod, but without a dialysis membrane,
Lombardi-Boccia et al., (1994) showed an iron siiliytof 55% in whole white bean flour

which reduced with peptic digestion (to 4%) butreased with pancreatic digestion (to 18%).
This showed inhibitory effects of protein digestiaotermediate peptides but over estimated iron
bioavailability as compared to iron dialyzabilitydies of the same samples. Solubility of iron
associated with globulin fractions was 40-48% wthhlat associated with albumins was very low
(<10%). Solubility of iron associated with the athin and globulin fractions increased with
peptic and reduced with pancreatic digestion, rsora the albumin fraction. Using a similar
method, Pynaert et al., (2006) showed that an irdamplementary food consisting of
germinated, autoclaved and dried finger millet 286) and kidney beans (19.1%), roasted
peanuts (8%) and mango puree (7.7%) had 18.8%ledhoin which was significantly higher
than an unprocessed combination of the ingred{@w8c). However, a Caco-2 cell culture
model did not show a significant difference in #giesolute iron uptake between the processed
and unprocessed samples (1.3 and 3.4 nmol/mgroédip), a result that had earlier been seen in
human field trials (Mamiro et al., 2004). Takegether, these two studies clearly demonstrate
inability of the iron solubility method to predicbn bioavailability in these particular food

matrices.

www.manaraa.com



36

However, with inclusion of a dialysis membrane, lbardi-Boccia et al., (1994) were able to
show iron dialyzability results more in agreemeithvin vitro digestion/Caco-2 cell culture and
human absorption studies. Percentage dialyzatmefiom mottled and white bean was 2.5 and
3.6% respectively; a result in agreement with m@ago-2 (Hu et al., 2006, Ariza-Nieto, 2007,
Beiseigel et al., 2007) and human absorption ssudeiseigel et al., 2007; Petry et al., 2010;
Petry et al., 2012). This method was able to jptddgher bioavailability of white beans over
colored seed coated ones in agreement with hurndrest(Petry et al., 2012) but not the
enhancing effects of dehulling and cooking of wHzdan seeds (Lombardi-Boccia et al., 1995).
Iron dialyzability was used by the same group tieeine bioavailability of iron associated
with various bean protein fractions and to studgafof various protein digestion residues
(Lombardi-Boccia et al., 1994). Iron dialyzabilftpm whole white bean flour, aloumin, G1
globulin and G2 globulin fractions was 2.28, 0.84®and 5% respectively. A similar trend was
obtained for protein dialyzability i.e. albumin 4 & G2. The low bioavailability of iron
associated with the albumin fraction was blamedsresistance to digestion, the low
percentage of dialyzable amino acids and the plagiit associated with it. A high amount of
cysteine associated with globulin digestion as waglits higher susceptibility to digestion may
have enhanced bioavailability of associated irtvan dialyzability procedures have also been
used to study effect of extrusion cooking (Lombd3dccia et al., 1995b; Ummadi et al., 1995;

Drago et al., 2007), and showed no significantatféd the heat process.

2.3.1.2 Caco-2 cell and animal studies
A combination of in vitro digestion and Caco-2 arllture in studying iron bioavailability offers

the best in vitro method whose results correlati with human absorption studies and
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predictive equations developed to relate the twan(¥t al., 2004). These methods have mainly
been used to screen for iron bioavailability imagé number of varieties and also to compare
effect of different treatments and dietary factovghen the cells are grown on porous
membranes in bicameral chambers, it is also pastidtudy effect of host factors on iron
bioavailability through application of treatmentsthe basal side. Glahn et al., (1998) used an in
vitro digestion/Caco-2 cell culture model to studyn bioavailability from various foods and
eliminated use of radioisotopes, pioneering theadderritin formation by the Caco-2 cells as
surrogate for iron uptake. This model was ableraalict enhancing effect of ascorbic acid and
superior bioavailability of heme (beef and fisheowonheme iron (corn and beans). Tako et al.,
(2009a) used the same method for determining iroamMailability from red and white beans;
comparing the in vitro digestion/Caco-2 cell cudtunethod with a pig model. They showed that
though the cell culture method showed a signifigamigher bioavailability from white beans
over the red variety, the same could not be satiepig model, which showed no significant
difference. From the pig model, hemoglobin replefficiency, a measure of percentage of
ingested iron that is incorporated into hemoglokas 20.8 and 23.5% for the white and red
bean diets, respectively. The lack of polypheffi@ot (red beans had a higher polyphenol
content) on iron bioavailability in the pig modeaynhave been due to the adaptation of the
animals to chronic exposure to polyphenols. Bgalest al. (2007) compared the Caco-2 cell
culture model with human uptake studies and shaeeak discrepancy between the two
methods. Subjects of varying levels of iron statisorbed iron equally from both the red and
white bean samples (2.1 and 3.0% respectivelyps@&esults were in contrast to the in vitro

results where the white beans gave significantinér iron uptake relative to the red beans. The
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discrepancy could be explained by the fact thastraples were extrinsically labeled and may
not have equilibrated well with the intrinsic irohthe red bean sample. However, the Caco-2
model was in agreement with the human subjectsfoze samples in the same study, showing
reliability of the method. Other Caco-2 cell cudiistudies have confirmed enhanced iron
bioavailability from white beans as compared tooedl seed coat varieties (Hu et al., 2006,
Ariza-Nieto, 2007; Laparra et al., 2008; Laparralet2009). Rat models (Welch et al., 2000),
poultry models (Tako and Glahn 2010) and humaniesudetry et al, 2012) have confirmed
similar seed coat color effects, i.e., a higheabalability of iron from white as compared to
colored seed coat beans. The pig model was usstbte that biofortified black (Tako et al.,

2009b) and red mottled (Tako et al., 2011) beaasgiged more iron than standard varieties.

2.3.1.3 Human absorption studies
Though in vitro methods are useful for screenirgran bioavailability in large numbers of

samples, ultimately human studies will be needecktdy results. Lynch et al., (1984)
determined iron bioavailability from different leges (soy beans, black beans, lentils, mung
beans and split peas) in humans using radioisotodede subjects with normal iron status were
used in the study and the legumes administeredsoup meal labeled by the extrinsic tag
method. Mean percent absorption was low (0.8-188d was not significantly different

among the legumes. Donangelo et al., (2003) usddexdrinsic and intrinsic labels to study
absorption from two bean genotypes, containing ab(80.4ug/g) or high (82.9ug/g) iron
content. They studied young women with low irosemees and fed the beans in single meals.
Iron absorption was less than 2% from both beaesypnd total iron absorbed was not different

between types. Petry et al., (2010) found iron giigm from whole red beans of 2.5%, which
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more than doubled with removal of polyphenols ahgtip acid. Petry et al. (2012) found higher
iron absorption rates (7 and 7.4%) when the beamns fed as multiple composite meals (served
with rice or potatoes) as compared to bean pBdeapnd 4.7%) for red and white varieties
respectively. Thus, when fed alone, the high potyw| content of red varieties tended to reduce
iron absorption, but the effect was dampened wherbeans were fed with rice or potatoes. The
same study showed that enhancing iron contented dean variety (91 ppm of iron) led to
reduction in bioavailability (3.8%) and did notrisdate into increased total iron absorbed as
compared to low iron variety (52 ppm of iron, 6.8%availability), both meals fed as multiple
composite meals. Beiseigel et al (2007) showetitha bioavailability in beans ranged from 2-
3% using stable isotopes. This group also showation absorption was increased 3 fold in

vivo by addition of ascorbic acid (molar ratio @f:2 ascorbic acid: iron).

2.4 Phytoferritin
Iron in plants is essential for plant productiviiyt its homeostasis is critical to prevent reaction

with oxygen, which reactions could have deleterieffiscts on cell integrity. Ferritin is one of
the proteins involved in homeostasis of iron imgga Phytoferritin is a 540-600 kDa protein
made up of a 24 subunit, ~28 kDa each, proteirl shelounding an iron oxide core and can
store up to 4500 iron ions (Harrison and Arosid®®@)9 Ferritin is a ubiquitous iron storage
protein found in all living kingdoms and is highdgnserved, with plant and animal ferritin
sharing between 39-49% amino acid sequence homoliogyertebrates, ferritin consists of two
types of subunit: heavy (H) and light (L), with @pent molecular weights of 21 and 19.5 kDa,

respectively (Harrison and Arosio, 1996) and sh&®%o identity in amino acid sequence.
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However, phytoferritins show only one subunit tyg@ch shares ~40% sequence identity with
the animal H-subunit (Masuda et al., 2001). Ferfrom black beans, soybean and pea seed
consists of two subunits of 26.5 and 28.0 kDa, Wiaiee designated H-1 and H-2, respectively,
sharing ~80% amino acid sequence identity (Derad. €2011). The two subunits are
synthesized as a precursor (32 kDa) with a unigreedomain N-terminal sequence, the transit
peptide that is followed by an extension peptidiae transit peptide is presumed to facilitate
transport of the ferritin precursor to plastidspnpvhich it is cleaved resulting in the formation
of the mature subunit which assembles into a 24sitiapoferritin within the plastids (Waldo et
al., 1995). The mechanism of iron uptake and g®tay apoferritin in plants has been described
by Liu and Theil (2005) and regulation of its syedls, which is very different from that in
animals, is described by Briat et al. (1995). Tdtoterritin is the major iron storage protein in
plants, its concentration may not necessarily ¢atedo iron content. A positive correlation
between ferritin expression and iron content hanlveported in transgenic tobacco, lettuce
(Goto etal., 1998, 2000) and maize (Aluru et @1 D) but not in transgenic rice (Qu et al.,
2005). Also, speciation of iron in the plant sgades anywhere between 18-90% depending on
species (Marentes and Grusak, 1998; Hoppler €2@08; Cvitanich et al., 2010). In white and
red kidney beans it was calculated that 20 and @6&te total seed iron was bound to ferritin
respectively (Hoppler et al., 2008; Cvitanich et 2010) with the largest portion found in the
cytoplasm of cells surrounding the provasculaugsand cells near the epidermal layer. In

contrast, iron in wheat grain is primarily boundotoytate (May et al., 1980).
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2.4.1 Ferritin iron absorption
Iron associated with phyto ferritin has been shéevbe as bioavailable as ferrous sulfate

(Davila-Hicks, et al., 2004, Lonnerdal et al., 2p&éd may be absorbed intact by endocytosis or
micropinocytosis (San Martin et al., 2008). Fastio happen, ferritin must reach the enterocyte
intact. At physiological stomach pH (pH 2) femiis susceptible to pepsin digestion; though
may escape at pH 4 (Martinez-Torres et al., 19&Gter et al., 2008) and the released iron
may interact with polyphenols and phytic acid; digtfactors that inhibit nonheme iron
absorption. However, ferritin is consumed withifoad matrix where pH within a bolus of food
may not reach pH 2 and may be partially proteatechfcomplete digestion (Kalgaonkar and
Lonnerdal, 2008). A recent study suggests thatitasnn food may complex ferritin and reduce
its digestion at pH 4 (Li et al., 2012). Earlitudies had reported reduced rates of animal ferriti
proteolysis (pepsin, pH 2.5) as compared to thahimal apoferritin (Crichton, 1970). Thus,
contribution of ferritin to iron bioavailability istill a subject of discussion and more work needs

to be done to model its influence in a complex fomtrix after in vivo digestion and absorption.

2.5 Extrusion cooking
Extrusion cooking is a high-temperature, short-tpnecess in which moistened, expansive,

starchy and/or high protein food materials aretagd and cooked in a barrel by a
combination of moisture, pressure, temperaturena@chanical shear, resulting in diverse
chemical reactions (Bredie et al., 1998; llo andgBefer, 1999; Camire, 2001). It has emerged
as the preferred technology for development of RdaxlEat (RTE) products such as breakfast
cereals, baby foods, snacks, textured vegetabteipsp and offers numerous advantages over
other heat treatments such as drum drying, rogstowking, etc. (Anderson et al., 1969; Mercier

and Feillet, 1975; Guy, 2001). Compared to conveat heat treatments, extrusion cooking
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improves digestibility and bioavailability of nugnts; offers versatility, high productivity, low
operating costs, energy efficiency and shorter cwpkmes (Alonso et al., 2000; Alonso et al.,
2001). It also offers an ability to develop a rarmd products with distinct textural advantages
including expansion, crispiness and general maegh(Skierkowski et al., 1995; Berrios and

Pan, 2001).

In addition, extrusion cooking denatures many umdble enzymes; inactivates some
antinutritional factors (trypsin inhibitors, haenghginins); sterilizes the finished product; and
minimizes nutrient, color and flavor loss (Bredieak, 1998; llo and Berghofer, 1999; Camire,
2001; Guy, 2001). Other effects include improveatgin digestibility, increased soluble dietary
fiber and reduction of lipid oxidation (Bredie ¢t,4998; llo and Berghofer, 1999; Alonso et al.,
2001). The most important structural effect ofregion cooking is starch gelatinization and
protein denaturation to give desired product tex{iulercier and Feillet, 1975; Skierkowski et
al. 1990). Therefore, protein and starch contéthe@raw material, as well as chemical
composition of these biopolymers are importantdec{Tomas et al., 1997). On the other hand,
extruder processing parameters including raw nateroisture content and flow rate, die
temperature and pressure; and specific mechamead)g significantly influence extrudate
physicochemical and sensory properties (Lawtorn. e1@72; Mercier and Feillet, 1975;

Edwards et al., 1994, llo et al, 1996).

2. 5.1 Extruder types
An extruder consists of a screw(s) which convegsfdod material from a hopper along the

barrel and out through a die achieving heatingdity Imechanical and thermal processes. Two
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types of extruders are in use today; single screivtain screw extruders. Single screw
extruders were initially developed for oil pressimg have since undergone various
transformations (screw configurations/shape, hga#iokets, etc.), to make them more versatile
(Hauck, 1988). Twin screw extruders on the otlarchconsist of two screws of equal length
placed inside the same barrel (Clark, 1978). Tdreygenerally categorized according to the
direction of screw rotation (counter- or co-rotgdimnd to the position of the screw in relation to
one another (intermeshing and non-intermeshingyjin Bcrew extruders have become important
in the food industry due to greater control of bptbduct and process parameters, can work on
formulations with high fat (18-22%) and wide rangésnoisture content (Colonna et al., 1983;

Yacu, 1985; Edwards et al., 1994).

2.5.2 Raw material for extrusion cooking
Extrusion cooking is characterized by low moistcoatent (10-40%) and high temperatures

(100-180°C) and a wide range of raw materials can be utlliz8uy (1994, 2001) has classified
the different ingredients in the raw material adaog to their functional role. Texture is one of
the most important sensory attributes of extrudedlycts and is mostly influenced by food
biopolymers; mainly starches and proteins (Meraret Feillet, 1975; Skierkowski et al. 1990,
1995). At high temperatures and extrusion moistkewels, the biopolymers form a melt fluid
and bubbles of water vapor blow into the fluid donh a foam. At the die end, the pressure
inside the barrel reaches a maximum and as theigrfeliced out of the die, the pressure is
suddenly reduced to atmospheric pressure causitey teachange from liquid to vapor causing

it to puff. Amylose/amylopectin ratios and protemmposition are thus important influencers of
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product quality (Tomas et al., 1997; Guy, 1994,900Corn, wheat, rice and soybean have
provided the bulk of raw material for extruded prots on the market (Mercier and Feillet,

1975; Skierkowski et al.1995; llo et al., 1996; @ieeet al., 1998).

2.5.3 Extrusion cooking of beans
Extrusion cooking has been effectively used to cedhe cooking time, overcome effects of

hard-to-cook defect, eliminate anti-nutritionaltfars, as well as improving the textural,
nutritional, and sensorial characteristics of bgdfarti'n-Cabrejas et al., 1999; Ruiz-Ruiz et al.,
2008; Rocha-Guzman et al., 2008). Hard-to-cookdetevelops in beans that have been stored
under adverse conditions of high temperature (>2a%d high humidity (>65 %) and is
characterized by extended cooking times for cotytesbftening (Hincks and Stanley, 1986;
Jones and Boulter, 1983a; Jones and Boulter, 1388bjhus require increased energy (fuel)
cost for preparation; are less acceptable to thewuoer due to changes in flavor, color, and
texture; and have decreased nutritive quality (Baeg 1982; Molina et al.,1975). However, by
pregelatinizing bean starch, extrusion cookingatively reduces cooking time, bulk viscosity
and increases nutrient density and consumer adubfytaf extrudates (Edwards et al. 1994;
Nyombaire et al., 2011). Numerous studies haveuated effect of extrusion cooking on
nutritional and physicochemical characteristicb@éns but comparison of these effects is
hampered by the diverse types of extruders usedkxtrusion conditions employed and the bean
variety studied. For this reason, it may be nexngs® report extrusion conditions in order to aid
interpretation. The main extrusion conditions thete been studied include barrel temperature,
moisture content and Specific Mechanical Energy ESKIfunction of feed flow rate and

extruder screw speed). The overall effect of esttmu cooking depends on severity of operation
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and the most severe conditions are high temperdtigie SME and low moisture content
(Edwards et al., 1994). Twin screw extruders offiere severe mechanical shear and screw
configurations can be altered to control severitgrocessing. In the following sections,
literature on effects of extrusion cooking on ridgrial and physicochemical characteristics of

beans will be reviewed.

2.5.3.1 Effect on nutritional properties
Extrusion cooking significantly alters the food mpatind influences nutritional value in many

important ways (Camire, 2001). It brings aboutdtayelatinization even at the low moisture
contents employed and breaks down amylose and gextio polymers to lower molecular
weight polymers, increasing susceptibility of cdrnpdrates to enzymatic digestion (Wang et al.,
1993). Effect of extrusion cooking on proteinsnginly due to loss of amino acids during
Maillard reactions and improved digestibility dweprotein denaturation (Della Valle et
al.,1994). Lysine is most reactive amino acid tiupresence of two available amino groups
(O’Brien and Morrissey, 1989), though arginineptgphan, cysteine and histidine are also
vulnerable (lwe et al., 2001). The rate of Madl@eaction increases with severity of extrusion
cooking i.e. high temperatures and low feed mogstantent. Noguchi et al., (1982) showed
loss of lysine during extrusion cooking of a cets@f-based mixture containing 20% sucrose
ranged from 60-100% at 170 °C and 10-14% feed meistLysine loss increases with increase
in sugar content (Bates et al., 1994). BerriosRaa (2001) studied effect of extrusion
processing at different screw speeds (400-500 gyd)flour particle size (0.85 -2.28 mm) on
some nutritional properties of black bean flour W&rner & Pfleiderer Continua twin-screw

extruder was used at constant screw configuratientemperature (160°C), feed rate (25 K, h
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and feed moisture content (18%, wb). Raw matépat particle size and screw speed did not
affect the proximate composition (p >0.05), thoegtrusion cooking significantly reduced (p
<0.05) fat content by over 50%. Loss in lipid anitcan be attributed to complex formation
with amylose which may reduce their extractabiihd eventual bioavailability (Bhatnagar and
Hanna, 1994 a, b). Simons et al. (2012) also dtdind a significant effect of extrusion on
proximate composition, but showed a slight increasesistant starch. The stability of vitamins
depends on their chemical structure and composisowell as extruder parameters (moisture,
temperature, light, oxygen, time and pH (Killeig94; Camire 2001). Overall, the lipid-soluble
vitamins (D and K) and vitamins B6 and B12 (65-9&Xention) are fairly stable while thiamin
and folate are the most susceptible (30-65% retentKilleit, 1994). As in amino acids,
retention of vitamins decreases with severity dfieston cooking i.e., increasing temperature,
screw speed and specific energy input, as welbasedsing moisture content. Steel et al.,
(1995) studied effect of extrusion cooking on thactivation of anti-nutritional factors of freshly
harvested HTC brown Carioca SH bean cultivar. Tus®d a Brabender bench top 19 mm
single-screw extruder run at screw speed of 10Q dentemperature of 190 °C, and feed
moisture content of 21.5% (wb). They reported thdtusion effectively reduced trypsin-
chymotrypsin inhibitor and hemagglutinin activiti@8% and 95%, respectively. Previously,
Edwards et al. (1994) reported a reduction of 8B%®Pof trypsin inhibitor activity on extrusion
of small white bean flour extruded using a WerndPfgiderer 37 mm Continua twin-screw
extruder with varying SME (146-294 Wh/kg), die teargiture of 114-177°C and moisture
content of 15-25%. Using a Brabender bench tomaBsingle-screw extruder, Balandran-

Quintana et al. (1998) studied effect of die terapges (140-180°C), screw speed (150- 250
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rpm) and feed moisture content (18- 22%, wb), gpgin inhibitor activity in extruded pinto
bean flours and reported complete inactivatiorafbexperimental conditions. They also
reported that extrusion processing increased tkérim protein digestibility of the bean
extrudate by 8.3%. Similar to trypsin inhibitottiaty, inactivation of lectins has been subject
of numerous studies. Karanja et al. (1996) usBcahender bench top 19 mm single-screw
extruder to evaluate different processing condgifam lectin inactivation capacity of HTC
Canadian Wonder bean flours. Die temperatures-{B00C), screw speeds (49 -107 rpm), and
feed moisture content (25- 30%, wb) were variedctin inactivation increased with increased
extrusion temperature, moisture content and reseléme. Using a 30 mm laboratory co-
rotating twin-screw extruder and varying moistuoatent (25-36%) die temperature (120-130
°C), screw speed (118-253 rpm), and feed rate (80 gImin), Nyombaire et al., (2011)

achieved a 90% reduction in phytohemagglutinin (PE&ivity for all experimental conditions.

Alonso et al. (2000) studied the comparative eftéaxtrusion cooking, dehulling, soaking, and
germination on protein and starch digestibility aeduction of anti-nutritional factors in kidney
and faba beans. Extrusion processing was perfonrmadlextral X-5 45 mm twin-screw
extruder, operated at 100 rpm, feed rate set abappately 383-385 g/min, 25% wb moisture
content and die temperatures of 152-156°C. Thegrted that even though trypsin,
chymotrypsinp-amylase inhibitor activities of the two types @fdns were decreased
significantly by dehulling, soaking, and germinatidlaemagglutinating activity was not affected
by the conventional processing methods. Howewrygion cooking effectively inactivated all

the antinutrients in the two beans under studyhavit altering protein content. Additionally,
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extrusion was the best method for improving inovirotein and starch digestibility. The effect
of extrusion processing on some oligosaccharidégams has also been studied. Borejszo and
Khan (1992) used a Wenger TX-52 twin-screw extridegarocess pinto bean High Starch
Fraction (HSFs) at die temperatures in the rangel6+163°C, screw speed of 300 rpm, and
feed moisture of 18.8% (wb), to determine the eféé@rocessing conditions on flatulence-
causing sugars (raffinose and stachyose). Inciaasenperature led to decrease in flatulence-
causing sugars. Sucrose content decreased byrv§&miples extruded at 163°C, while
raffinose and stachyose contents were reduced 4 8@%, respectively. Berrios and Pan
(2001) showed that total oligosaccharides in blzedns were not affected by difference in
particle sizes, but was reduced significantly viiitrease in screw speed. Addition of up to
2.0% NaHCQ did not further reduce individual free sugars (Reret al., 2002). The latter
study also observed a decrease in insoluble fiB¢afd an increase in soluble fiber (SF),
showing that extrusion processing causes a rdulision of the IF to SF fractions. The authors
attributed this fiber fraction redistribution torheellulose depolymerization leading to
solubilization of arabinose, and uronic acids. sTéonfirmed what had been earlier reported by
Martin-Cabrejas et al. (1999). Thus, in inactimgtanti nutritional factors, improving
digestibility and reducing flatulence factors, esion cooking enhances nutritional value of

beans.

2.5.3.2 Effect on starch pasting properties and estdate structure
Starch gelatinization and protein denaturationsarae of the most important reactions that

occur during extrusion cooking. The qualitativattees of the extruded products are thus
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characterized by several functional properties sisctvater absorption index (WAI), water
solubility index (WSI), expansion ratio (ER), budknsity (BD) and pasting profiles. These can
be used to estimate extent of cooking, the funaticharacteristics of extrudates, predict how
the materials may behave if further processed anchait end use the extrudate is most suited.
Physicochemical and pasting properties of extrigdatalifferent types of dry beans have been
the topic of several studies. By pregelatiniziegi starch, extrusion cooking effectively
reduces viscosity of gruels, thus increasing thetrient density for malnutrition intervention
foods (Edwards et al. 1994; Nyombaire et al., 20H9wever, as noted by Oikonomou and
Krokida (2011), it is difficult to determine ovelalffect of a single extrusion parameter on
physicochemical characteristics owing to differenicethe starting raw materials, the ranges of
extrusion conditions and their combinations. Edisast al. (1994) extruded small white beans
using a Werner & Pfleiderer Continua twin-screwreder, at constant screw speed of 225 rpm.
SME (146-294 Wh/kg), raw material moisture con{@®m-25%, wb) and die temperatures (114—
177 °C) were varied. As the energy intensity iasez, expansion ratio, starting viscosity and
hot viscosity increased, while bulk density andiegdiscosity decreased. Atlow energy
intensity, SME, die temperature and feed moistorgent significantly increased expansion
index but at higher energy intensity, expansioreindepended mainly on SME. Peak and final
viscosity decreased with increase in either vagialddn the other hand, starting viscosity
increased with increase in SME, die temperaturefead moisture content; showing severity of
starch degradation. All extrusion properties cdagddnathematically modeled as a function of
feed moisture, die temperature, and SME using @iadequations. Karanja et al. (1996) used a

Brabender bench top single-screw extruder runratssspeeds of 49-107 rpm and die
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temperature (100- 180 °C) to evaluate expansion| &8l WSI of Canadian Wonder bean

flours at 25-30% moisture (wb). Expansion and V@Athe extrudate increased while WSI and
bulk density decreased with increased extrusiompégature. Similar results were later reported
by Martin-Cabrejas et al. (1999) for dry bean (derse-head) extrudates, processed in the same
type of extruder, at die temperatures of (140-180°&mons et al. (2012) showed increasing
screw speeds (a measure of SME) reduced expamsier and increased b values on the Hunter
color scale in precooked bean flours. WAI and W8te not significantly affected by screw

speed/SME.

Balandran-Quintana et al. (1998) extruded pintondkaurs at various moisture contents (18-
22%, whb), screw speeds (150- 250 rpm) and die testyres (140-180°C) using a Brabender 19
mm single-screw extruder. They indicated that erapure and feed moisture conditions
significantly (p < 0.05) increased bulk densityparsion, and WAI. Gujska and Khan (1990)
extruded high starch fractions (HSFs) of navy bepimgo beans, and chickpeas and generally
showed an increase in WAI, WSI and expansion raiib increase in temperature up to 32

but a decrease thereafter. Using a 30 mm labgraterotating twin-screw extruder and varying
moisture content (25-36%) die temperature (120°C30screw speed (118-253 rpm), and feed
rate (80 -120 g/min), Nyombaire et al. (2011) répadthat increasing moisture content
significantly increased bulk density of light redkey beans. However, none of the conditions
studied significantly influenced WAI and WSI, thduthere was a general trend of increase with

increase in moisture content and feed rate.
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Berrios and Pan (2001) showed that expansion odtadack bean flours increased with increase
in screw speed and decrease in particle size. Wgomet al., (2011) however did not report
any effect of die temperature, screw speed or m@stontent on expansion ratio of light red
kidney beans. Only feed rate significantly increlaesepansion ratio. Berrios et al. (2004)
further improved expansion ratio two- fold by adgih5% NaHCQ®to black bean flours prior to
extrusion processing, an effect attributed to @naase in the number of air cells and a decrease
in cell wall thickness. The combined effect ofsaeéwo factors caused the collapse of the cell
walls and the appearance of large void spacesmiitieé extrudates causing increased expansion
and reduced strength. In conclusion, increasiagé#verity of mechanical and thermal energy

input as well as the amount of plasticizer faveasch breakdown and loss of viscosity.

2.5.3.3 Effect of extrusion cooking on phytates angolyphenols
Extrusion cooking has been proposed as promismatesty to reduce effect of anti-nutritional

factors in beans. It generally reduces the higiasitol phosphates (IP5 and IP 6) while
increasing lower phosphate fractions (IP2-1P4) (theng et al., 1987; Alonso et al., 2000; El-
Hady and Habiba, 2003). On the other hand, etfeektrusion cooking on polyphenols is
variable and dependent on the polyphenolic prafileeans, decreasing oligomers with degree
of polymerization (DP) of 4-9 while increasing friaos with DP of 1-2 (Korus et al., 2007,
White et al., 2010). A slight reduction in isoftae content and their decarboxylation, causing
higher proportions of acetyl derivatives, on extvasooking has been reported (Mahungu et al.,
1999). However, the consensus is that total pagphc content and anti oxidant activity are

reduced by extrusion cooking (Camire, 2001). Kaual. (2007) studied effect of extrusion
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cooking on the phenolic composition and antioxidastivity of three variously colored (dark-
red, black-brown and cream) Polish bean cultivdilsey used a Brabender 20DN single screw
extruder at constant feed rate and screw speep(8)) variable moisture content (14 and 20%)
and die temperature (120 and 180 °C). Polyphemutent of raw material ranged from 0.3-0.9
mg/g; highest in the dark red and lowest in th@erseed coat colored varietigsaempferol

and quercetin content (the most potent iron abgorphhibiting polyphenols in beans) followed
similar trend. Myricetin, cyanidin, chlorogenicidccaffeic acid, ferulic acid and p-coumaric
acid were the other phenolics identified in botlw eand extruded beans. The effect of extrusion
on the total phenolic content depended on thewvaultincreasing up to 28% in dark red but
decreasing 30 and 38% in black-brown and creanvautrespectively. High moisture and low
temperature maximized increase in former while towisture and high temperature minimized
polyphenol content in the later. Also, effect ofrexler parameters (barrel temperature and
moisture content) on individual phenolic fracticaried; the biggest increase being by 84% in
guercetin content of dark red variety. Some foadidecreased while others increased,
depending on variety and extrusion conditions. r@ljgotal polyphenol content decreased with
increase in temperature and decrease in moistmtertto Both anti-oxidant and free radical
scavenging activity reduced with extrusion cookirgglucing with increase in both temperature
and moisture. Similarly, Delgado-Licon et al. (2D@ndAnton et al. (2009pbserved a
significant decrease in the total polyphenols amgbaidant activity during extrusion of
bean/corn mixture. The decrease in total polyplsesod antioxidant activity was dependent on
process conditions and bean variety; ranging frOR7@% and 22-65% respectively. Alonso et

al. (2000) studied the comparative effect of extmugooking, dehulling, soaking, and
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germination on polyphenol, condensed tannins, dythpe content in kidney and fabeans.
Extrusion processing was performed in a Clextr&l #5 mm twin-screw extruder, operated at
100 rpm, feed rate set at 383-385 g/min, 25%, wdisture content and die temperatures of 152-
156 °C. Raw bean composition was 1.6% phytaten@ug condensed tannins and 2.1mg/g
total polyphenols. Germination for 72 hrs was nedi#ctive in removing phytates (30.2%)
while dehulling eliminated up to 90% of polyphenatsl condensed tannins. Extrusion cooking
eliminated 21.4% phytates, 83.8% tannins and 4568Bphenols. Similar results were obtained
in a later study (Alonso et al., 2001) which, aftecounting for individual inositol phosphates,
showed that reduction in total phytates was onlywi§ite the IP-6 fraction reduced by 26.8%;
with a concomitant increase in IP-5 (fivefold) dRd4. Thermal hydrolysis was credited for
effects of extrusion cooking on phytates while @tlextractability (due to increased
polymerization or complexing with proteins and ethgdrophobic components) and altered
chemical reactivity could explain effect on polypbés. Earlier, Sandberg et al. (1987) had
shown thermal hydrolysis of IP-6 to lower inosipblosphates on extrusion cooking on wheat
bran and subsequent inactivation of phytase enzyEh¢lady and Habiba (2003) studied effect
of soaking and extrusion conditions on polyphetasinins and phytate content of peas,
chickpeas, faba and kidney beans. Seeds weredabB@ °C for 16 h and extruded in a
Brabender Laboratory Single-Screw extruder at égianoisture content (18% or 22% wb),
barrel temperature (140°C or 180°C), constant sesed (250 rpm); screw compression 4:1;
feeding screw speed (160 rpm). Raw beans contdirdéd phytic acid, 2.33 mg/g tannins and
0.64 mg/g polyphenols. All the anti-nutrients reeld with soaking (11.9, 2 and 4.5%);

extrusion cooking (12.6, 16 and 15.7%) and a coatlun of the two (14, 26.6 and 35.4 %)
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respectively. During extrusion cooking, a high pemature and high moisture content favored
loss of phytates, tannins and polyphenols thoughrtteraction was not significant. Overall, a
decrease in polyphenol and phytic acid contenbseoved on extrusion cooking; which effect
increases with severity of extrusion cooking predee., increase in temperature and reduction
in moisture content). The effect on polyphenolteonhis further complicated by the fact that
their analysis is challenging since they may benblaiw non-starch polysaccharides and are not
easily released during extraction procedures (Ggral01). The increase in free phenolic
compounds on extrusion cooking may thus be duleetontal liberation. However, decrease in
polyphenol content may be due to complexing with-starch polysaccharides though some
phenolics, e.g. caffeic-, ferulic- and p-coumagaa are heat-sensitive and susceptible to
thermal breakdown (Dimberg et al., 1996). Themfeareful characterization of both phytic
acid and phenolic compounds and their breakdowdymts in extruded foods by mass
spectrometry is essential in order to understamd drdrusion alters these compounds and their

potential health effects.

2.5.3.4 Effect on iron bioavailability
Compared to effect on polyphenol and phytic acidteots (factors known to inhibit iron

absorption), relatively little work has been dometloe effect of extrusion cooking on iron
bioavailability. In most studies, reduction in yothenol and phytate acid content has
traditionally been considered as a proxy to inaeeasron bioavailability. However, as Hurrel
et al., (1992) showed, reduction in phytate ougtid as high as 95% of natural levels for

appreciable effects in bioavailability to be reatiz Indeed, studies of effect of extrusion
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cooking on iron bioavailability have showed mixegults with some showing an increase while
others do not. Alonso et al. (2001) studied eftéatxtrusion cooking on mineral bioavailability
in pea and kidney bean seed meals. Finely grdondsfwere extruded in a Co-rotating twin
screw extruder (100 rpm screw speed, 350 g/min faie, 25% moisture content and 150 °C die
temperature). A significant increase in iron cont®as reported after extrusion cooking, an
effect considered to be due to wear and tear ofidgt metal parts. Alongside a reduction in
total phytates (4%) and IP-6 (26.8%) and concomitarease in IP-5 (fivefold) and IP-4 as well
70% reduction in tannin content, iron bioavaildpiincreased by 40%. The increase in iron
bioavailability due to iron contamination from exdler parts was not accounted for in this study.
However, the change in phytate fractions, from aighhosphate to lower phosphate inositols (as
well as tannin degradation) may partially explaicrease in iron bioavailability. Inositol
phosphates with less than 5 phosphate groups learesthown to have no iron absorption
inhibition capacity (L6nnerdal et al.,1989, Sanbetrgl., 1999). Hazell and Johnson, (1989)
used iron diffusibility as a measure of iron bio#adaility and showed that it increased from less
than 3% in raw whole maize to over 20% in a refinad extruded product. However, they
concluded that the extrusion cooking process @affitgas responsible for only a small part of the
increase in iron diffusibility, with the bulk of ¢éhincrease in diffusibility attributed to pre-

processing procedures and contamination from psaog&quipment.

Hurrell et al., (2002) studied effect of extrusmooking, steam cooking and roller drying on

phytate degradation and related it to improvememtoin bioavailability in rice, maize and wheat

using the radio labeled iron extrinsic tag techeig&xtrusion cooking was carried out at 25%
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moisture content, 160 °C die temperature, 10 Mpeasure and steam cooking at 285 The
study showed that iron absorption was relatively fom products made with the different
cereal flours, ranging from 1.8-5.5% for rice, 3.5% for maize, 4.9-13.6% for low-extraction
wheat, and <1% for high-extraction wheat foodse Pphytic acid content remained high after
extrusion cooking (1.2, 1.7, 3.2, 3.3 mg/g in loxtraction wheat, rice, high-extraction wheat
and maize products respectively) and could exgrariow iron absorption. There were little or
no differences in iron absorption between the elddiand roller-dried cereals. Bread-making,
however, degraded phytic acid to non-detectablel$ewn the low-extraction wheat flour and
increased iron absorption to 13.6%. Similar resswkre obtained by Frontela et al. (2008) who
showed that an industrial roasting process dicsuafitciently reduce phytic acid and high
inositol phosphates (IP-5 and IP-6) in infant ckréa effect increase in iron bioavailability. The
phytate/iron molar ratio was >1.3, substantiallytt@ar than the <0.4:1 required in order to
achieve, at least, a 2-fold increase in iron aligmmdHurrell, 2004). Earlier, Ummadi et al.,
(1995) showed that though lower forms of inositebgphates (IP-3, IP-4 and IP-5) increased to
51-71% of total phytate in extruded navy beans;lgieas, cowpeas and lentils (from 21-33% in
raw legumes) and tannin content decreased, irdyzdiaility was 1.2-2.7% and was not
significantly improved by extrusion cooking. Theyncluded that protein fractions formed
during extrusion processing may bind iron tightiglaeduce its bioavailability. In conclusion,
extrusion cooking is a promising strategy to im@awon bioavailability at constant iron content
by modifying the food matrix and aiding releaseroh as well as reducing the anti-nutritional

factors.
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2.5.3.5 Effect on bean sensory properties
Extrusion is used commercially to produce high gddveakfast and snack foods based on cereals

such as wheat or corn. Though promising, the talolgly is not being commercially used for
legume pulse seeds due to low expansion ratio aadgensory properties as compared to
traditional wheat and corn extruded products. Hewethe rise in consumer demand for
convenience and/or healthy foods has spurred ggnifinterest in developing bean based
extruded products. The variety of products mademfcommon bean extrudates include
porridges (Nyombaire et al., 2011); and expandediss) breakfast cereal type products (Berrios
et al., 2008). Extruded bean products are markatetie basis of superior healthful properties
like high protein and dietary fiber, low-caloriesry low in sodium and fat, cholesterol-free and
gluten-free. Extrusion cooking generates varidasor profiles depending on the raw material
(Bredie et al., 1998). Temperature and moisturellare the most important variables
influencing aroma generation, with higher tempeaegiand moisture contents favoring burnt and
toasted aromas. However, there is a dearth ohrels®n specific sensory properties of extruded
beans. Berrios et al. (2008) developed barbediemse, classic, sugar and plain coated
breakfast cereal type snack from a range of leguandshowed an overall average liking
percentage of 80%, independent of the type of ogatsed, and about 60% for the plain snack.
Nyombaire et al. (2011) used a 30 mm laboratoryotating twin-screw extruder to study effect
of moisture content (25-36 %), die temperature {120°C), screw speed (118-253 rpm), and
feed rate (80 -120 g/min) on sensory charactesistiextruded red kidney bean. A Rwandese
consumer panel scored porridge from the flour @b a nine point hedonic scale with over 75%
of the panelists scoring it at 7 and above. Sieal. (1995) used extrusion cooking to reverse

the effects of hard to cook defect in beans armbéshed sensory properties of the extrudates.
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They used a Brabender single screw laboratory éatyiModel GNF 101412, at 190 °C die
temperature; rotation of the screw, 100 rpm; daerditer, 3mm and compression ratio, 3: 1. A
trained panel was used to assess sensory chasticteriHard to cook beans exhibited a
significantly inferior flavor to fresh beans and extrusion cooking, hard to cook beans
exhibited a bitter taste which was more pronourtbed that of extruded fresh beans.
Skierkowski et al. (1995) studied effect of extamscooking on textural properties of snacks and
compared instrumental measurements to consumegsatiThey used a Wenger X-5 laboratory
single screw with a length/diameter ratio was 0.5 he screw speed was set at 700 rpm, feed
rate of 7 kg/hr, die temperature 110-150 °C andstnoe adjusted by injecting water into the
feed at a constant level of 1.9 L/hr. Increasiagdd temperature reduced sample stress and
increased sensory score for crispness. Produstegsed below 121°C were unacceptable.
They also established effect of protein and filmtent and showed acceptable ranges of 13-
16% protein or 17-21% fiber; outside of which eximtes were too hard. However, shear stress
increased with increasing protein or fiber conteht. better understand the effect of extruded
bean flour on sensory characteristics, investigatiooking at effect of flour substitution at
various levels have been done. Anton et al. (2808Jied effect of 15, 30 and 45% substitution
of corn flour with bean flour in an extrusion codkertified puffed snack. They used a
laboratory scale twin screw extruder screw lengttiameter (L/D) ratio of 25.0. Process
variables (screw speed, moisture, and temperafuhe dinal zones) were kept constant (150
rom, 22% and 168C). Corn starch-bean extrudates were densereigended and harder than
corn starch controls. However starch fortifiedn80% bean flour produced extrudates with

crispness comparable to corn starch. In conclushmugh data on sensory properties of
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extruded bean flour is scarce, the few studieshthae been presented show that beans increase
hardness of snacks and introduce beany/bitterstastextrusion. However, as most of the
snacks are flavored, flavoring of bean snacksgualh long way in improving consumer

acceptability.

2.6 Food product optimization

2.6.1 Rationale for product optimization
Food product optimization refers to the procesdatérmining values of the independent

variables that lead to an optimal value of the fiomcthat is to be optimized (Schutz, 1983,
Stone and Sidel, 1985). The information obtairseidhiportant for product formulation efforts
and quality control; and forms a basis for iderntifythose specific product variables that require
monitoring before and during processing (Stone%idel, 1985). Computer programs capable
of analyzing optimization models have been devalppad these graphically or numerically
identify a combination of factor levels that sinaumeously satisfy the requirements placed on
each of the responses and factors. Contour pletsseful to study optimization data and
determine optimal conditions (Rustom, 1991). Optation of ingredients and processes during
product development helps answer questions likey Hoes each process and ingredient affect
product quality? How do they correlate to the oihgredients/processes? Which correlations
are most important for product quality manageméta® does one choose the right combination
of ingredients and their levels? All this will letmldevelopment of a product with optimal

quality indices and a better consumer acceptance.
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2.6.2 Response surface methodology
Response surface methodology (RSM) is the most comstatistical optimization method used

in the food industry (Saguy et al., 1984). It iscdlection of mathematical and statistical
techniques that are useful for the modeling andlyaisaof problems in which the response of
interest is influenced by several variables andfbjective is to optimize this response. RSM is
an effective technique used for processes or fatians with minimal experimental trials when
many factors and their interactions may be invol{Mdlcolmson et al., 1993). These designs
provide information on direct effects, pair wiséeiractions and curvilinear variable effects. In
RSM an experimental design is used to fit a modelgileast squares regression analysis whose
adequacy is revealed by diagnostic checking pravijeanalysis of variance (ANOVA) and
residual plots. There are many classes of RSMydsdiut Center Composite Design (CCD) and

D-optimal are the most popular.

2.6.3 Desirability function approach
Several optimization methods can be used to optimmalti-response systems including

conventional graphic method, the improved graphethod, the extended response surface
procedure (based on a software program to seardpfonum solutions) (Fichtali, et al., 1990)
and the desirability function approach. The Ddslity Function Approach (DFA) is an
analytical technique for optimization of multiplesponses simultaneously. It was first
developed by Harrington (1965) and later modifiad extended by Derringer and Suich (1980).
DFA calculates individual desirability associateithveach response and then an overall
desirability can be calculated as the geometricnaéandividual desirability. The characteristic
of DFA as simple and easy to apply has allowedesative judgment on the importance of

response variables (Guillou and Floros, 1993). D#ethod has been employed by major
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statistical software such as StatEase and Mingahemain method to optimize the design to

targeted values.
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CHAPTER 3. WHITE COMMON BEANS ( PHASEOLUSVULGARIYS)
HAVE HIGHER INVITRO IRON BIOAVAILABILITY THAN COLOR ED
SEED COAT VARIETIES

Mutambuka M, Murphy PA, Hendrich S, Reddy MB

Department of Food Science and Human Nutrition d@&tate University

A paper in preparation for submission to fearnal of Agricultural and Food Chemistry

Abstract
Iron bioavailability of 16 Ugandan bean varietiegsnetermined and modeled with respect to

key influencing factors; phytate, polyphenol, feénreand iron content. An in vitro
digestion/Caco-2 cell culture model was used termane iron bioavailability and ferritin
guantification by western blot densitometry. Pdlgpol content ranged from 0.2-1.8 mg/g;
phytate, 0.2-1.6%; iron, 57-90 pg/g; ferritin, 2885 pg/g, relative bioavailability 5.5-34.3%

and were significantly different (P<0.05) acrosarbegarieties. Iron bioavailability of white seed
coat varieties (34.3%) was significantly higher Qf3001) than in colored seed coat varieties (5-
10%). A fixed effects multiple regression modelskd that polyphenol content, iron content
and their interaction were significant model tei{@s0.05), explaining 68% of the variation in
iron bioavailability. Linear effects of polyphenahd iron content decreased iron bioavailability
while their interaction increased it. Our datggest that iron bioavailability in beans is

complex but can be indirectly screened for by sexd color.
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3.1 INTRODUCTION
Iron deficiency is the most prevalent micronutridaficiency in the world (WHO, 2010) and is

the primary cause of anemia. Adverse effects efraa include increased mortality and
morbidity, decreased labor productivity, and impdineurological/mental development
(Stoltzfus, 2001). The main cause of iron deficiers a dependence on low iron bioavailability
staples and particularly affected are populationdeveloping countries. Strategies to control
iron deficiency include supplementation, fortifiicat, biofortification and dietary diversification
(Zimmermann and Hurrell, 2007). However, thesergdfhave all fallen short of making any
significant improvements in the iron status of ¢f@al population (Micronutrient Initiative,

2004) and new, complimentary strategies need tebised.

Common beandhaseolus vulgaris) are an important staple in many parts of SoutteAca,
Africa and Asia. They are the prime source of Gafy proteins and iron; and in spite of high
iron content (30-190 ppm) (Grahastnal., 1999; CIAT, 2008; Beebst al., 2000), its
bioavailability is very low (<5%) (Lynch et al., 89; Donangelo et al., 2003; Beiseigel et al.,
2007; Petry et al., 2010; Petry et al., 2012) at8ies to increase their contribution to iron
nutrition should increase both iron concentratiod hioavailability. Indeed, biofortification
efforts have been successful in increasing thecgmment of beans (Bouis, 2003; CIAT, 2008)
but these efforts have not been matched with dieg® increase its bioavailability. To achieve

atleast 30% Estimated Average Requirements (EARPoffrom beans for nonpregnant, non
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lactating women (1,460 pg/day) and children 4-6($69 pg/day) at constant iron bioavilability
of 5%, iron content of beans needs to be increas&07 pg/g (Bouis et al., 2011). Though
some studies show an increase in total absorbadhith increase in bean iron content (Tako et
al., 2009; Tako et al., 2011) others have showsuuh benefit (Donangelo et al., 2003; Petry et

al., 2012).

Iron bioavailability varies widely among bean véigs and is mainly determined by polyphenol
and phytic acid content, factors known to inhibini absorption (Welch et al., 2000; Hu et al.,
2006; Petry et al., 2010; Petry et al., 2012). sehact by forming insoluble complexes with
dietary iron in the gastro-intestinal tract thusiiiting its absorption. Polyphenols and phytic
acid reduce iron bioavailability in a dose deperadeanner but their combined effect is complex
(Welch et al., 2000; Hu et al., 2006; Petry et2010) and may be a function of type of
polyphenols present (Brune et al.,1989; Hurredle1999). However, the general consensus is
that breeding for low polyphenol/low phytates vaeg (Mendoza, 2002; Campion et al., 2009);
or their elimination through appropriate procesgidgrrel et al., 1992; Petry et al., 2010)
significantly improves iron bioavailability. Faetthat enhance iron bioavailability include

ascorbic acid, animal tissue and certain aminosa@arpenter and Mahoney, 1992).

Ferritin, on the other hand, is an iron storageéginowvhose associated iron has been shown to be
highly bioavailable (Davila-Hicks et al., 2004; Lwerdal et al., 2006) and may be absorbed
intact by endocytosis or micro pinocytosis (Santviagt al., 2008). However, ferritin is
susceptible to gastric digestion at physiologidal(pH 2) releasing the associated iron to

interact with phytates and polyphenols (Hopplealet2008). Regardless, there is a lot of
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interest in ferritin content of beans and how feeffs iron bioavailability (Lukac et al., 2009;
Aluru et al., 2011). Therefore, it is importantuiederstand iron bioavailability in a complex

food system containing both inhibitors and potdmtiadifiers.

This study, therefore, aimed at screening 16 Ugabean varieties for iron bioavailability and
modeling it with respect to key influencing factaren, phytates, polyphenol and ferritin. The
in vitro digestion/Caco-2 cell culture model wagdisis a cost effective technique to measure
iron bioavailability (Glahn et al., 1998; ProulxcaReddy, 2006). It was hypothesized that
modeling iron bioavailability in beans will estadilirelative contribution of each factor and

provide guidelines for breeding programs.

3.2 MATERIALS AND METHODS

3.2.1. Materials
Table 3.1 shows the bean varieties used in thdysind their seed coat color. Sixteen (16) bean

varieties were obtained from National Crops ResesiResearch Institute (NaCRRI) in
Kampala, Uganda. The seeds were washed in distiler, dried and ground using a cyclone
sample mill (UD Corporation, Boulder, CA) to paksough a 0.5 mm diameter particle size
screen. Flours were then stored at 4°C until amalylours for iron bioavailability studies were
autoclaved (121 °C for 15 min) with sufficient deimed water. After cooling to room
temperature, the samples were lyophilized, groand,stored in airtight containers at 4 °C.
Recombinant pea ferritin (rFerr) was kindly donafean the Institute of Food Science and
Technology, Laboratory of Human Nutrition (Zuri®witzerland). Primary anti-soy ferritin

polyclonal anti body was kindly donated by Dr. P&abtt, Department of Agronomy, lowa state
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University. All chemicals and reagents were puseltefrom Sigma Aldrich (St. Louis, MO) and

Fisher Scientific Co. (Fairlawn, NJ) unless otheewstated.

3.2.2. Analytical methods

3.2.2.1. Moisture content
The moisture content was determined by AOAC me8f&109 using a convectional drying

chamber (AOAC, 1999). Two grams of bean flour weegghed on to an aluminum moisture
dish and dried at 125 °C for 3 h, cooled for 5 mia desiccator and a final dry weight

measurement made.

3.2.2.2. Phytic acid
Phytic acid content was determined according tagutares developed by Harland and Oberleas

(1986). Phytic acid is isolated by anion exchacig@matography followed by acid digestion to
release inorganic phosphorous, which is quantiiizdolorimetric assay. Briefly, phytic acid
was extracted from flour samples with 2.4% HCli¢raff flour: acid of 1:20 wi/v) for 4 h at room
temperature on an orbital shaker, centrifuged 804pm for 10 min and supernatant filtered
through a No.1 Whatman filter paper. The supematas mixed with Sodium EDTA-NaOH,
added to Anion exchange resin (AG1-X4, 100-200 mé&storide form; Bio-Rad Laboratories,
Richmond, CA) and eluted sequentially with distlllwater, 0.1 M NaCl and 0.7 M NaCl. The
eluent was digested with,HO, and HNQ on a Micro Kjeldahl digestion block and released
phosphorous colorimtrically assayed with ammoniuatyindate and sulfonic acid reagents.

AACC Red Wheat bran was used as a control.
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3.2.2.3. Polyphenols
Polyphenol content was measured colorimetricallgaschin equivalents by Folin-Ciocalteau

reagent after methanol/water/acetic acid (75:3@®)action according to procedures by
Zielinski and Kozlowska (2000) with minor modificats as below. One gram of sample was
extracted with 20 mL Methanol/Water/Acetic acidutmn for 2 h at 4°C on a mechanical
shaker. The samples were then centrifuged at Q®gdfdr 10 min at 4°C and the supernatant
filtered through #1 Whitman filter paper. A 0.2% @mliquot was then mixed with 0.25 mL of

1IN Folin-Ciocalteau reagent and 2 mL distillatedava After 3 min at room temperature (but
less than 8 minutes), 0.25 mL of a saturated sod@nnonate solution was added and the
mixture placed at 37 °C in a water bath for 30 miline absorbance was measured at 750 nm
using a UV/vis spectrophotometer (SpectrBriitD, Spectronic Instruments). (+)-Catechin was
used as the reference standard and the resultsewgressed as mg of catechin equivalents/g

sample.

3.2.2.4. Iron bioavailability
Iron bio-availability was determined according tethrods proposed by Proulx and Reddy (2006)

using in vitro digestion/Caco-2 cell culture mode€erritin synthesis by the Caco-2 cells was
used as a measure of iron absorption. The proescue briefly described below.

In vitro digestion of bean flours: Autoclaved and freeze dried bean flour was seqaknti
digested with pepsin (at pH 2) and pancreatin Ka6pto simulate gastric and duodenal
digestion and enzyme activity stopped by heatrmeat for 4 min in boiling water. A ferrous
ascorbic acid (1:20 molar ratio) solution was ideld as a positive control. In a separate set of

samples, 0.1mM ascorbic acid was added to incifeaseén response.
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Iron Bioavailability in Caco-2 Cells: All reagents for cell culture work were from Sigma
Aldrich (St Louis, MO) or Gibco BRL (Grand IslandyY) unless otherwise mentioned. Human
Caco-2 cells were obtained at passage 19 from Aareiype Culture Collection (Rockville,
MD) and experiments conducted at passages 39-43cdlls were seeded at a density of 2.85x
10°cells/well in a 12 well collagen treated cell cuét plates and maintained at 37° C and 5%
COz in Dulbecco’s Modified Eagle’s Medium (DMEM) withO% fetal bovine serum (FBS), 1%
v/v nonessential amino acids and 1% v/v antibiatitimycotic solution for 15 days. On day 15,
DMEM was removed and serum free media (Glahn €t988) together with supernatant of bean
digest were incubated for 24 h and cells were Isegeby sonication. Total cellular protein was
determined in the lysates by the Bradford Coomasssay and cellular ferritin content
determined by radioimmunoassay (Fer-Iron Il, Raim&boratories, Stafford, TX). Relative
Biological Availability (RBA) was determined as fein per gram of cell protein content and

expressed as percentage of ferrous ascorbic acttbto

3.2.2.5. Ferritin content
The ferritin content was determined by western ptotedures using a polyclonal primary anti

soybean ferritin anti-body followed by densitomdty ferritin quantification.

Protein and Ferritin Extraction Design: To optimize extraction of ferritin, NABE 6, a small
white Ugandan bean variety, was used and two iagabean matrix (whole bean and flour)
and four pH buffers (pH 4.5, 6.8, 7.2 and 8) \@rie

Protein extraction: Crude protein extracts were prepared from beanssaed flours using

methods described by Lukac et al. (2009) with sommer modifications as follows. Protein
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was extracted from previously soaked bean seedseidium phosphate buffer at pH according
to experimental design. Likewise, the flours wepaked in extraction buffer for 4 h with
shaking on orbital shaker at room temperature. hidmogenate was centrifuged and
supernatant termed initial extract. A semi puafion procedure was followed by including
sequential precipitation with 25% Mg&ind 50% sodium citrate and re-suspension of regulta
pellet with 10 mM sodium phosphate buffer, at pBl 7This protein fraction was designated the

final extract.

Protein analysis The nitrogen content of bean flour was determingdg the Dumas method
(AOAC procedure 990.03) with a Rapid NIII AnalyZ&lementar Americas, Inc., Mt. Laurel,
NJ) and a nitrogen-protein conversion factor ob@i2ed. The protein concentration of extracts
was determined using the Lowry method modifiechornicro plate (Fryer et al., 1986).

Gel electrophoresis:The protein content of all extracts was normalite@ mg/mL for western
blotting and 1.5 mg/mL for SDS PAGE, to ensure@gin load of 60 and 30 ug protein per
well, respectively. Where necessary, the proteige concentrated by ultra-filtration using
Amicon Ultra-0.5 mL Centrifugal Filters, with NomahMolecular Weight Limit (NMWL) of

100 kDa (Millipore Corporation, Billerica, MA). Iéctrophoresis followed procedures
developed by Laemmli (1979) using 4% mercaptoethanoeducing agent and 1.5 mm thick,
15% sodium dodecyl sulfate (SDS) gels in MiniPratdeElectrophoresis Cell and Transfer
Apparatus (Bio-Rad, Hercules, CA). The gels (1B)mvere either stained with Coomassie blue
R-250 in fixative and destained with 40% methar@@tlacetate to detect separated protein

bands or used for western blot.
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Western blot: Proteins from the SDS gel were transferred to ImitonkP*® (a 0.2um micro
porous polyvinylidene fluoride (PVDF) transfer menauee (Millipore Corporation, Billerica,

MA) according to the methods described by Towbialef1979). Following transfer, the
proteins were probed with anti-soy ferritin polyeéd antibody (1:500) and horseradish alkaline
phosphatase (AP) -conjugated goat anti-rabbit skrgrantibody (1:5,000) and color developed
with standard chromogenic detection protocols ugiRgconjugate substrate kit (Bio-Rad

Laboratories, Hercules, CA).

Densitometry: Blots and SDS PAGE gels, after color developmedtfexation respectively,
were allowed to dry at room temperature (for blais) a digital image captured using GS-800
Calibrated Imaging Densitometer (Bio-Rad LaborawrHercules, CA). The absorbance of

bands at was measured using Image J free softwape/{rsbweb.nih.gov/ii/). For western blot

densitometry, observed absorbance values were dedwve ng ferritin per gram of bean seed
using known amount of rFerr as a standard.

Non- heme iron: Non Heme iron content in bean flours was measuokatimetrically after
trichloacetic acid (TCA) digestion, using methodsgomsed by Swain et al., (2002). Flour (0.25
g) was mixed with 0.5 mL 10% TCA/3 N HClI in a 1% entrifuge tube, capped and incubated
for 20 h at 65C. The sample was cooled and centrifuged at 3@0for 15 min. The
supernatant was mixed with ferrozine [3-(2-pyriey)®-diphenyl-1,2,4-triazine-4’,4”-disulfonic
acid sodium salt] as a chromogen in a micro platajbated for 10 min and absorbance of color

product measured at 563 nm using KC Junior softxeesion 1.14) and Micro Plate Reader
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(ELx808; Bio-Tek Instruments, Inc., Winooski, VTIron concentration was measured against
an iron standard curve (made from atomic absormiandard solution, 1mg/mL). All the water
used was 18I dd water and all glassware had been soaked overnigN HCI and rinsed

three times in 18I water.

3.3. Statistical analysis
The results were expressed as means (£SD) and #\salfy\Variance (ANOVA) was done to

determine the significant differences among mealewed by Tukey-Kramer multiple
comparison test when the F-test demonstrated gignife of differences among means. To
assess the interactive effect of bean matrix atdetion buffer pH, two-way ANOVA was

used. Multiple linear regression with interactioves used to model relationships between bean
composition and iron bioavailability. Data froncbassay (n=3-6) were averaged prior to
statistical modeling. The differences were consdestatistically significant at R<05.

Analyses were performed using SAS software, ver8i@8r(SAS Institute Inc. Cary, NC).

3.4. RESULTS AND DISCUSSION

3.4.1. Modeling iron bioavailability
Table 3.1 shows iron, polyphenol, ferritin and phigicid content of beans as well as the

Relative Biological Availability (RBA) of bean iroMhere were significant differences (P<0.05)
in the bean composition and iron bioavailabili§olyphenol content of raw beans (reported as
catechin equivalents) ranged from 0.2 to1.76 mgfwaas lowest in the white seed coat

varieties. The Folin’s reagent assay used ingtuidy quantified total polyphenol content while
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the acidified methanol used for extraction has IsF&wn to maximize yield of total polyphenols
from foods (Ju et al., 2003; Ranilla et al., 2009htal phytic acid content ranged from 0.19
to1.6 g/100g while iron content ranged from 57 1p@/g and ferritin content varied from 285 to
495 pg/g. The phytic acid content of beans usedisstudy compared well with results
reported in literature for beans (0.2-2.8%) (Red@@1). Iron content was also in the range (30-
90 ng/g) reported for market classes (Graleaah., 1999; CIAT, 2008; Beebet al., 2000) of
bean seed and was significantly (P<0.001) diffeaendng bean varieties, lowest in NABE2, the
small black variety and highest in NABE14, a redety. The RBA of autoclaved beans ranged
from 5.5-34.3% and was significantly different (PF8@01) among bean varieties. White seed
coat varieties had the highest RBA (34.3%) and sapeificantly different from colored seed
coat varieties (5.5-9.8%). Table 3.2 shows sigaiit model terms relating iron bioavailability
and bean composition. A fixed effects multipleresgion model (P-value=0.0028-R.68)

showed negative effects of polyphenol and iron lewvthieir interaction was positive (Table 3.2).

Numerous studies have reported a polyphenol coonfdrgans in the range of 0.19 to 0.48 mg/g
seed and shown that bean seed coat color is adaraftpolyphenol content (Elias et al., 1979;
Bressani and Elias, 1980; Hu et al., 2006, Luthnd Pastor-Corales, 2006). Bean seed coat
color is determined by the presence and amourdgfefent types of flavonoids (flavonol
glycosides, anthocyanins, and condensed tannirssifirocyanidins) (Takeoka et al.,1997;
Beninger et al.,1998). Though the inhibiting effetpolyphenols on iron absorption has largely
been demonstrated, the capability of complex folenawith iron depends on their structure.

Colored bean seed coats contain polyphenols wittoatihydroxy (catechol) or
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trinydroxybenzene group (galloyl) such as proangaoains (catechol groups) and hydrolysable
tannins (galloyl groups) which are the most potenmt absorption inhibitors (Brune et al., 1989;
Hurrell et al., 1999; Hu et al., 2006). On theasthand, white seed coat beans contain phenolic
acids, but not anthocyanins or condensed tanniney(@y et al., 2003; Espinosa-Alonso et al.,
2006; Hu et al., 2006) which may explain the obsdrigh iron bioavailability. Numerous
previous workers have shown significantly highenibioavailability of white seed coat varieties
as compared to colored ones (Welch et al., 2000CtHil, 2006; Ariza-Nieto et al., 2007; Tako

and Glahn, 2010).

The inhibitory effect of phytic acid on iron abstgm was not significant in this study. This is
regardless of the fact that phytic acid has beewsho be a strong inhibitor of iron absorption
in a dose dependent manner (Hallberg, 1989; Hatral., 1992, Pertry et al., 2010). In the
presence of polyphenols, phytic acid effect mayb®osignificant; but once polyphenols are
removed from the same food matrix, the effect oftjghacid becomes significant (Petry et al.,
2010). The effect of ferritin was also not sigrdfint in this study. This could be explained by
the fact that in vitro digestion was carried ouplysiological pH (pH 2) at which ferritin is
susceptible to degradation (Hoppler et al., 20Ghdoet al., 2011; Li et al., 2012). The
associated iron is released to interact with plegtand polyphenaols; just like any other non-
heme iron. Also, the fraction of total bean seed stored by ferritin may have been low.
Hoppler et al. (2008) reported that only 20 and 25%he total seed iron in white and red kidney
beans was bound to ferritin respectively, a reshith was confirmed by Cvitanich et al. (2010).

The latter authors showed that the largest podfaron is found in the cytoplasm of cells
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surrounding the provascular tissue and cells rieaepidermal layer. Further, the range of
ferritin used in this study was too narrow (285-44§g) and the standard deviation too high,
which may explain the non-significant contributiointhe factor to the model. A wider
composition range and a more reliable assay areregtjto further study this parameter. The
negative effect of iron on iron bioavailability @rsed in this study shows that increasing iron
content in presence of inhibitors may not necelysagrease percentage absorbable iron
(Donangelo et al., 2003; Hu et al., 2006; Petrgl2012) though total iron absorbed may
increase (Tako et al., 2009; Tako et al., 2011)usT to optimize iron bioavailability, future
biofortification programs ought to breed for lomygghenol and low phytic acid as well as high
iron bioavailability.

Effect of ascorbic acid:Ascorbic acid is usually added to Caco-2 cellungltmodels to amplify
iron uptake and its effect is assumed to be unifacness food matrices. This study aimed at
establishing validity of this assumption in a béaod matrix. Table 3.3 shows relative
bioavailability of beans with or without added 0Mmascorbic acid. We added ascorbic acid to
digested bean samples to compare the beans witlowexb ferritin response. Ascorbic acid
increased iron bioavailability in colored varietlast not in white seed coat ones. However, the
relative bioavailability of white seed coat varietgs still significantly higher (P<0.0001) than
that of colored ones even in the presence of agcad. Ascorbic acid is a known enhancer of
iron bioavailability (Hallberg, 1989). Howevers igffect may be dependent on the food matrix.
Hu et al., (2006) reported enhancement of ironadability of white seed coat varieties but not
the colored seed coat ones in a Caco-2 cell cuwgel. The iron uptake from colored seed

coat varieties was not significantly different frahe control blank and 0.1mM ascorbic acid did
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not significantly enhance bioavailability, an etfdtey related to the polyphenol content of
colored seed coat varieties. The authors also stidiaat dehulling significantly reduced
polyphenol content and enhanced bioavailabilithug; the effect of ascorbic acid on iron
uptake from beans in Caco-2 cell culture may beeddent polyphenol content, which in turn is
genetically controlled. However, it is not clednyascorbic acid did not enhance iron

bioavailability of white seed coat varieties in therent study.

3.4.2. Optimization of ferritin extraction
The methodology used to determine ferritin conterhis study is novel (Lukac et al., 2009) and

we aimed to optimize it with respect to extractiurifer pH and the form of seed used (whole
seed vs. bean flour). We hypothesized that a @ the pl of phaseolin (the major bean storage
proteins with a pl of 4-5) would eliminate thisdteon and reduce competition for ferritin (pl of
6.0) binding to anti-body in the western blot asskigure 3.1 shows the percentage of total seed
protein that was extracted from the seed and fiaetions (designated initial protein extract);
and that retained after the semi-purification pduce (final protein extract) of NABE 6. Total
protein content of the bean variety used was 23.8%ahis, the percent protein extracted with
buffer (initial protein extract) ranged from 41%%74+5%. Table 3.4 shows two-way analysis of
ANOVA showing effect of pH, seed matrix and theitaeraction on initial and final protein
extraction. pH, seed matrix and pH*seed matrigrattion significantly (P<0.05) affected
amount of protein extracted, increasing with inseem pH and in flour matrix. The final protein
extract after semi-purification ranged from 0.0026 to 0.009+0.0012%. Extraction buffer
pH significantly (P<0.05) increased final protekxtracted where as neither seed matrix nor seed

matrix*pH interaction were significant.
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Figure 3.2 shows SDS-PAGE gels of initial and fieslracts. Five bands with molecular weight
ranging from 30 to 47kDa (probably globulins, 781 44S) dominated in all samples,
accounting for over 80% of the total proteins. $&wdin (7S) is soluble at all pH and its N-
glycosylation may contribute to further increasetliBility at neutral and weak alkaline pH
(Kimura et al., 2008). On the other hand, beandldBulins are poorly soluble at a low pH
(<pH 5) but are fairly soluble near pH 2 mainly daéigh content of acidic amino acids
(Kimura et al., 2008). Solubility of albumins (regented by the 27kDa band of
Phytohemagglutinins) is independent of pH mainlg ttuthe high content of carbohydrates

(Mundi and Aluko, 2012) and yield was constanthe initial extract.

Figure 3.3 shows western blot comparing effectudfds pH and semi-purification procedure on
ferritin yield. The polyclonal anti-soy ferritirripnary antibody used in this study gave two
bands with bean extracts; a distinct band with eowar weight of 27-28kDa corresponding to
the molecular weight of bean ferritin subunits doedble band corresponding to the molecular
weight of phaseolin (47-52 kDa). The latter baraswgnored in all ferritin quantification
procedures as it was considered a cross reactithre ¢éss specific polyclonal antibody. A
similar banding pattern was seen in higher coneaéintrs of the rFer standard. Yield of ferritin
increased with increase in pH (Figure 3.3) and mvagimum at pH 8. The ferritin content of the
initial, discarded supernatant and final extradhef flour matrix extracted at pH 8 was 230, 134

and 28ug/g of seed respectively, showing signifitass of ferritin in the discarded supernatant
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fraction. Therefore, all further ferritin quantiéition procedures made use of the initial extract

from bean flour, eliminating the need for semi-figation procedure.

Our results for percentage protein and ferritiraoted at pH 7.2 were similar to those obtained
by Lukac et al. (2009) from a red bean whole seitld avsimilar protein content and extraction
buffer concentration. However, pH 8 and flour matere found to be the optimal protein
extraction conditions in the bean variety studielali pH is more efficient in solubilizing

protein from beans because phaseolin (pl of 4-8)faritin (pl of 6.0) have pl in the acidic
range (Danielsson, 1949; Sathe and Salunkhe,19&iajora et al., 2008). Of the parameters
known to affect protein solubility, pH, temperatui@nic strength and type of salt were shown to
be the most important (Sathe et al., 1984). Thad®as recommended use of low concentration
alkalis at pH >7.5 for better protein solubilizatiefficiency. Also, the compact structure of
globulins is thought to influence solubility. Hyghtallic groups on these proteins may be buried
in the interior of the molecule, thus not exposeder neutral pH environment, but may be

exposed and ionized with increasing pH (Sathe.e1884).

Ferritin content from the semi purified fractionsvsimilar to results obtained by Lukac et al.
(2009) and that from the initial extract matchesutts obtained by Deng et al. (2011) for beans
and Laulhere et al. (1988) for soybean. The polyal antibody used by Lukac et al.(2009) was
developed against a highly conserved ferritin seqgedrom maize ferritin and could have been
less immunogenic than the one used in this stuelyeldped against soy ferritin) explaining the

failure of the former to detect ferritin in thetial extract. The anti-ferritin primary antibody
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used in this study was able to detect ferritin fithve crude extract and we believe gave better
guantification. This study showed that extractimgtein at a pH near the pl of phaseolin (pl 4.5)
eliminated this particular fraction from the extraat also limited extraction of ferritin.

However, both total protein and ferritin yield ieased with increase in buffer pH and were

higher in flour than seed matrix.

3.5 Conclusions
The study showed that in the complex bean matmmasoing inhibitors (polyphenols and phytic

acid) and possible promoters (iron and ferritimptcibution of individual factors is complex and
difficult to model. In this study, only iron andlyphenol content were significant model terms
and iron bioavailability could be indirectly screehby seed coat color; with white seed coats
showing higher bioavailability than colored onélyphenol, a known inhibitor of iron
absorption significantly decreased iron bioavallgbwhile interaction with iron increased it.
Effects of ferritin and phytic acid were not siga#nt in the bean varieties studied. Contribution
of ferritin to the model could have been hindergdH® narrow composition range and high

residual error associated with western blot optigalsitometry.
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Table 3.1: Iron, phytate, ferritin and total polgpiol content of 16 Ugandan bean variéties

Variety I Total poI;//phenoI Iron (ug/q) Phytate (%) Ferritin (ug/g)®
Color m

( g g) -bc b cde bcdel
NABE 1 | Red mottled 1.25+0.07 78.9+9.2° | 1.12 +0.1€ 357 +34
NABE 2 | gjack 0.79 + 0.0%° 62.6 +0.8¢ | 0.50 + 0.0 | 285+ 3¢
NABE 3 | Red 1.61 +0.02* 75.3+1.3°| 046 +0.03 | 444 + 56™
NABE4 | Red mottled 1.39 £ 0.2€° 64.5+15[0.55+0.1 |479+113"
NABE5 | cream/Red 1.66 + 0.02° 70.5+£2.0°]0.28+0.0" | 384 + 350
NABE 6 | \white 0.20 + 0.02° 58.9+0.19] 0.80 +0.02° | 353 + 102°*
NABE7 | Red 1.42 £0.07 57.4£0.6° | 0.30 £0.05 [ 293 +47"
NABE8 | Red 1.26 +0.07" 79.9+1.2° | 0.60 £ 0.05%" [ 390 + 113%°°
NABE 9 | white/Black 1.06 + 0.0° 67.0 1.6 0.25 £ 0.0° 344 + 9°
NABE 1C | Red 1.60 + 0.11" 64.7 1.6 | 0.60 £ 0.37°"" | 293 +3*
NABE 11 | cream/Red 1.25 +0.04* 65.4 +2.2 1 0.19 + 0.0€ 325 + 29™
NABE 1Z | cream/Red 0.99 +0.1C° 87.3+4.2|0.66 +0.01" | 313+ 79
NABE 12 | Red 1.10 + 0.0%° 63.5+3.4" | 1.61+0.07 419 + 29
NABE 14 | Red 1.76 +0.2¢° 90.6 +3.1° | 1.01+0.12 | 495+ 96°
K131 Brown 1.76 + 0.1 67.8+2.7°]1.01£0.2C | 304+ 95
K132 Red mottled 1.06 + 0.0€° 75.0£2.7°| 1.31+0.12" | 470 +12C*

3/alues are means+SD; n=4erritin extracted from bean flour. Within eachwnn, mean values
with a letter in common are not significantly di#fat from one another (P<0.05).

Table 3.2: Significant model terms relating irondailability and bean compositibn

Independent variable | Parameter estimate | p-value | R?
Model 95.6 0.0028 | 0.68
Polyphenol -64.7 0.0008

Iron -1.1 0.0166
Polyphenol*iron 0.8 0.0133

®Fixed effects multiple linear regression modelinagwsed

www.manaraa.com




99

Table 3.3: Relative biological availability of irdrom 16 Ugandan bean varieties with or
without added ascorbic aéid

Variety RBA (%)
No added ascorbic acid With 0.1mM ascorbic aci

NABE 1 76+27 13.242.8
NABE 2 55+1.0 13.7+2.8
NABE 3 6.2+0.8 13.8+2.0
NABE 4 76+1.6 13.9+3.2
NABE 5 84+1.7 10.1+0.8°
NABE 6 34.3+10 38.5+3.2
NABE 7 8.1+1.8 11.3+1.2°
NABE 8 9.1+0.8 13.5+4.0P
NABE 9 55+0.9 13.145.8&
NABE 10 6.4+19 15.0+7.4
NABE 11 87+0.9 15.8+5.0°
NABE 12 84+1.0 16.2+43.7°
NABE 13 9.8+1.0 18.4+4.4°
NABE 14 8.8+0.7 14.6+1.6°
K131 6.2+0.3 10.240.8°
K132 6.1+2.4F 11.742.9°

d

&/alues are means * SD; n=6; Within each column,mvadues with a letter in common are not
significantly different from one another (P<0.05).

Table 3.4: Two way analysis of variance (ANOVA) glirog P-values relating independent
variables (pH and seed matrix) to percentage Iratid final protein content extracted

Source of variation P value

Initial Final extract
pH <.0001 0.7507
Matrix 0.0044 <.0001
pH*Matrix 0.0291 0.2036
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m Initial Protein Extraction m Protein after purification

80 - -
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o
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4.5f 4.5s 6.8f 6.8s 7.2f 7.2s 8f 8s
Buffer pH/Seed matrix (f=flour; s=seed)

Figure 3.1: Percentage of total seed protein rethat different levels of purification (initial
protein extraction and after the semi purificatocess). Mean +SD, n=3. Bars with no
common letter were significantly different at P<®within each treatment (initial protein
extraction and protein after purification).

Figure 3.2: SDS-PAGE gels of initial (left) anddin(right) protein extract (30ug protein/lane)
under reducing conditions.

Key: Lane 1 pH 4.5 seed.ane 2: pH 4.5 flour;Lane 3: pH 7.2 seed;,.ane 4: pH 7.2 flour;
Lane 5: MW Marker,Lane 6: pH 8 seedl.ane 7: pH 8 flour;Lane 8: pH 6.8 seed,ane 9 pH
6.8 Flour

Ol LAC U Zyl_ilsl
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< Ferritin

Figure 3.3: Western blot showing ferritin (27kDantfacontent of initial and final extract as well
as loss in discarded supernatant (protein loadg/&@pe for samples).

Key: Lane 1: Initial extract pH 4.5; Lane 2: Initextract pH 6.8; Lane 3: Initial extract pH 7.2;
Lane 4: Initial extract pH 8; Lane 5: MW Marker;n&a6: Ferritin lost to semi-purification (pH
8); Lane 7: Final extract pH 8; Lane 8: Standamet (820ng/lane)
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CHAPTER 4. OPTIMIZATION OF WHITE COMMON BEANS
(PHASEOLUS VULGARIS) EXTRUSION COOKING PROCESS

Mutambuka M, Murphy PA, Hendrich S, Reddy MB, Lahi3B

Department of Food Science and Human Nutrition d@&tate University

A paper in preparation for submission to fearnal of Agricultural and Food Chemistry

Abstract
Extrusion cooking process variables; raw materiaistare content (15-35 % wb), extruder die

temperature (120-175 °C) and feed flow rate (1k&yB) were optimized with respect to iron
bioavailability, final viscosity and overall consemacceptability of a small white bean variety.
An in vitro digestion/Caco-2 cell culture model wased to determine iron bioavailability as
Relative Biological Availability (RBA) and ResponSerrface Methodology (RSM) techniques
used for process optimization. RBA of extrudednse@anged from 54 to 389%, a 1.5-10 fold
increase on that of autoclaved beans (34.3%). Meryéhere was an increase in iron content of
extrudates indicating possible contamination frotmugler parts; partly explaining the increase
in bioavailability. The analysis of variance foetthirteen responses studied indicated that
predictive models were significant for seven of thgponses with the three variables explaining
32 - 78% of the variability. The coefficients @fah response showed extruder die temperature
had a significant effect on each significant regepmecreasing all sensory properties, expansion
ratio and pasting viscosities while increasing ibbmavailability. Linear effects of moisture

content and flow rate reduced pasting viscosityiterieased iron bioavailability while their
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interaction had opposite effects. The optimal cioaifton of extrusion variables was 15%
moisture content, 120 °C die temperature and 3 fegtl flow rate. Model validation
experiments’ results revealed that expansion rpgak and final viscosity could be reliably
predicted but RBA was below the lower limit of pietn.

Key words

Common beans, extrusion cooking, iron bioavailahibptimization, RSM

4.1 INTRODUCTION
Common beandPhaseolus vulgaris) are an important staple in many parts of SoutleAra,

Africa and Asia where they are a prime sourceat.irln spite of the high iron content (30-190
ppm) (CIAT, 2008), its bioavailability is very lo{5%) due to high polyphenols and phytic
acid content (Donangelo et al., 2003; Petry ef8@l1,2). These act by forming insoluble
complexes with dietary iron in the gastro-intedtinact thus inhibiting its absorption. The
dependence on low iron bioavailability crop stapgethe major nutritional cause of iron
deficiency, the most prevalent micronutrient defindy in the world (WHO, 2010). Iron
deficiency is the primary cause of anemia, whosectf include increased mortality and
morbidity, decreased labor productivity, and impdineurological/mental development
(Stoltzfus, 2001).

House hold and commercial processing technolog@ask{ng, germination/malting, heat
treatment) have been shown to reduce the conciemti@tanti-nutritional factors and increase
iron bioavailability (Alonso et al., 2001). Extraa cooking has been shown to increase iron
bioavailability through hydrolysis of polyphenolschphytates (Alonso et al., 2001; Hurrel et al.,

2002). Extrusion cooking is a high temperaturerstime processing technology that effects
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product cooking by a combination of moisture, puesstemperature and mechanical shear. In
addition to enhancing iron bioavailability, extroisicooking reduces pasting viscosity and anti-
nutrition factor content, and improves consumeeptability (Edwards et al., 1994; Nyombaire
et al., 2011). Reduced pasting viscosity is imgarfor sauces and porridges as it maximizes
flour rate and increases nutrient density.

Literature on effect of extrusion cooking on nudriial, physicochemical and sensory properties
of beans is limited and there is thus need to apéiraystem parameters in order to maximize
product characteristics. System parameters (eeghamical and thermal energy inputs, and the
residence time distribution) unlike operating cdiadis, are valid for different machines and are
preferred in optimization studies (Meuser et @92). However, in this study, two processing
conditions (raw material moisture content and fié@d rate) and one system parameter
(extruder die temperature) were varied. The mechbanergy input (defined as Specific
Mechanical Energy-SME) was not determined sincerthehine did not have provision for
measuring %Torque; and feed flow rate was prefadoextrew speed as a proxy to SME
because, from trial runs, it gave a wider operatarge.

This study therefore aimed at optimizing extrustooking process variables with respect to iron
bioavailability, pasting viscosity and consumeregatability of small white bean flour.
Response surface methodology (RSM) was used ad ®taptimizing factor combinations to
achieve specific pre-set product outcomes. We tingsized that optimizing a combination of
extrusion cooking parameters will significantly irage iron bioavailability, pasting viscosity
and consumer acceptability of beans through elitr@naof anti-nutritional factors and

enhancement of desirable flavor.
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4.2 MATERIALS AND METHODS

4.2.1. Materials
NABEG, a small white seed coat bean variety fronattp, was used. Seed from National

Crops Resources Research Institute (NaCRRI), Kaanpijanda was multiplied at the lowa
State University Horticulture Farm in Gilbert, IA the summer of 2011. Clean seed was rough
milled to pass through US standard 1531 0125 siesieg) a Fitzpatrick Impact (comminuting)
mill (Fitzpatrick, EImhurst, IL) at 4500rpm. Flaiwere stored at 4°C until processing. All
chemicals and reagents were purchased from Al@fedmical Co Inc. (Milwaukee, WI) and
Sigma Chemical Co (St. Louis, MO), unless specified the water used for processing and

analysis was 1@ deionized distilled water.

4.2.2. Extrusion design
Extrusion of the bean flour was performed in a Brader twin screw co rotating extruder

(Model CTSE-Y, Brabender Instruments Inc., S. Hasleek, NJ) with a screw length to
diameter ratio of 13:1 and four heating regionabl& 4.1 shows the three independent variables
that were selected for optimization; raw materiaisture content, die temperature and feed flow
rate and their ranges. The temperature in eatedbur heating regions was increased by 20
°C from the preceding region along the barrel talsdahe die end. In this study, the temperature
of the extruder barrel at the die end was variediatng to the study design and that of each of
the preceding 3 regions reduced by 20°C respeygtivEhe ranges of the independent variables
were established experimentally by running difféi@mbinations of the variables to determine
the possible working range applicable to the makamd the extruder. The extruder was

operated at 50 rpm and an attached feeder (Scresds$ppper, Type 15-31-00, Brabender
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Instruments Inc., S. Hackensack, NJ) was set iwatel.8-3 kg/hr of raw material according to
the research design. Moisture content of the raterral varied between 15-27.5% wb
according to the design. The extrudates were alibiw cool to room temperature, dried at 50°C
overnight in conventional oven and milled in a comuting Fitzpatrick Impact mill (Fitzpatrick,

Elmhurst, IL) at a speed of 4500 rpm to pass thnau@.5 mm sieve.

Table 4.2 shows the D-Optimal experimental desgmegated by Design Expert Statistical Soft-
ware (Design expert 7.1.6, Stat-Ease Inc., Minnks\ddN; 2007), consisting of 10 model

points, 4 points to estimate lack of fit, 4 replesaand 2 additional center points.

4.2.3. Analytical methods

4.2.3.1. Moisture content
The moisture content was determined by AOAC meB®&109 using a convectional drying

chamber (AOAC, 1999). Two grams of bean flour weegghed on to an aluminum moisture
dish and dried at 125 °C for 3 h, cooled for 5 mia desiccator and a final dry weight

measurement made.

4.2.3.2. Polyphenols
Polyphenol content was measured colorimetricallgaschin equivalents by Folin-Ciocalteau

reagent after methanol/water/acetic acid (75:3@®)action according to procedures by

Zielinski and Kozlowska (2000) with minor modificas as below. One gram of sample was
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extracted with 20 mL Methanol/Water/Acetic acidudmn for 2 h at 4°C on a mechanical
shaker. The samples were then centrifuged at @®¢dfdr 10 min at 4°C and the supernatant
filtered through #1 Whitman filter paper. A 0.2% @mliquot was then mixed with 0.25 mL of

1IN Folin-Ciocalteau reagent and 2 mL distillatedava After 3 min at room temperature (but
less than 8 minutes), 0.25 mL of a saturated sod@nnonate solution was added and the
mixture placed at 37 °C in a water bath for 30 miline absorbance was measured at 750 nm
using a UV/vis spectrophotometer (SpectrBriitD, Spectronic Instruments). (+)-Catechin was
used as the reference standard and the resultseweressed as mg of catechin equivalents/g

sample.

4.2.3.3. Iron bioavailability
Iron bio-availability was determined according tethods proposed by Proulx and Reddy (2006)

using in vitro digestion/Caco-2 cell culture mode€erritin synthesis by the Caco-2 cells was
used as a measure of iron absorption. The proescue briefly described below.

In vitro digestion of bean flours: Extruded bean flour was sequentially digested wépsin (at
pH 2) and pancreatin (at pH 6) to simulate gastnid duodenal digestion and enzyme activity
stopped by heat treatment for 4 min in boiling wat& ferrous ascorbic acid (1:20 molar ratio)
solution was included as a positive control.

In a separate set of samples, 0.1mM ascorbicveasdadded to increase ferritin response.

Iron bioavailability in Caco-2 cells: All reagents for cell culture work were from Sigma

Aldrich (St Louis, MO) or Gibco BRL (Grand IslandyY) unless otherwise mentioned. Human
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Caco-2 cells were obtained at passage 19 from AareiType Culture Collection (Rockville,

MD) and experiments conducted at passages 39-43cdlls were seeded at a density of 2.85x
10°cells/well in a 12 well collagen treated cell cudtyplates and maintained at 37° C and 5%
COz in Dulbecco’s Modified Eagle’s Medium (DMEM) withO% fetal bovine serum (FBS), 1%
v/v nonessential amino acids and 1% v/v antibiatitimycotic solution for 15 days. On day 15,
serum free media (Glahn et al, 1998) and superhatdean digest were incubation for 24 h and
cells harvested by sonication. Total cellular proteas determined in the lysates by the
Bradford Coomassie Assay and cellular ferritin eobtdetermined by radioimmunoassay (Fer-
Iron 1l, Ramco Laboratories, Stafford, TX). RelatiBiological Availability (RBA) was
determined as ferritin/g protein of samples ex@ésss percentage of ferrous ascorbic acid

control.

4.2.3.4. Non-heme iron
Non Heme iron content in bean flours was measuoéatimetrically after trichloacetic acid

(TCA) digestion, using methods proposed by Swagd.e{2002). Flour (0.25 g) was mixed

with 0.5 mL 20% TCA/6 N HCl in a 15 mL centrifuggbe, capped and incubated for 20 h at 65
‘C. The sample was cooled and centrifuged at 3@@0for 15 min. The supernatant was

mixed with ferrozine [3-(2-pyridyl)-5,6-diphenyl-2 4-triazine-4’,4"-disulfonic acid sodium

salt] as a chromogen in a micro plate, incubated @omin and absorbance of color product
measured at 563 nm using KC Junior software (versit4) and Micro plate Reader (ELx808;
Bio-Tek Instruments, Inc., Winooski, VT). Iron amntration was measured against an iron

standard curve (made from atomic absorption stansi@ution, Img/mL). All the water used
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was 18M2 dd water and all glassware had been soaked owiinidN HCI and rinsed three

times in 18M2 water.

4.2.3.5. Pasting properties of raw and extruded sgpfes
Extruded and raw bean flour pasting properties \aeadyzed using an RVA (RVA-4, Newport

Scientific, Sydney, Australia) according to the mi@cturer’'s methodology. Briefly, an 11%
(w/w) flour suspension was prepared by weighin@3Zdry basis) bean flour into an RVA
canister and making up the total weight to 30 dnwlistilled water. The sample suspension was
equilibrated at 30 °C for 1 min, heated at a r&t®.® °C/m to 95°C, maintained at that
temperature for 5.5 min, and then cooled to 50°€ ratte of 6.0 °C/min. A constant rotating

speed of the paddle (160 rpm) was used througheuwdrtalysis.

4.2.3.6. Expansion ratio
After drying extrudates, the average diameter ofat@lomly selected extrudates were measured

for each treatment using a Vanier caliper. Thie @tthe mean diameter of extrudates to the

diameter at die end of extruder barrel was caledlass the expansion ratio.

4.2.3.7. Sensory evaluation of extruded bean flogorridges
An untrained consumer panel comprising of 60 sttsdand staff members, aged 18-65 years,

from Makerere University, School of Food Technolo§ytrition and Bio-engineering tasted
bean flour porridges over a two day period. Twssgms were conducted per day (9am-1pm
and 2-5pm) and each panelist attended one sessiatap. Panel members were chosen basing
on their availability and willingness to participeand were required to sign a consent form (refer
to Appendix I) consistent with the Institutional\R®wv Board of lowa State University and

Uganda National Council of Science and Technoldggmographic information on sex, age,
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porridge consumption patterns was provided by #reefists (See Appendix II). A 150 mm
unstructured line scale anchored at dislike extheiaed like extremely was used for evaluating
the products (Meilgaard et al., 1991; Moskowitz949See Appendix Ill). Porridges were
prepared by thoroughly mixing 5 table spoonfulextruded flour with half a cup of cold water
until all lumps were broken and the slurry smoo@me liter of hot water was added and stirred
in to make a smooth paste which was then simmaredan open flame for 10 minutes. A little
hot water was added to the simmering gruel untdmsistency typical of traditional Ugandan
hot maize porridge was obtained. The products wtenmed in vacuum flasks until served to
panelists. An aliquot of 10-20 mL of porridge weserved in transparent disposable plastic
cups, which were in turn placed on serving tragm@lwith a bottle of mineral water, an empty
spit cup and four crackers to act as palate cleamséetween samples. Each panelist received
sequentially seven coded samples in a randomizst according to a balanced incomplete
block design (Plan 11.35,t =21, k=7, r =10, 80:A= 2, E = 0.9, type Ill) described by
Cochran and Cox (1957). Where t=number of treatspérrnumber of samples per panelist, r=
replicates, b= number of panelists. This desigs reglicated four times to achieve a replication
rate of 40 analyses per sample. The panelistsa@nated organoleptic attributes with respect
to taste, color, flavor, texture and overall acabpity in individual booths with white

fluorescent lights, using the above line scalenefist ratings form each ballot were measured
off in mm with a metric ruler and recorded as Uesis measures of consumer acceptability

(Table 4.2).
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4.2.3.8. Validation experiments
Two different processing conditions were selectetést the validity of the regression model as

shown in Table 4.4. The extrusion cooking proceas identical to that described in the previous
experiment. Measurements of nutritional and physiemical characteristics of extruded bean

flour were performed as described earlier.

4.2.4. Statistical analysis
Response surface methodology procedures were askvélop regression models relating

product quality characteristics to the processiagables. The following second order
polynomial model for the dependent variables waskigped,;

Y= Bot Bixa + BoXz + BaXa + BaxaXe + BsXaXs + PeXoXs + Prxi’+ Pexo™+ Poxa” to fit the
experimental data (where Y=dependent varigbtepefficient, x=independent variable).
ANOVA was used to determine significant model terr@@sirability Function Approach (DFA)
was used for multiple response optimization. Desigpert statistical software (Design expert

7.1.6, Stat-Ease Inc., Minneapolis, MN; 2007) wssdito analyze the data.

4.3. RESULTS AND DISCUSSION
The objective was to optimize extrusion cookinggess variables; raw material moisture

content, extruder die temperature and feed floe, naith respect to sensory, nutritional and
physicochemical properties of common bean floune $mall white seed coat bean variety from
Uganda (NABE 6) was used in this study becaudeoiived significantly higher iron
bioavailability in earlier studies and also gaveagpreciable yield of all Ugandan bean varieties

that were multiplied at the lowa State Universitgrtitulture Farm, Gilbert, IA. Though a
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balanced incomplete block design was used to agggtments to panelists in order to reduce
panelist effect, sensory data was further correftiethis source of error by using adjusted

means (taking into account panelist effect) usiA® Statistical soft-ware.

Effect of independent variables: Table 4.2 shows chemical composition, %RBA amsey
acceptability of extruded beanBolyphenol content of extruded bean flour rangechff.51-1.81

mg/g, iron (57-9ug/g) expansion ratio (1-1.8), peak viscosity (69-3B8, dinal viscosity (83-671 cP),
%RBA (54-349) and overall acceptability (59-117a0b50mm line scale)ANOVA was used to
determine significant model terms relating extrysl@cessing variables to sensory, nutritional
and physicochemical characteristics of extrudech ear/porridge. Table 4.3 shows significant
model terms (P<0.05) for sensory, physicochemicdlrautritional properties of extruded bean
flour/porridge. Linear effects of moisture contéxf) decreased all pasting properties and
increased iron bioavailability and extrudate expamsatio. Die temperature {xhad a

significant linear effect on all significant modetecreasing consumer acceptability of
appearance, color and overall acceptability; peakfmal viscosity but increasing RBA and
extrudate expansion ratio. Linear effects of féded rate (%) decreased peak and final viscosity
but increased RBA. Interaction effects betweenstooe content and feed flow rate increased
peak and final viscosity but decreased RBA. Imtgoas between die temperature and flow rate
were significant for RBA, decreasing it. There &ap significant linear effects of moisture
content and flow rate on sensory attributes antheewere any interactive or quadratic effects.
Figures 4.1-4.4 show contour surfaces describiagetationship between extrusion variables

and sensory properties of resultant porridge, pgagtroperties and nutritional properties. Only
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contours showing curvature i.e. interactive effecessshown. Contour surfaces of all sensory
properties lacked curvature, showing a decreasensumer rating of porridge with increase in
temperature (contours not shown). Contour surfearggasting properties showed curvature to
depict the interaction between moisture contentfeovd rate, maximizing pasting viscosities at
upper limits of both variables, at constant diegemature. Response surfaces for iron
bioavailability showed curvature due to interactimiween flow rate and die temperature; which

interactions maximized iron bioavailability at uppemperature limit and lower flow rate limit.

One of the experimental runs (Run2&:25% moisture content, 176 die temperature and 1.8 kg/hr
feed flow ratewas an outlier in all responses measured and wasdad in subsequent data
analyses. The extrudate from this run appeareat lamd had a very high RBA (349%); three
times the second highest value recorded in thergmpet. Also, the extrudate did not gain any
appreciable viscosity on pasting suggesting itunadkrgone significant starch degradation.
Focus group panelists described porridge fromekisudate as tasting burnt and with a
consistence more of a soup than porridge. A ragdiof the same run gave results in agreement
with the rest of the design justifying its elimiiwat from further data analysis. However, this
data point shows that it is possible to increase bioavailability 10 fold and obtain bean flour

with no swelling characteristics on pasting.

Die temperature was the only significant model paatr in sensory properties of porridge from

extruded bean flour. An increase in die tempeedlen to a decrease in all consumer ratings.

Application of high temperatures at low moisturatemt (<30 %) could have led to brown color
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pigment formation and development of caramelizagimducts which may reduce consumer
acceptability of the product (Steel et al., 1996edBe et al., 1998). The darkening may be due to
reducing sugars that promote non enzymatic browanththe Maillard reaction (lwe et al.,

2001). Burnt/beany taste and flavor were also ldgesl.

All three independent variables showed significzagative linear effects on peak and final
viscosity. Significant interactions between maistaontent and raw material flow rate were
however positive for both pasting properties. Esiton cooking achieves starch modification in
two important ways; gelatinization and moleculagdkdown; which are functions of moisture
content, temperature and mechanical shear. Giekatiistarch is characterized by a lack of
gelatinization peak, a continuous decline in viggosith shear, and lack of retrogradation. The
effect of increasing die temperature on decregsasge viscosity may be attributed to increased
thermal and mechanical degradation of starch; waktruded starch shows no further
gelatinization and retrogradation. Increase instuwe content and flow rate decreased peak and
final viscosity though their interaction increasedNyombaire et al. (2011) made a similar
observation which can be explained by the fact ltiigtt moisture content plasticizes the raw
material under extrusion, reducing effects of medata shear. This will ultimately lead to
reduced gelatinization of starch and thus a higlaste viscosity. Likewise, increasing the flow
rate increases amount of feed in the barrel angcesdeffects of mechanical shear.

Table 4.2 shows that though the model for polypheantent was not significant, extrusion
cooking increased polyphenol content. This ispitesof susceptibility of some polyphenolic
fractions e.g. caffeic-, ferulic- and p-coumariedsdo thermal breakdown (Dimberg et al., 1996)

and complexing with non-starch polysaccharidesegnd them inextractable. Increase in
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polyphenol content can be explained by the fadtwate beans are low in polyphenols and heat
application could have enhanced their extractidowever, this result is not isolated. Korus et
al. (2007) reported an increag8¢o)in the total phenolic content dark red bean cultivar but a
decrease (30 and 38%) in black-brown and creanvartsdtrespectively with extrusion cooking
The increase in total phenolic content was accomegany an 84% increase in quercetin content
of the dark red variety. Overall, some phenolacfrons decreased while others increased,
depending on variety and extrusion conditio@ther studies have however reported reduction
in total phenolics and tannins with extrusion cogk{Alonso et al., 2001; ElI-Hady and Habiba,
2003;Delgado-Licon et al., 200&nton et al., 2009). El-Hady and Habiba (2003)vebd that
soaking followed by extrusion had a greater impecpolyphenol reduction than extrusion
cooking alone. Overall, literature suggests thiatusion causes a slight reduction, usually less
than 25%, in phenolic contents of beans. Tableak@ shows that extrusion cooking
significantly increased iron content of the extrigda Contamination from extruder parts has
been implicated in increasing iron content of edté bean flour (Hazell and Johnson, 1989;
Alonso et al., 2001). Contamination with iron @so be explained by the fact that the extruder
used was not used to handling such rough and sonmmaterial. Further studies need to be
carried out in extruders regularly used for beamsimilar material). Increase in iron
bioavailability on extrusion cooking could be acotad for by; contamination from wear and
tear of extruder parts, thermal modification ofyptienolic profiles, thermal hydrolysis of
polyphenols and phytates and thermal modificatioth® food matrix to liberate bound iron.
Korus et al. (2007) reported a decrease in antamtidnd free radical scavenging activity of

beans on extrusion; which can also be said of nclihting effect. Extrusion cooking has been
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shown to reduce total phytic acid content and taliflgadistribution of phytic acid profiles.
Alonso et al. (2001) showed reduction of only 4%atal phytates but after accounting for
individual inositol phosphates showed that the HiPa6tion reduced by 26.8%; while both IP-5
and IP-4 fractions increased. Tannin content reddny 70% while iron bioavailability
increased by 40%. Earlier, Sandberg et al. (18&d)shown thermal hydrolysis of IP-6 to lower
inositol phosphates on extrusion cooking on whean b Inositol phosphates with less than 5
phosphate groups have been shown to have no ismm@lon inhibition capacity (Lonnerdal et
al., 1989; Sanberg et al., 1999).

Expansion ratio of extrudates reduced with incré@seoisture content but increased with
increase in temperature. Expansion ratio is the od the cross sectional area of the extrudate
relative to the diameter of the die. It is an imipot measure of texture as highly expanded
products are softer to the bite and easy to riilpansion of extrudate occurs due to sudden exit
of molten mass from a very high pressure in thedbaria a restricted die, to the atmosphere
resulting in intensive flash-off of internal moistuand the subsequent expansion of the
extrudate. The elastic character of the molterueste creates a die swell, which controls the
overall expansion of the extrudate (Guy, 2001)tefreinants of extent of expansion are
complex, but chemical composition of the raw maleparticle size, temperature and moisture,
among others are key (Guy, 2001). The expansiomatained in this study was very low.
Berrios et al., (2004) attributed the low expansatio of extruded black bean to formation of a
limited number of air cells. These authors shotied extruded bean air cell walls are
composed mainly of gelatinized starch matricesked@rotein inclusions, cotyledon bean cell

wall components and intact cells and seed coabhfeags. Fiber from seed coat at low
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concentration acts as an air cell nucleating agedtmay aid in expansion while at high
concentration may rupture air cells and reducedwesion. The high protein content (Guy,
2001) and coarseness of flour used (Berrios and Z¥)3) may also be responsible for the low
expansion observed. Co-extrusion with sodium bmaate has been shown to increase the
number of air cells with a resultant increase ipasion volume. The increase in expansion
ratio with increase in temperature obtained in $iigly may be due to the plasticizing effect of
higher temperatures. With increase in temperatbhesextrudate inside the barrel is less viscous
and easily expands on exiting. The reduction pe&sion ratio with increase in moisture
content is harder to explain. Water as a plagtiatontributes to the molten state of the

extrudate and ought to have increased expansiimn rat

Optimal extrusion conditions: Table 4.4 shows optimal solutions for maximumstoner
acceptability and iron bioavailability at minimagte viscosity while Figure 4.5 is an overlay
plot showing the region at which the dependentaldei is not significantly different from the
optimum. The optimal combination of extrusion adtes was 15% moisture content, 120 °C

die temperature and 3 kg/h feed flow rate.

4.4 Validation of regression models and optimum sotion
The adequacy of the predictive models at optimumear-optimum conditions was tested by

performing 2 validation experiments. The experimsattings and results are shown in Table 4.5.
The results showed that expansion ratio, peak iaativfiscosity could be reliably predicted but
RBA was below the lower limit of prediction. ThiRBA, the most important nutritional quality

of extruded bean flour studied, could not be predidy using the regression model developed.
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This could be due to the fact that the validatieh culture experiment was performed apart from
the others (different passage numbers), which coale introduced cell batch related

differences.

4.5 Conclusions
Extrusion cooking significantly increased iron hiadability and reduced pasting profile of

beans, giving consumer acceptable extruded bearsflorhe linear effect of die temperature
was significant in all significant models. Onlyedemperature was significant in sensory
responses. All three independent variables wegrgfgiant in pasting properties and iron
bioavailability. Significant interactions betwegaw material moisture content and feed flow
rate increased pasting properties but reducedbimavailability. Increasing iron bioavailability
at minimum pasting viscosity maximizes nutrient glgnof porridges made from extruded bean

flour significantly increasing their contributioa tron nutrition of vulnerable population groups.
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Table 4.1. Independent variables used in the sfledign and their upper and lower limits

Independent Variables Notation| Lower limit | Upper limit
Moisture content (%) X 15 27.5

Die temperature (°C) X 120 170

Flow rate (kg/h) X 1.8 3
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Table 4.2. Optimization experiment design showiaigsery and nutritional properties of extruded bibaur

Run | Independent variables* Dependent variables
NO. "Moisture Die Flow | @ron | PPolyp- | “Expansion| %Peak *Final "Appea- | 'Color | Taste | Flavor | Texture | "Overall ‘Relative
content | Temperatur| rate (nalg) henol ratio viscosity | viscosity rance accepta- biological
(%) e (C) (rP](g/ (mg/g) (cP) (cP) bility availability (%)
1 21.25 120 1.8 84 0.54 1.1 271 439 108 114 04 D1 05 1 98 98
2 21.25 175 3 63 0.82 1.6 217 343 8% 92 19 80 16 35 94
3 21.25 120 3 75 0.61 1.0 247 455 1118 112 D7 37 102 97 111
4 21.25 175 3 65 0.65 1.4 208 360 95 102 155 102 D8 95 57
5 15 147.5 2.4 71 0.89 1.4 203 356 98 100 30 33 103 84 98
6 21.25 175 1.8 59 0.99 1.4 177 289 95 96 D4 D1 129 99 109
7 21.25 147.5 2.4 57 0.8( 1.3 254 435 103 104 32 06 91 99 69
8 21.25 175 1.8 80 1.81 1.8 69 83 87 86 64 64 83 12 349
9 21.25 120 3 67 0.55 1.1 247 453 107 110 D7 106 O 21 109 106
10 21.25 120 1.8 65 0.51 1.0 253 432 113 108 90 04 103 104 59
11 21.25 147.5 24 65 0.67 1.3 235 422 99 D6 77 11694 96 69
12 15 120 24 87 0.67 1.1 306 563 101 1006 D3 D6 100 98 72
13 27.5 147.5 3 64 0.66 1.3 332 554 102 D7 02 100 00 1 99 55
14 15 175 24 91 1.12 1.8 154 237 61 18 57 64 10 59 79
15 27.5 147.5 1.8 68 1.09 1.4 214 347 95 D3 72 b5 2 9 81 112
16 27.5 147.5 2.4 75 1.52 1.3 241 393 o 103 75 83 85 87 73
17 15 147.5 1.8 65 0.76 1.2 388§ 671 109 108 82 35 7 9 90 54
18 15 147.5 3 67 0.84 1.5 215 357 77 87 71 83 80 81 104
19 27.5 175 24 61 0.88 1.4 247 426 P 81 V4 81 84 84 81
20 27.5 120 24 67 0.53 1.1 315 536 113 113 109 108110 117 68
Raw flour 58.9 0.20 ND ND ND ND ND ND| ND ND ND 34.3

#Sensory scores (appearance, color, taste, flaaxiyre and overall acceptability) are unitless ss@howing consumer ratings measured as mm on atb0
unstructed line scale ancored at dislike extrerf®lgad like extremely (150mmjn=4;"n=6;°n=10;°n=3;°n=3;'n=40;°n=6, ND=Not determined
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Table 4.3: Significant model terms relating extomsindependent variables to sensory,
physicochemical properties and RBA of resultantifiporridge

Lack

Independent variable Model* R of fit”
Sensory attributes
Appearance 167.5-0.5x 0.55 NS
Color 155-0.37 x 0.59 NS
Overall acceptability 146-0.4 X 0.38 NS
Pasting properties
Peak viscosity 1413-454.3%-420%+19.4%X3 064 |S

2560-82%-2.6%-739%+35x1X3 S
Final viscosity 0.66
Nutritional properties
Relative Biological NS
Availability -583+17%+2x+280x-7X1X3-0.9%X3 | 0.57
Physical property
Expansion ratio of extrudate\ 0.36-0418.008% 0.78 NS

"Models and model terms significant at p<0.0Bmoisture content; xDie temp; %-flow rate;
"NS-Not Significant; S- Significant

Table 4.4: Optimization results showing solutiorasximizing desirabilit§}

Solutions| Independent Variables Dependent Variables

Moisture | Die Flow | Final Overall %RBA Desirability

content | temperaturg rate | viscosity | Acceptability

(%) 0 (kg/h) | (cp
1 15 120 3 356 102 126 0.81
2 15 121 3 354 102 125 0.81
3 15 120 3 355 102 125 0.81
4 15 123 3 349 101 124 0.81
5 15 124 3 346 101 124 0.81
6 15 130 3 330 99 121 0.81
7 15 130 3 330 99 121 0.81
8 15 134 3 318 97 118 0.81

®Selection criteria for the optimization procedurenimize final viscosity, maximize overall
acceptability and %RBA while keeping independemialdes in range
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Table 4.5: Validation experiments results

Run Independent variables Dependent variables*
No. Moisture Die Flow rate °Expansion ratio PPeak viscosity ‘Final viscosity IRBA (%)
content (%) | Temperature (Kg/hr) (cP) (cP)
()
Predi | Experim | Predi | Experim | Predi | Experim | Predi | Experim
cted ental cted ental cted ental cted ental
1 15 120 3 1+0 1.1+0 1974 329452 | 356+ | 600+81 126+ | 70417
29 52 13
2 19 120 2.8 1.1+0 1.1+0 2541 291+0 453+ | 5230 103+ | goxd
19 33 9

n=10;"n=3;°n=3; =6; *Predicted=Mean+SEM; Experimental=Mean+3Bxperimental value is significant
different from predicted value at P<0.05.

Design-Expert® Softw are

peak viscosity

X1 =C: Flow rate (kg/h)

X2 = A: Moisture Content (%)

Actual Factor

B: Die Temperature(oC) = 120.00

A* Maisture Content (04A)

27.50

peak viscosity

24.38 —

21.25 —

18.13 —

15.00

331.315

304.365

1.80

2.10

T
2.40

C: Flow rate (kg/h)

Figure 4.1: Contour surface showing relationshipveen moisture content, feed flow rate and
peak viscosity of extruded bean flour at the optidiatemperature (12{C)
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Design-Expert® Softw are Final Viscosity
3.00
Final viscosity
401.718 584.984
X1 = A: Moisture Content (%)
X2 = C: Flow rate (kg/h) YT 530168

Actual Factor 2.70 —
B: Die Temperature(oC) = 120.00

2.40 —

C Flow rate (kn/h)

2.10 —| ’_/
539.168 447.534]

401718

:

1.80 T T

15.00 18.13 21.25 24.38 27.50
A: Moisture Content (%)

Figure 4.2: Contour surface showing relationshipvieen moisture content, feed flow rate and
final viscosity of extruded bean flour at the opirdie temperature (1AT)

Design-Expert® Softw are Relative Biological Value (%)

3.00
1015 (63.6509]

Relative Biological Value (%)

X1 = A: Moisture Content (%)
X2 =C: How rate (kg/h) 731308
Actual Factor 2.70 —
B: Die Temperature(oC) = 148.24

\f g
g

<

=

S 2.40 —

g

g

g

[T}

C 2.10 ’—/

92.0966
73.1328
101579
63.6509
1.80 : : :
15.00 18.13 21.25 24.38 27.50

A: Moisture Content (%)

Figure 4.3: Contour surface showing relationshipveen moisture content, feed flow rate and
RBA of extruded bean flour at constant die tempeeaf148.24 °C).
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Design-Expert® Softw are Expansion ratio

175.00
Expansion ratio
X1 = A: Moisture Content (%)
X2 = B: Die Temperature(oC)
Actual Factor 161.25 — 1.39391]
C: Flow rate (kg/h) =2.40
&
g 147.50 —|
g
a
c
€
a
P
g 133.75 —
()
& ’_\//
1.10626
120.00 T T T
15.00 18.13 21.25 24.38 27.50

A: Moisture Content (%)

Figure 4.4: Contour surface showing relationshigvieen moisture content, die temperature, and
expansion ratio of bean flour at constant feed ftate (2.4 kg/hr).

Design-Expert® Softw are Overlay Plot
175.00
Overlay Plot
Final viscosity
Overall
FeBA 161.25
X1 = A: Moisture Content (%)
X2 = B: Die Temperature(oC)
@ —
Actual Factor < 147.50 Final viscosity: 365.093]
C: Flow rate (kg/h) = 3.00 “ ’
H
a
<
§
[ 133.75
2 Overall: 98.4243
o
FeBA: 117.506
120.00
15.00 18.13 21.25 24.38 27.50

A: Moisture Content (%)

Figure 4.5: Overlay plot showing optimal (un-shadegjion maximizing overall acceptability
and RBA at minimum final paste viscosity

www.manaraa.com




128

CHAPTER 5. GENERAL CONCLUSIONS

The current study was carried out with the objegiof screening Ugandan bean varieties for
iron bioavailability and to determine effect of migion cooking on iron bioavailability. The first
part of the study demonstrated that iron bioavditgbas determined by in vitro Caco-2 cell
culture, varied widely in the bean varieties, withite seed coat varieties having significantly
higher iron bioavailability than colored seed coa¢s. Multiple regression modeling showed
that only polyphenol and iron content were siguificfactors influencing iron bioavailability in
this particular set of beans. Similar results ha@en shown in other studies (Tako and Glahn,
2010; Hu et al., 2003). Linear effects of polypbleand iron content decreased iron
bioavailability while their interaction increasdd iThe negative effect of iron content on iron
bioavailability highlights challenges in breediray high iron bean varieties in the presence of
high polyphenol and phytates content (Donangel.eP003; Petry et al., 2010). Ferritin and
phytic acid were not significant factors in thiady but could potentially influence iron
bioavailability. Over expression of ferritin ingits is a current area of interest with encouraging
results showing a positive correlation with iromtant and bioavailability (Aluru et al., 2012).
Western blot quantification of ferritin used inglstudy showed very high variation and may
have led to this lack of significance. Thereforn@re accurate assays need to be explored to
further study this factor. Effect of phytates vmas significant in this study but phytates are well
known inhibitors of iron bioavailability. The widariation in the composition of the various

factors studied shows potential for breeding fessthtraits. However, it is evident that iron
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biofortification should aim at reducing polypheroid phytates and maximizing ferritin content.

Low phytate varieties have already been develo@adhpion et al., 2009).

The second study aimed at optimizing extrusion sapkrocess variables with respect to iron
bioavailability of NABES6, the small white seed ceatiety from Uganda with the highest iron
bioavailability (from study one). Extrusion coofgimcreased iron bioavailability of NABE6
bean variety 1.5-10 fold, reduced pasting viscoaitgt produced consumer acceptable flours.
The linear effect of die temperature was signifidarall significant models while the effect of
moisture content and feed flow rate were only digant in pasting viscosity and iron
bioavailability. Optimal processing conditions wer5% moisture content, 120 °C die
temperature and 3 kg/hr feed flow rate to givelatinge bioavailability score. The optimal
extrudate had RBA (124%) which was 3.5 fold higtten that of the conventionally cooked
NABEG6. However, a significant increase in iron tsrt with extrusion showed probable
contamination from extruder parts which may havaticouted to increase in iron bioavailability
(Alonso et al., 2001). Extrusion cooking did netluce polyphenol content of beans thus
maintaining bioactive properties of beans (Korualgt2007). On the other hand, household
processing technologies (soaking, germination,inggletc.) have been shown to enhance iron
bioavailability but at the expense of polyphenalienpounds. However, if iron bioavailability
can be enhanced while maintaining functionalitpeéns, extrusion cooking will go a long way
in enhancing nutritional value of beans. The intgrace of extrusion cooking in enhancing iron
bioavailability shouldn’t be seen to replace bitfaration efforts since as an energy intensive

process, it may not reach the rural poor of thelavior most need of improved iron intake. Also,
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it is not clear if this technology will be validrfall bean types (especially colored seed coat
ones) and if products will be acceptable acrodemdint populations. However, it can be
expected that modification of bean matrix to m@adily release iron on digestion, change in
polyphenolic profile and reduction in higher inesiphosphates could improve iron

bioavailability of these beans as well. More wizrkvarranted to elucidate these issues, and also
determine if heat modified polyphenols possessdbina properties. Extruders that are regularly
used for extruding beans ought to be used in sulesggtudies to limit contamination from iron
containing parts. Finally, stable isotope studied human feeding trials are necessary to
corroborate the beneficial effects of extrusionking. In conclusion, this study has provided
proof-of concept of the considerable potentialxdf@sion cooking for combating iron deficiency

in populations dependent on beans for their iramitman.

The two studies taken together showed that scrgdairigh bioavailability bean varieties and
applying appropriate processing conditions couighificantly improve the contribution of

common beans to iron nutrition.
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APPENDICES

APPENDIX I. INFORMED CONSENT FORM PROVIDED TO EACH
PANELIST AND APPROVED BY THE INSTITUTIONAL REVIEW
BOARD OF IOWA STATE UNIVERSITY AND UGANDA NATIONAL

COUNCIL OF SCIENCE AND TECHNOLOGY

Informed Consent Form

“Sensory Evaluation of Extruded Bean Porridge and 8Sup”

Researcher Martin Mutambuka Project Co-Principal Investigators: Dr. Manju Reddy, Dr. Suzanne
Hendrich, and Dr. Patricia Murphy, Department ob&&cience and Human Nutrition, ISU; Dr. Dorothy
Nakimbugwe, Makerere University.

Participation

| am asking for your voluntary participation in @ject that involves sensory evaluation of bearetlas
porridge and soups. Please read the informatiambabout the project and feel free to ask any dquest
If you agree to participate, please indicate byisig below. You will be given a copy of this cons@rm
to keep. Participation in this study is complete®untary. If you decide to participate, you mayide

not to answer any specific question that makesfgeuuncomfortable and you may stop participating a
any time. If you decide to not participate in thedy or leave the study early, it will not resultany
penalty. There are no foreseeable risks from ppdting in this study. There will be no direct bétseto
you from participating in this study. However, infeation gained may benefit society by being utdize
improve the nutritional quality of bean based meals

Procedures

If you decide to participate, you will be part 0140 people consumer panel. Each panelist will be
presented with a maximum of 6 porridge or soup $eso taste and responses will be recorded one ni
point hedonic scale provided at the time of tast&lgtesting sessions will be held in sensory easibn
booths housed in the Department of Food scienc&aoldnology, Makerere University. Bottled mineral
water will be provided for rinsing between samples.

Confidentiality

Your identity will be kept anonymous. Informatiohtained about this study will be kept confidental
the extent permitted by applicable laws and reguiatand will not be made publicly available. The
information will be stored in a closed cabinet amdly accessed by members on the research team.
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“Federal government regulatory agencies, the Cotktive Research Support Program, Auditing
departments of lowa State University InstitutioRaview Board (a committee that reviews and approves
research studies with human subjects) may inspeltbacopy your records for quality assurance and
analysis. These records may contain private infaond

Questions
If you have any questions about this study, fem to contactDr. Dorothy Nakimbugwe (0782246089)
or the graduate student, Martin Mutambuka (078238Y.1

Signature

By signing this form, | am attesting that | havadeind understood the information above and lyreel
give my consent/assent to participate.

Signature: Date
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APPENDIX Il. DEMOGRAPHIC INFORMATION QUESTIONNAIRE
PROVIDED TO ALL SENSORY PANELISTS

CONSUMER QUESTIONNAIRE
Please check the appropriate answer for the fatigwliemographic information:

Panelist No...........
1. Sex male female
2. Age group
18 — 25 years
26 — 35 years
36 — 45 years
46 — 55 years
56 — 65 years
3. Do you have anfpod allergiesto beans? yes no

Please answer the following questions. There amégho or wrong answers. We want to know about god what
you think. Please ask if you have any questions!
4. Do you purchase any flours for making porridge? _yes no
5. How often do you consume porridges?
I do not consume porridges
Occasionally
At least once per month
At least 2-3 times per month
At least once per week
Two to three times per week
Four or more times per week
6. If you consume porridges, what products do yat®? €heck all that apply:
Maize Millet Soya Rice __ompmosites (mixtures of flours)
Other (specify)

7. What factors influence your choice of porridgauf? Check all that apply:
Tradition Price Texture lavaF Health
Availability
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APPENDIX IlIl. SENSORY EVALUATION BALLOTS USED FOR

CONSUMER ACCEPTABILITY STUDIES

Sensory evaluation ballot

Panelist No. Sample No.

You are provided with a sample of porridge. Plessserve and record your liking for the appearamececalor on the line scale
below. Use provided spoon and place sufficient danmpyour mouth. Taste the porridges and rate thgainst the given scale by
placing a vertical mark at the appropriate positiarthe line scale for taste, aroma/flavor, texumd overall acceptability. Please
evaluate the products in the order in which they@mesented. Use the water and biscuits providedse your mouth before and

after tasting each sample and between samples.
ANSWER ALL QUESTIONS. We want to know what you tkih
If you have any questions, please ask the study admators.

NB: if you have any further comment about the prodpietase note it on the space provided below tlee lin

1. r\ppearance |
Dislike extremely Like extremely
COMIMIEBNT ... ettt sttt ste e te et et ste st e st e st eaes saeeueeessases saeaueens esses see aaease ensen see st ersess es e sueerssanses seeanserssansen stesseensen

2. Color

Dislike extremely Like extremely
COMIMIENT ... ettt sttt ste e et ee e st sae et e s e aes saeeueeessas e saeaueens esses seeauease enten see st srsees en st sseers anses sseanserssansen seesseensen

3. Taste

Dislike extremely Like extremely

COMIMIEBNT . ettt e et ettt e te et te e ete e et teeae e eate seaaeeaassabe et st aaseen seansseete anses sebban sasaennse st beanssee eaeeesnsesassaensesenns

4. Flavor/aroma

Dislike extremely Like extremely
(7o 41 4 =T 01 OSSN

www.manaraa.com



5. Texture

136

Dislike extremely

Like extremely

COMIMIEBNT ettt e et ettt e te et e e ete e et teeae e ate seaaeeasaeabeens st aaseen seensseeate ansen aesben sasbennse sennteansseeesseesasesassaensesenns

6. Overall acceptability

Dislike extremely

Like extremely

[0 510104 =T o | OSSN
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