
AN ABSTRACT OF THE THESIS OF 

MARIE ANN RODGERS WALT for the       MASTER OF SCIENCE 
(Name of student) (Degree) 

in       FOODS AND NUTRITION       presented on      December 17,   1970 
(Major) (Date) 

Title:    PROPERTIES OF STARCH AS RELATED TO THE  

CHARACTERISTICS OF STARCH-STRUCTURED BREADS 

Abstract approved:            , „ ,    , _, _ _ „ 
Dr.  Andrea C.   Mackey ^/ 

The purpose of the research was to investigate the chemical 

composition of five starches and the physical characteristics of their 

respective starch pastes as these properties relate to the characteris- 

tics of starch-structured breads..    Starch-structured breads were pre- 

pared with five starches,   corn,   wheat,   potato,   arrowroot and waxy 

maize,   used as granular starch with and without addition of 5% freshly 

prepared or retrograded pastes.    All bread characteristics,   analyzed 

by the analysis of variance,   were different due to starch or treatment 

at the 1% or 5% level of significance.    Amylose content and perform- 

ance when heated in water were determined for the  starches.    All 

measurements,   analyzed by analysis of variance,   were different due 

to starch at the 1% or 5% level of significance.    When temperature was 

a variable,   differences were significant at the  1% or 5% level for 

amylose versus starch characteristics of temperature at maximum 



viscosity and viscosity of retrograded pastes,   and for amylose versus 

all granular starch bread characteristics and grain and springiness 

of breads made with 5% retrograded pastes. 
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PROPERTIES OF STARCH AS RELATED TO THE 
CHARACTERISTICS OF STARCH-STRUCTURED BREADS 

INTRODUCTION 

Starch has a long history of use by mankind.    Some develop- 

ments occurred so long ago no record was made.    As early as 3000 

B. C.   starch was found to be an excellent adhesive for binding and 

sizing fibers in making papyrus.     The sizing made for a smooth 

writing surface and prevented ink absorption.    The adhesive was 

made by boiling wheat starch in dilute vinegar.     The paste was spread 

over the papyrus,   pounded in,   and a second layer applied.    Ancient 

Egyptian,   Arabian,   and Chinese civilizations first obtained starch 

from cereal grains for use in their food preparation;    Starch has been 

a staple commodity for thousands of years.    One of the earliest writ- 

ten records of starch preparation was recorded in 170 B.C.   during 

the time of the Roman Empire.     The starch was obtained without 

milling.     The grain was steeped for ten days or until soft.    The water 

was removed and the grain again mixed with fresh water.     The grain 

was beaten to suspend the starch granules.    After standing,   the set- 

tled   material was pressed in a cloth.     The white filtrate called 

starch milk was collected and washed,   then spread out   to sun dry. 

In the fourteenth century people of Northern Europe had 



found additional uses for starch as a   stiffening and finishing process 

for linens and as a cosmetic.    Colored starch was employed on tex- 

tiles and for facial coloration.    Uncolored starch was the wig powder 

of the nobility.    Starch manufacture came into its own right by 1707 

when Samuel Newton took out a patent.     Leeuwenhoek made micro- 

scopic surveys and detailed descriptions of starch granules.    More 

discoveries of the properties and uses of starch continued to be made. 

Sugar could be produced by acid hydrolysis.    Heat dextrinization of 

starch gave a compound that could easily be dissolved in water and 

made an excellent adhesive. 

New uses and new starches have continued to be discovered 

as mankind has become more familiar with starch and its properties. 

Today,   the importance of   starch can not be underestimated for it is 

the chief source of carbohydrate in the human diet and the main con- 

tributor of calories to the  diets of many peoples of the world.    The 

hydrolysis products of starch yield raw materials for the brewing 

and fermentation industries.        It is an inexpensive and readily 

available organic compound for which many uses have been found. 

Some examples of modern uses of starch include use in cosmetics; 

in textiles to thicken printing pastes,   finish cloth,   size and strength- 

en   warp threads;   in paper to hold cellulose fibers,   and create a 

smooth finish resistant to ink penetration;   in adhesives for gummed 

envelopes,   stamps,   tapes,   pastes;   as a dry battery filler;   as a 



diluent   in dynamite;   as a filler for soaps and insecticides;   in dusting 

powder,   and the list could continue. 

Starch Is used In foods In many ways.    Its function may be to 

confer viscosity as for gravy or a fruit pie filling,   to form a gel as 

In puddings,   to stablilize salad dressings,   to bind processed meats, 

to retain moisture In confections,   to dust candies,   to mold gumdrops, 

or to dilute and act as a flow aid for baking powder.    In addition,   it 

contributes, to the structure of all baked products since It is the major 

component of wheat flour from which most baked goods are made. 

Because of its great usefulness to man,   starch has attracted 

much attention from scientists in many disciplines.    It was first look- 

ed at botanically,   then as a colloid and an organic sugar.    Physio- 

chemists studied it as a high polymer,   and biochemists have looked 

at it in terms of its function in life processes.     The important ques- 

tions in gaining an understanding of starch remain the same for all 

researchers.    How Is starch developed In the plant?    What is its 

chemical nature?   How does starch perform in foods and what ac- 

counts for this behavior?     How can this most abundant of plant ma- 

terials,   starch,   be most advantageously used?      To make best use 

of this material in foods,   Its special properties should be considered. 

For example,   how can the molecular structures and granule orienta- 

tion that comprise starch be utilized to confer special properties 

on foods?    What food uses    can be found for refined starch that will 



make significant contributions to human well-being? 

Starch may be used as a basis for special foods.    For example, 

it imparts special textural qualities which have led to its use in low 

calorie foods when sugar and fat must be reduced.     Purified starch 

has dietary value in controlled protein diets for allergenic or celiac 

patients who can not tolerate wheat gluten.    In some countries wheat 

is not produced in great abundance,   but starches from other plants 

are available as a major food source.    Foods formulated to use re- 

fined starch as the main ingredient will make a significant contribu- 

tion,   especially in the field of special dietary foods. 

The properties of different starches may be expected to influ- 

ence the qualities of starch-structured products,   for example,   breads. 

The purpose of the research detailed here was to investigate the 

chemical composition of five starches and the physical characteristics 

of their respective starch pastes as these properties relate to the 

characteristics of starch-structured breads. 



REVIEW OF LITERATURE 

Structure of Starch 

Starch is   found in the form of microscopic granules in the 

roots,   seeds,   tubers,   and stem piths of plants.    Within the plant, 

the starch serves as a reserve food supply during germination and 

growth.    The exact size,   shape,   and markings of the granule are 

specific for starch from each botanical species.     The polysaccharide, 

starch,   is composed  of   a -D glucopyranose units.    Evidence for the 

structure of starch has been obtained from methanolysis and perio- 

date oxidation. 

Starch granules are usually composed of two main fractions. 

It is  the behavior of these two fractions,   amylose and amylopectin, 

that accounts for many of the physical properties of starch.    Detailed 

studies have been made to delineate the properties of the different 

molecules and thus explain the differences among the starches from 

various plant sources.    Although many interesting facts have been 

discovered,   speculation still exists as to the exact nature,  function, 

and interaction of the starch molecules.    Some properties appear to 

be explainable on the basis of the kinds of molecules present.    For 

example,   when no amylose is present as is  true for waxy maize,   the 

granules rupture very readily even in early stages of pasting.    On the 



otherhand when too much amylose is present,   starch granules will 

not swell at all.    In ordinary cooking,   amylose must   function to hold 

the granule together.       With large amounts of amylopectin present, 

the strength of the starch granule is reduced,   and swelling   and rup- 

ture readily occurs.    In pasting or cooking the branched fraction 

allows for swelling   and loosening of the granular structure.     The 

percentage of each fraction present in the starch granule,   and the 

properties of the fractions are most important in determining the 

behavior of the starch granule during cooking. 

Amylose 

Amylose,   the linear fraction,   is composed of 500 to 2000 

glucose units which are      a-1,4 linked (Herz,   1965).    Amylose had 

been measured chemically by the number of terminal residues obtain- 

ed by periodate oxidation or methanolysis.      The reducing terminus, 

occurring  once in each molecule of amylose yields one molecule of 

formaldehyde upon periodate oxidation.     The nonreducing terminal 

can be measured after exhaustive methylation followed by hydrolysis 

of the amylose.    All nonreducing groups yield 2, 3, 4, 6-tetra-o- 

methyl     D-glucose.      The molecular   size of amylose increases with 

granule maturity and is directly proportional to the granule size. 

The molecular weight ranges from 80 thousand to 320 thousand 

(Greenwood,   1966). 



Most food starches contain from 17 to 32 percent amylose 

(Schoch,   1968).    In solution,   amylose conformation assumes the form 

of a worm-like coil (Foster,   1965).      The coil becomes more dilated 

and expanded the greater the solvent action of the solution.    In the 

presence of      complexing agents   such as fatty    acids,   polar organic 

molecules or iodine,   the conformation become s a helix.    Rundle and 

Edward (1943) discovered the helical structure of the crystalline 

complex known as the "V" pattern by x-ray diffraction noting six 

glucose residues per turn.     The helix is held together by hydrogen 

bonding,   each   D-glucose forming two bonds to residues in the ad- 

jacent turns of the helix.     The complexing agent is included along the 

axis of the helix.     The diameter of the helix will depend upon the 

dimensions of the complexing molecules (Schoch,   1962). 

Characteristic of amylose is the blue color produced upon 

reaction with iodine due to an induced dj.pole effect and resonance 

along the helix of the complex (Schoch,   1962).    The color depends 

on the length of the amylose chain and the number of turns of the 

helix.    At a degree of polymerization of 12 glucose units,   the color 

of the starch iodine complex becomes perceptible as a brownish 

tinge.    At D. P.   of 20 to 30,   a red color is produced.     Purple is 

evident with 35 to 40 glucose residues and above 45,   the blue color 

is produced that is typical of amylose   molecules in complex with 

iodine (Schoch,   1961).      The iodine binding capacity of amylose is a 
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test frequently used to determine the percent of amylose    present in 

the starch.     The color is read on a colorimeter and amylose content 

determined by reference to a standard amylose/amylopectin  curve. 

Amylopectin,   the other starch fraction,   binds very little iodine, 

and the starch granule containing both amylose and amylopectin is 

intermediate between the two fractions.     The percentage of amylose 

can be obtained by dividing the iodine binding  capacity of starch 

by the iodine binding capacity of amylose times 100 (Greenwood, 

1966). 

The solubility of amylose in water is limited,   however,   it can 

be enhanced by heating.    Complete solution is never achieved in 

neutral media.    Amylose usually dissolves in alkali,   but when neutra- 

lized,   the solution becomes turbid and precipitation results (Foster, 

1965). 

The amylose component appears to be heterogeneous,   that is, 

the molecules may not be strictly linear.    Evidence of this can be 

seen in the   (3-amylolysis limits of the amylose molecule.     The 

amylolysis limit is the degree to which the enzyme,    p-amylase, 

can degrade the molecule.     This particular enzyme attacks the linear 

chain beginning at the non-reducing end and splitting off two glucose 

units at a time.    It is capable of attacking only     a-1,4 linkages and 

its action is stopped by any branch points.     The amylose leached at 

a low temperature has   a low molecular weight,   is linear,   and has a 



P-amyloLysis limit of 100 percent.    In contrast,   when amylose is 

leached at a high temperature,   the amylose molecules increase in 

size,   and the   (3-aniylolysis limit falls indicating that a branch exists 

in the molecule.     Likewise,   the .P-amylolysis limit is below 100 per- 

cent on the amylose obtained upon dispersion fractionation.    In this 

method the    starch granules are dispersed as completely as possible 

in aqueous dimethyl sulfoxide followed by complex formation of the 

amylose with ethanol or butanol.     The subfractions of the amylose 

molecules of low molecular weight have 100 percent   p-amylolysis 

limit.    Again,   the amylose molecules of higher molecular weight 

have a lower limit (Greenwood,   1968).    These intermediate mole- 

cules which are not strictly linear nor highly branched were also 

precipitated by Schoch (1962) from corn starch by 1-nitropropane 

and pentanol but not by butanol or 2-nitropropane.    He suggested 

these molecules may be loosely branched with long branches. 

Greenwood (1968) proposes a similar structure with long chain 

branches with hundreds of glucose residues between branch points, 

the branch linkage being an    or-l, 6 linkage.      To test this hypothesis, 

pullulanase,   an enzyme specific for    Q'-l, 6 linkages was introduced 

into a solution of intermediate molecules.     The resultant reduction 

in intrinsic viscosity was significant,though not large, indicating long 

chain branching,   and additionally,   the increase in p-amylolysis 

limit  .due to ridding the molecule of its a-1, 6 linkages further 
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supports his theory. 

Conclusive evidence as  to structure has not been completely 

established for these intermediate molecules.     There is still   much 

debate and speculation,   but it can be said that not all amylose mole- 

cules are strictly linear. 

Amylopectin 

The second fraction of the starch granule is the branched 

amylopectin molecule.     The molecular weight of these molecules is 

approximately    two to three million with 20 to 30 glucose residues 

per branch.     The branch points are   a-1, 6 linked.    Otherwise,   the 

linkage is    a-1, 4 as in the amylose molecule.     This has been estab- 

lished by isolation of the disaccharide isomaltose and the trisac- 

charide panose originating at the branch point.    Even a small portion 

of nigerose,   the a-1, 3 linked dissacharide has been found indicating 

an occasional anomaly in the branch linkage (Schoch,   1962).    Amylo-. 

pectin makes up the major part of the starch granule,   approximately 

75 percent for most food starches,   although nearly 100 percent in 

waxy starches. 

Enzyme action of     (3-amylase on amylopectin yields maltose 

and limit dextrins.    The    enzyme successively splits off two glucose 

units on the branches until it reaches the branch point.    If the branch 

is composed of an even number of glucose residues,   the enzyme is 
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stopped two glucose residues from the      ot-1, 6 linkage.    An odd num- 

ber of glucose units in the branch causes the   enzyme to stop one 

glucose residue from the branch point.     The     (3-amylolysis limit is 

therefore low, about 50 to 60 percent. 

The conformation of the amylopectin molecule is a globular 

shape.    It forms a red color with iodine.     The branches of the mole- 

cule are able to complex with the iodine and due to the length of the 

branches,   20 to 30 glucose units,   the complex falls in the red color 

range. 

Starch Granules 

Credit is given to K.  H.   Meyer (1943) for the first accurate 

description of the starch granule.     Linear and branched molecules 

are intertwined in a radially arranged spherocrystal.    Where linear 

molecules or linear portions of the branched molecule are parallel, 

hydrogen bonds   occur between the chains forming a crystalline 

micelle.     Between the micellar regions are amorphous areas where 

the molecules are at random and in a less dense arrangement.    The 

long linear chains may participate in several crystalline   areas and 

thus hold the granule together.     The crystalline areas prevent the 

dispersion of the granule and it is the strength of this micellar 

lattice that controls the behavior of the granule in water.     The 

crystallinity and birefringence under polarized light of the 
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ungelatlnlzed molecules which can be seen with the aid of a micro- 

scope,   is evidence of the orderly arrangement of molecules. 

The granule appears to be lamellatlons of   one to two microns 

wide (Greenwood,   1966).     Though not fully understood,   these lamel- 

latlons may be a result of periodic deposition of starch during growth 

of the granule.    In the tuber starches,   but not In cereal starches,   a 

small amount of bound phosphorous is present ranging from 0. 05 to 

0. 10 percent (Greenwood,   1966).    In potato starch,   Greenwood (1968) 

found a relationship between granule size and gelatinization tempera- 

ture and the percentage of amylose and   amylopectin,   the molecular 

size,   and the      p-amylolysls limit.    The Immature granule was 

judged low In amylose content due to Its low iodine binding capacity 

and Schoch (1962) suggested that with development,   the exterior por- 

tion of the granule may have a greater proportion of linear fraction. 

X-ray diffraction patterns of the starch granules can be ob- 

served on moistened samples with a well colllmated ^beam of mono- 

chromatic  x-radiation.     The type of x-ray pattern,   measurement of 

the rings,   and approximate unit cell dimensions can be noted as was 

done by Bear and French (1941).      The  "A" pattern is typical of cereal 

starches and the "B" pattern is found in the tuber starches.     The dif-: 

ference between the "A" and "B" patterns Is the number and place-   --... 

ment of particular rings that can be seen upon x-ray diffraction of the 

starch granule.    Only small alterations In cell dimension and angles 
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caused a change from "A" to the "B" pattern.    In fact,   all intermedi- 

ate stages are possible between "A" and "B" as shown by Bear and 

French (1941) when they prepared the starch by autoclaving it in the 

presence of water at 120   C and allowing it to stand at a specific 

temperature for 24 hours,   then dried it in air at the same tempera- 

ture.     The resulting material was an opalescent glassy solid.     Those 

starches held at 50   C or above had a pattern resembling "A" and 

those starches held below 50   C resemble the "B" pattern. 

Behavior of Starch Suspensions and Pastes 

Swelling and Gelatinization of Starch 

The behavior of starch during cooking,   a key factor in the 

preparation of starch-containing foods,  has been studied in numerous 

ways.    Perhaps one of the simplest studies is the preparation of a 

starch-water paste with observations of such characteristics as the 

granule appearance,   water absorption,   viscosity,   gelatinization 

range,   and gel strength.    Such pastes may be formed by heating or 

by use of chemicals. 

The dry starch at room temperature establishes an equili- 

brium with the moisture in the atmosphere reversibly absorbing 

10 to 17 percent of water (Leach,   1965).    Tenaciously bound is the 

first 8 to 11  percent,   the exact mechanism is not known but suggested 
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that it may be water of crystallization,   absorbed water,   or inter- 

stitial water. 

In cold water,   the granule remains essentially insoluble and 

unchanged due to the associated micellar areas within the granule. 

Any swelling is limited and reversible as the elasticity of the cry- 

stalline areas is limited. 

Heat and certain chemicals disrupt the hydrogen bonds that 

hold the molecules of the granule together,   resulting in greater 

hydration and irreversible swelling.    Water,   liquid ammonia,   liquid 

hydrogen cyanide, formarnide,   and forniic acid,   all having high di- 

electric constants are able to dissociate the hydrophilic cohesion 

between starch molecules (Schoch,   1941).    No peripheral membrane 

exists so the granular network can be penetrated under the right 

conditions. The affinity of the starch molecules,   especially the 

hydroxyl groups,   for the solvent   is    partially responsible for gel- 

atinization.     The degree of association of the molecules in the starch 

granule is responsible for the strength of the micelles which in turn 

affect the degree of swelling. 

Factors affecting the strength of bonding and therefore the 

energy needed to break the bonds before swelling can occur are 

granule size,   ratio of amylose to amylopectin,   molecular weight, 

degree of branching of the molecules,   micellar organization and 

distribution of amylose and amylopectin„    Greenwood (1968) noted 
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that large potato granules gelatinized first while a few small granules 

remained ungelatinized even when the heating process was complete. 

Gelatinization temperature decreased with increasing granular size. 

Chemical gelatinization of starch 

A cold sodium hydroxide solution of a concentration greater 

than one percent but less than saturation level causes starch granules 

to swell and gelatinize.    If the solution is saturated,   there is not 

enough water for hydration so gelatinization does not occur.    Sodium 

hydroxide is preferentially adsorbed on the hydroxyl groups of starch 

molecules and thus neutralizes the intermolecular attraction.    Gel- 

atinization leads to a thick paste without causing a disintegration of 

the granule.     The sodium hydroxide gel can be liquefied by heat, 

however,   this introduces   a chemical decomposition (Schoch,   1941). 

Gelatinization of starch in water 

Water freely penetrates the granule when heat is applied to 

the starch-water solution.    Heat supplies the energy needed to break 

the hydrogen bonds.    Above a critical temperature range      iknown 

as the gelatinization range,   the    starch swells irreversibly and loses 

its polar ization cross.    Since not all of the granules swell at the same 

temperature,   a range rather than a particular temperature is cha- 

racteristic for each type of starch.    The amorphous areas being the 
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most accessible and the areas with the weakest bonding,   hydrate first 

to give the dilated network,   while the crystalline micelles help to 

hold the granule together (Leach,   1965).    Elastic qualities are 

imparted to the gel as a result of granule expansion which is re- 

sponsible for the increased viscosity.    During swelling,   some of the 

hydrated starch molecules :&ve leached out into the surrounding 

aqueous medium.    The shorter amylose molecules are preferentially 

solublized.    Thus,   the hot starch paste is a mixture of swollen gran- 

ules,   granule fragments,   and molecularly dispersed starch molecules 

leached from the granule (Schoch,   1965). 

Swelling power of a starch can be measured by heating a 

weighed amount of starch in an excess of water to a specific tempera- 

ture,   centrifuging, decanting, and weighing the sediment.    Swelling 

power is the weight of sediment per gram of dry starch.     The amount 

of soluble, starch is found by drying an aliquot of the supernate and 

then weighing it.    A direct relationship between water  absorption and 

solubles was found    by   Sandstedt and Abbott (1964).    Determinations 

were done at 5   C intervals over a range from 50    to 95   C.     The 

water absorption and the percent solubles curves were found to par- 

allel each other for   wheat,   corn,   and waxy maize,   increasing as the 

temperature increased.     The curves showed a two stage swelling for 

these starches.    Each species of starch has its own swelling and 

viscosity pattern as each has a slightly different crystalline 
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organization.      Schoch (1965) found potato starch to swell rapidly and 

enormously while corn starch was more    restricted in its swelling. 

The two stage swelling for the cereal starches represents two sets 

of bonds that must be broken to complete the granular swelling. 

The cereal starches exhibited restricted swelling in contrast to their 

waxy counterparts,   suggesting that the linear component acts to 

reinforce the granular network (Leach,   1965).    Root and pith starches 

gelatinized at a lower temperature than cereal starches and   did so in 

a one stage operation.    Since less energy in the form of heat was 

needed a lesser degree of association of internal bonds was indicated. 

At a relatively low temperature potato starch swells rapidly to a 

great extent and in a single stage.     Weak bonding and ionizable 

esterified phosphate groups found in tuber starches account for this 

type of swelling pattern (Leach,   1965). 

Another sensitive and accurate means for measuring gelatini- 

zation range is the loss of birefringence of the starch granule as 

observed with a hot stage microscope.      Light transmittance is an 

indication of the degree of granular swelling.     Light transmission 

readings using a spectrophotometer taken at 2  C intervals and plotted 

against temperature reflected the increasing transparency of the 

starch paste during swelling and solubilization.      However,   Sandstedt 

and Abbott (1964) found it could not be   as directly interpreted as 

other methods.    Its advantage lies in the fact thatonly very small 
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quantities of starch are needed to carry out the test.     Paste reflec- 

tance Is the visual estimation of paste clarity with the naked eye. 

Unlike transmlttance,   It does not correlate with swelling,   and may 

only be an Indication of uniformity of hydratlon (Schoch,   1965).      At 

equal concentrations,   corn starch Is very opaque while potato starch 

remains quite clear.    The waxy sorghum starch was the least opaque 

of those tested by Schoch (1965). 

Viscosity of Starch Pastes 

The rheologlcal property of viscosity Is defined as the re- 

sistance to flow.    Viscosity of the starch paste develops during gel- 

atlnlzatlon as the granules swell and crowd each other.    The granules 

Imbibe the water that Is available,   some solubles are leached out 

and redlffuse back as the starch swells to occupy the volume available 

and In so doing form a gel-like continuum.      The level of swelling 

controls the viscosity and the stability of the granules toward mechan- 

ical shear. 

An amylograph Is an Instrument for recording starch paste 

viscosity during cooking and cooling cycles while the paste Is con- 

o 
stantly being stirred.      A 1.5  C rise In temperature per minute up 

to 96 C cooks .the starch paste. The paste can then be held at 96 C 

for one hour and then cooled. The Initial rise in viscosity is due to 

the resistance of the swollen granules to displacement.    The point 



19 

at which the viscosity rises is inversely proportional to the starch 

concentration (Leach,   1965).    With the common  starches,   the pre- 

ferred concentration is usually four to eight percent starch on the 

basis of the water (Mazurs,   e_t al.,   1957).     The recorded viscosity 

is a balance between the effects of the starch and a decrease in 

viscosity due to disintegration and solubilization (Leaqh,   1965). 

With continued heating,   disintegration predominates and the viscosity 

curve is seen to decrease.    One of the significant points on any 

amylogram is the peak viscosity regardless of temperature.     This 

represents the highest viscosity of the starch when prepared for a 

usable paste.    It reflects the ability of the starch granules to swell 

o 
before rupturing.    The next important point is the viscosity at 95  C 

in relation to the peak viscosity reflecting the ease of cooking and 

the amount of breakdown encountered.    Again,   the curves are typical 

for each kind of starch.    Schoch (1965) found potato starch to have a 

high peak viscosity and extensive thinning during cooking character- 

istic of the free swelling nature of that starch.     By way of compari- 

son,   corn starch had a moderate peak viscosity,   little breakdown, 

and a high congelation on cooling. 

Amylograms do not show the early stages of swelling. 

Sufficient swelling and crowding must occur before the initial rise 

in viscosity is recorded on the instrument.     This apparent tempera- 

ture of gelatinization depends on the concentration of the starch 
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suspension.    Sandstedt and Abbott (1964) incorporated 0. 8 grams of 

carboxymethyl cellulose into 100 milliliters of starch suspension be- 

fore heating it in the amylograph.     The curve for the carboxymethyl 

cellulose was subtracted from the mixture of starch suspension and 

carboxymethyl cellulose.     The curve,  showed evidence of swelling 

and viscosity at an earlier temperature and was more like that for 

water absorption and solubles. 

Age of the dry starch has been found to affect the viscosity of 

the starch paste and hence its thickening ability.    Bisno (1951) noted 

reduction in corn starch paste viscosity   after one year of storage 

of the dry starch.      Anker andGeddes (1944) found a significant drop 

in wheat starch viscosity over a period of 336 days while MacMasters 

and Hilbert (1944) found a change in waxy starch in 6 to 24 months. 

Causes for deterioration can be linked to container,   type of packag- 

ing,   air movement,   temperature,   humidity,   and sanitary conditions 

(Bisnp,  1951). 

Mechanical agitation also affects the viscosity of the starch 

paste.    Highly viscous pastes with extremely swollen starch granules 

such as potato starch pastes,   are fragile toward stirring.    A high 

concentration of starch granules is also very prone to breakdown. 

Low viscosity pastes having restricted   granule swelling are not 

as fragile towards agitation,   but their viscosity increases upon cool- 

ing to a gel network due to retrogradatian.(Schoch,   1961).    By using 
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a low concentration of starch the friction between granules is reduced 

resulting ina decreased amount of breakdown (Crossland and Favor, 

1948).      With sufficient agitation,   the rupture of all granules can be 

accomplished.     This decreases the viscosity and prevents any type 

of gel formation upon cooling. 

The coheslveness of starch pastes,   termed viscoelastlclty,   is 

caused by the swollen starch aggregates.    A further explanation is 

detailed by Meyers and Knauss (1965) who define it as stored stress 

exhibited by a certain amount of rigidity of a paste at the five percent 

or greater concentration.    An easy test is to shake the paste.    An- 

other simple experiment involves tracing a line on the paste,   then 

drawing a spatula edgewise through the paste at right angles to the 

line.     The amount   of distortion Is a measure of the extensibility of 

the swollen granules (Schoch,   1965).    Potato    paste was found to give 

the most distortion.    It was highly elastic,   and Its paste was termed 

long .and cohesive.    The opposite was a crossbonded waxy sorghum 

that gave a thlck-bodled,   short,   and not easily deformed paste 

(Schoch,   1965). 

Retrogradation of Starch 

Retrogradation has been defined by Schoch (1941, p, 124) as "all 

such tendencies of starch to revert to less soluble forms. "   Retro- 

gradation Involves an Interaction between molecules causing    them to 
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further align,   form intermolecular bonds,   and result in the expulsion 

of water.     The starch gel acts as a    sponge.    This can be seen by 

squeezing a retrograded gel.     This releases trapped water but not 

that bound in the crystalline network.    When once again placed in this 

same water,   the paste will swell to its former size.    In fact,   a 

practical application of this sponge-like structure has been the dry- 

ing of the sponge,   then grinding it for use in surgical packing (Schoch, 

1968).    Synergsis is the separation of a watery fluid accompanied by 

shrinkage of the gel.      This indicates loss    of water-holding capacity 

of the retrograded paste.    The water is pushed out as a result of the 

association of linear segments of branched starch molecules or 

linear unbranched molecules.    Other physical characteristics of re- 

trograded starch pastes are an increase in the starch gel opacity, 

a coarse grainy structure,   a pulpy mouth-feel,   and   an increase in 

consistency and congelation (Schoch,   1968).      Retrogradation retards 

amylase action.    The enzyme is able to sense the first stages of re- 

trogradation before it is visually seen by increased opacity (Schoch, 

1962).      Schoch (1941) cites four examples of retrogradation.    They 

are    1) an    autoclaved starch paste which is allowed to stand at room 

temperature will exhibit flocculation of insoluble materials,     2) stor- 

age of a starch paste at low temperatures which then results    in a 

fibrous spongy mass,   3) skin formation on a boiled starch paste,; and 

4) alcohol   precipitation of starch from pastes or suspensions. 
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Conditions leading to retrogradation of a starch paste have 

been compiled by Pelshenke and Hampel (1962).    Included are a high 

concentration of the linear fraction amylose,   pH about 7,   a high 

degree of polymerization,   a low temperature,   homogeneity in the 

degree of polymerization,   presence of retrograded amylose to act 

as the starting point,   inorganic salts which would withdraw water 

from amylose,   and an unbranched molecular structure.    All these 

situations lead to a closer proximity of the starch molecules and 

hence to intermolecular forces which bind the molecules into a re- 

trograded gel.     Temperatures near the freezing point reduce the 

kinetic motion of the high polymers so they are better able to align. 

However,   Schoch (1968) states that in deep freeze (-25   C),   no changes 

occur.     Slightly undercooked starch pastes retrograde faster than 

when cooked to an active boil due to poor hydration and dispersion 

of molecules.    Schoch (1968) also found that a high acidity medium 

of pH 3 caused greater association but was not able to explain the 

cause.    This may be   due to hydrolysis of the molecule making pos- 

sible a better alignment of shorter molecules.    Schoch (1941) explains 

the phenomenon of retrogradation due to the more powerful associa- 

tive forces between molecules overcoming the affinity of the starch 

for water.    Hydration during pasting results in a metastable colloidal 

solution or gel with the starch eventually reverting to a more stable 

insoluble state.    His spectrum of conditions shows heat favoring 
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monomolecular dispersion whereas time,   concentration,   and acidity 

lead to retrogradation.    Dextrins and modified starches tend to re- 

main dispersed while boiled pastes and raw starches have greater 

associative   forces within the molecules and have a lesser affinity 

for water.    Foster (1965) found that low molecular weight corn starch 

retrograded faster than did high molecular weight potato starch. 

Higher molecular weight amylose molecules have intra-; as "well as 

intermolecular bonds which must be broken before the molecules can 

align in a parallel fashion. 

Freezing uncooked starch in the presence of water has  no 

effect on the granules,   nor does prolonged cold storage.    With cooked 

starchpastes freeze-thaw cycles greatly   speed up the rate tof retro- 

gradation.    One freeze-thaw cycle is equivalent to three to four weeks 

of storing the starch paste at 4   C.    In studies of retrogradation,   this 

technique is    used to hasten the speed with which the paste retro-        i 

grades    so the experimentation can be completed  in a shorter period 

of time.     The rate of freezing also affects the amount of retrograda- 

tion.    With slow freezing,   large ice crystals are formed,   and the 

starch concentration is increased in the unfrozen portions of the 

paste.    With an increase in .starch concentration,   the degree of 

association and hydrogen bonding is also increased resulting in a 

more crystalline paste.    Fast freezing removes water from the 

paste as very fine ice crystals.     Such  a quick process allows no 



25 

time for the starch to associate (Schoch,   1968).    Fast freezing can 

be applied to consumer products containing    starch   pastes in which 

retrogradation would be undesirable,   for example to retain fresh 

quality in breads. 

Freeze-resistant starches have been tailored to reduce unde- 

sirable retrogradation in such products as starch-thickened pie 

fillings.    Such a process begins with a starch that has a minimum 

tendency to associate such as the w&xy cereal starches.     The first 

step involves crossbonding the starch with trace   amounts of esters 

and ethers,   less than one part per thousand based on the weight of the 

starch.    Then acetate ester groups or ionized phosphate ester groups 

are    introduced which will interfere with the parallel alignment of 

the linear segments or molecules.     The starch is still digestible and 

such modifications are accepted in the U.S.  food regulations.    In this 

process the paste clarity and freeze-resistant characteristics of the 

original starch are attained while the non-cohesive paste properties 

of the crossbonded modification are added.     This process also ren- 

ders the starch more stable to acid and autoclaving.    The last modi- 

fication gives the starch paste freeze-thaw stability,   water holding 

capacity,   and acid resistance (Schoch,   1968).    A test for freeze-thaw 

resistance is the rate of syneresis after holding the paste at 4   C,   or 

after a freeze-thaw cycle.     The smaller the amount of  water releas- 

ed,   the less the degree of retrogradation. 
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Each starch fraction has its own characteristic pattern of re- 

trogradation.     Pelshenke and Hampel (1962) pictiire the retrogradation 

of amylose as  taking place in three stages.    The linear fraction begins 

retrogradation with the addition of energy which causes the randomly 

interlinked spirals to straighten.     The energy for this process comes 

from the initial formation of hydrogen bonds.    After the water of 

hydration is lost,   the amylose chains align into parallel chains with 

hydrogen bonds then forming between adjacent hydroxyl groups.    In 

a dilute solution,   the continuous movement of the molecules allows 

alignment which Schoch (1966) describes as a zippering action. 

Finally,   precipitation occurs.    Slow cooling of a dilute solution favors 

alignment of the linear chains and formation of hydrogen bonds be- 

tween.molecules thus forming insoluble crystalline r egions or micelles 

causing opacity and precipitation.    In concentrated solutions of starch 

and water such as a five percent paste or greater,   or with rapid cool- 

ing,   the coiled starch molecules form hydrogen bonds at random with- 

out alignment of the molecules.     The development of a firm gel net- 

work ensues.    Short chain amylose,   100 to 200 glucose units,   pre- 

cipitates upon retrogradation.    Amylose of 400 to 500 glucose units 

forms a gel,   while molecules of approximately 1000 glucose units do 

not readily retrograde.     The retrogradation of amylose is somewhat 

reversible when heated to 140     to 150   C,   but the retrograded paste 

may not be completely solubilized even by autoclaving.    Crystalline 
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amylose is orthorhombic with eight D-glucose residues per unit cell 

(Zaslow,   1965).     The predominant x-ray pattern is the   B   form. 

Little is known of the A form of amylose. 

Retrograded starch has  the B x-ray pattern as does the retro- 

graded amylose.    The x-ray pattern of retrograded starch reflects 

the parallel amylose chains that are held together by secondary 

hydrogen bonds,   thus the x-ray patterns are the same. 

Retrogradation has primarily been attributed to the amylose 

fraction,   as amylopectin is reasonably stable in solution.    However, 

some retrogradation of amylopectin does occur in concentrated 

o o 
solutions at temperatures of   0     to 50    C.      Schoch    pictures it as a 

gradual folding up'of the extended branches and consequently the form- 

ing of inter- arid intra-molecular hydrogen bonds.    This process can 

be easily reversed by temperatures of 50     to 60   C. 

Inhibition of retrogradation can be achieved in several ways. 

A low concentration of amylose,   meaning less linear molecules for 

easy alignment,   will retard the amount of retrogradation that can 

feasibly occur.      Pelshenke and Hampel (1962) state that retrograda- 

tion is inhibited at a pH of less than seven.    However,   Schoch (1968) 

noted that retrogradation was  favored a.t a pH of   three.     A high tem- 

perature retards retrogradation by keeping the kinetic energy of the 

molecules high so they can not associate as readily.    Any branching 

of amylose would inhibit retrogradation.    With a branch in the way, 
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the linear portions would have less  tendency to parallel each other. 

This would certainly be the case in a paste having a high concentra- 

tion of the branched fraction,   amylopectin.    Herz (1965) studied the 

effect of small additions of potato amylopectin to wheat  starch.      He 

concluded that a reduction in retrogradation resulted   as seen by 

smaller changes in viscosity,   gel strength,   less syneresis,   decreas- 

ed tendency to form  tough surface skins,   and   an improved ability to 

reconstitute after freezing.    He suggested that the formation of hydro- 

gen bonds between wheat amylose molecules was prevented by the 

potato amylopectin,   which also enhanced the capacity of the amylose 

to hold water.    These results might be attributed to a dilution effect 

of the amylose by the amylopectin.     Trace amounts of ionic phosphate 

in crossbonded waxy sorghum makes it stable to the freeze-thaw 

cycle as described above.    Schoch (1965) suggested that the mutual 

repulsion between negatively charged sites prohibits the molecules 

from coming in close proximity,   thus preventing retrogradation. 

The ionic phosphate also introduces a steric hindrance to alignment. 

Another inhibiting substance would be    surfactants which complex with 

the linear portions of the starch molecules thereby decreasing retro- 

gradation and syneresis of the starch paste. 

Of interest are the instances in which retrogradation is not 

undesirable,   but is promoted.    In an old fashioned corn starch pud- 

ding,   a firm gel is needed so the pudding can be    unmolded for 
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serving.     Boiled potatoes are often chilled to increase their firmness 

when they are to be incorporated ina potato salad.    In the manufacture 

of dehydrated potatoes,   one process  involves cooking the potatoes at 

a low temperature to partially swell the starch granule,   then they 

are allowed to cool on a conveyor belt before cooking again at a high 

temperature followed by dehydration.    Some retrogradation occurs 

during the cooling period.     This imparts rigidity to the granules 

and prevents excess swelling and rupture of the granules during the 

second cooking period.    In addition,   the product reconstitutes to a 

more fluffy,   less cohesive texture.    A fourth example is the 

harusame or spring rain noodle made in the Oriental countries. 

Schoch (1968,   p.   54) had the opportunity to observe the production 

first hand and describes it as follows: 

Approximately three to six percent of the total 
starch is first cooked in the requisite amount of water 
to give a thin paste;   the remainder of the starch is then 
added to give a heavy slurry of 40-45 percent solids 
concentration.     This suspension of ungelatinized gran- 
ular starch in pasted starch has a peculiar dilatant flow 
similar to "silly putty. "   It is allowed to   flow by gra- 
vity through a perforated screen to give thin strands 
which fall into a vat of vigorously boiling water.    The 
strands are cooked for perhaps 15-30 seconds,   then 
rinsed with cold water,   and arranged in "hanks" on 
bamboo-slatted trays.    The latter are placed    in   a 
refrigerated room,   either near the freezing point,   or 
else actually   frozen at +5   F    (-15   C).    Finally the 
trays are moved out into the open air,   and the noodles 
sun-dried.    Reputedly,   the original harusame noodles 
were made centuries ago in North China from semi- 
refined mung bean starch.    This was presumably a 
"cottage-industry" type of operation,   whereby the 
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noodles were cooked indoors during wintertime,   then 
moved outdoors to freeze (and perhaps to freeze-dry). 

For use,   the harusame noodles are soaked for 
a short time in cold water to hydrate and soften the 
strands.     They are then picked up with chopsticks, 
immersed for a few seconds in boiling broth,   and ser- 
ved in various clear soups with boiled slices of fish, 
chicken,   vegetables,   etc.     The freeze treatment or 
cold storage accomplishes several useful purposes. 
First,   any solubilized starch between the individual 
strands is retrograded to an insoluble state,   and hence 
cannot act as an adhesive to stick the dried noodles 
together to a solid mass.    Second,   sufficient retrogra- 
dation occurs within the noodles to permit them to sur- 
vive the short immersion iin boiling broth..    If the noodles 
were simply dried at ambient temperature without the 
freeze treatment,   they would disintegrate immediately 
in boiling broth.    So it appears that retrogradation was 
known and practiced centuries ago in the art of harusame 
manufacture. 

Effect of Added Ingredients on Starch Pastes 

Ingredients added to the starch will affect its behavior during 

swelling and gelatinization. , Sugar delays granule swelling,    raises 

the gelatinization temperature,   and lengthens the time to reach a 

maximum viscosity.    Sugar causes a more transparent,   viscous 

paste.     The cooled paste proved to be more tender,   glossy,   and re^ 

tained moisture better (Bisno,   1951).    Sugar competes with the  starch 

fox the available water.    With a large sugar concentration,   the water 

can be reduced to such a level that there is an insufficient amount for 

complete gelatinization.    Whittenberger and Nutting (1948) found that 

when sucrose was added to 100 grams of eight percent potato starch 
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paste,   then heated to 90   C and gels formed,   the strength of the gel 

increased up to a maximum of 50 grams sucrose per 100 grams 

starch paste.     Thereafter,   the strength of the gel decreased with 

increasing   sucrose concentration. 

When in acid medium the granules swell at a lower tempera- 

ture,   are fragmented by hydrolysis and the paste becomes   thinner. 

Maximum viscosity is reduced and occurs at a lower temperature. 

With corn starch,   maximum viscosity occurs at  pH   6     and thinning 

is noted below pH 4. 5.    Potato and waxy sorghum are even more 

acid sensitive showing extensive thinning below pH 5.      Crossbonded 

starches will   withstand a more acid pH even as low as 3. 5 (Schoch, 

1965).    Fragmentation of the granules together with hydrolysis of the 

diffused amylose result in less reinforcement of the gel network and 

consequently softer gels.    Acid conditions inhibit retrogradation and 

syneresis. 

In the presence of electrolytes,   the starch molecules become 

more charged,   repel each other,   and water penetrates the granule 

more freely.    As a result,   swelling of the granules    takes place at 

a lower temperature.    Earlier water penetration allows a greater 

diffusion of amylose.     The resultant gel is more rigid while at the 

same time retrogradation and syneresis are inhibited.    Even the 

electrolytes present in tap water will change the viscosity of the 

starch paste (Bisno,   1951). 
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Shortening and emulsifiers inhibit granule swelling,   increase 

the tenderness of the paste,   and retard quick drying (Bisno,   1951). 

Clathrates are formed with the available linear portions of starch 

molecules.     The linear chain encircles without chemically reacting 

with the fatty acid long chain hydrocarbons (Herz,   1965).     The fatty 

acid is included along the axis of the helical coil formed by the starch 

molecule.     The clathrates tighten the starch network and decrease 

the swelling capacity of the granules.    Amylose can not be leached 

as  readily from the starch granule network and retrogradation and 

syneresis are depressed. 

Similarities and Differences .Among. Starches 

Starches have been discussed in general.    It is of importance 

also to know the similarities and differences among species.    Each 

starch has its own specific characteristics.    More broadly,   the 

starches can be grouped according to their place of origin in the 

plant.    For example,   corn,   sorghum,   wheat   and rice   all seeds of 

cereal grains are  designated as cereal starches.    Among the tuber 

and root starches are white potato,   tapioca,   arrowroot,   and sweet 

potato.    Within the cereal classification,   a subdivision might be the 

waxy starches.     The waxy grains have been bred to produce starch 

having a very high amylopectin content with very little or no amylose 

present. 
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In general,   the cereal starches have a gelatinization tempera- 

ture as judged by the loss of birefringence between 56    and 75   C 

(Leach,   1965).    The starch granules are noted for their A pattern of 

x-ray diffraction.      Those containing amylose and amylopectin may 

be designated as "regular" starches as contrasted with those contain- 

ing amylopectin only,   designated as "waxy" starches.     The regular 

cereal starches have limited swelling capacity and a two-stage gel- 

atinization curve indicating there are two types of bonds within the 

granule that must be broken to allow complete hydration.     The maxi- 

mum hot viscosity of the pastes is less than that of the cold viscosity. 

The gels are short and opaque with a tendency to retrograde rather 

rapidly upon cooling.    Schoch (1941) has proposed that some of the 

differences between cereal and tuber starches may be due to the 

polar fatty acids present in cereal starches. 

The waxy cereal starches differ from their corresponding 

regular cereal starches due to their high amylopectin content with 

little or no amylose.     They tend to resemble, in part,   the root and 

tuber starches while retaining some characteristics of the cereal 

starches.     The gelatinization range remains about the same,   but 

the swelling is greatly increased giving clear,   stringy,   cohesive 

pastes.     The waxy starch pastes have low gel rigidity and are re- 

sistant to retrogradation. 

Root and tuber starch granules give the B pattern with x-ray 
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diffraction.    Gelatinization begins at a somewhat lower temperature 

than for the cereal starches.    Swelling is much greater and is a one 

stage process for these starches,   potato in particular exhibiting an 

unrestricted swelling.     They thicken more quickly forming long, 

viscous,   cohesive pastes with a higher maximum viscosity as a hot 

paste than when cold.      The tendency of root and tuber starches to 

retrograde is less pronounced than that of the cereal starches,   but 

is greater than that of the waxy starches. 

Some of the differences among starches may be better under- 

stood through some of the potato starch studies.    Extensive investi- 

gation of potato starch has been carried out by Leach,   McCowen, 

and Schoch (1959).    They found that potato starch granules had less 

solubles than cereal starch at any level of swelling.    It seemed more 

difficult to leach out the linear fraction.    Only 20 percent of the total 

linear  fraction dissolved at a temperature just above gelatinization 

range as compared to 50 to 60 percent solubles for corn starch.     This 

would suggest that the linear potato starch fraction was more inti- 

mately entangled in a granular structure.    The bonding within the 

granules may be extensive and uniform but weak,   with no strong 

crystalline micelles and no strictly random areas.    Equilibrium 

moisture of potato starch with the atmosphere is higher than for 

cereal starches.    Hydrogen bonds between linear molecules could 

occur as hydrate water bridges rather than as a direct association of 
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hydroxyl groups of the molecule.    Such a theory of granular bonding 

would explain the less restricted    swelling,   the gelatinization at a 

lower temperature and the greater resistance to retrogradation of 

the root and tuber starches as compared with the cereal starches. 

The characteristics of specific starches within each classi- 

fication are detailed in Table I. 

Behavior and Functionof Starch in Baked Products 

The value    of studies on the behavior of starch is to eventually 

relate these findings to its performance in foods.    Starch is impor- 

tant in determining the texture,   acceptability,   and palatibility of the 

final product.     The properties of starch that influence   the food pro- 

duct are gelatinization temperature,   paste clarity,   viscosity,   and 

cohesiveness,   amylase action,   destruction of the raw starch flavor 

which is used as a guide to doneness,   gel formation,   retrogradation 

and syneresis all of which have been discussed in the previous 

section. 

Role of Starch in Cakes 

Starch has been shown to play a major role in the formation 

of cake structure.    In cakes of the white layer type,   the starch be- 

gins its function by contributing to the viscosity of the batter.    The 

cake batter must have some viscosity to be able  to retain the air as 



TABLE I.    Characteristics of starches. 

. % Ave. Ave. D. P. of % 

Type 
Granule Amy- 

lose 
length of 
Amylose 

Amylopectin 
Molecules 

Gelatini- 
ation RanRe 

Swelling 
Power 

Solubil- 
ityat95°C Swelling Characteristics 

Gelatinization and Paste 
Characteristics Starch Shape Size n Retrogradation Characteristics 

Com Cereal Round is1 272 9 
800 

9 
31,000 62-725 245 255 Limited 

2 stage 
Hot consistency-medium 
viscosity; short, opaque 
stiff paste. 

Pronounced tendency, cold 
consistency greater than 
hot. 

Wheat Cereal Round i-io6 

263 9 
860 24,7009 52-63S 215 415 Lenticular 10-306 Lim ited Short, soft gel, slightly Retrogrades, but not as 

2 stage opaque, viscosity is less pronounced as com starch. 
Slightly greater swelling than com starch, 20% more 
than com starch. wheat starch required to 

match com starch viscosity 
when pastes of equal con- 
centration are compared. 

Waxy Maize Cereal Round 151 <13 - Pure 
1,100 

Commercial 

63-725 645 235 Large amount of swelling. Clear, stringy, cohesive Resistant to retrogradation; 
paste. low gel rigidity. 

4209 

Arrowroot Root Round 30-45 204 545 285 Large amount, similar 
to waxy maize. 

Viscous, stringy, flowing 
translucent, cohesive 

Tendency to retrograde is 
less than that of cereal 
starches, but greater than 
that of waxy maize. 

Potato Tuber Oval 403 
233 9 

930 1,940* 56-66 IOOO
5 825 1 stage, rapid unre- 

stricted, more than waxy 
maize. 

Paste thickens quickly, 
long, clear, greater hot 
consistency than cold, 
less gel strength than reg- 
ular cereal starches. 

Retains moistness longer 
and less retrogradation 
tendency than that of the 
regular cereal starches. 

Howard, Hughes, and Strobel (1968) 
2 
Scheick (1966) 

Greenwood (1966) 
4 
Anderson, Greenwood, and Hirst (1955) 

5 
Leach (1965) 

8. 
McGowen (1966) 

Bisno (1951) 
9 
Potter and Hassid (1948) 

Standsted (1961) 
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individual bubbles which have been incorporated into the batter and to 

later hold the structure   and shape of the cake.     The next step in the 

formation of a cake structure is the thermal stabilization of the bat- 

ter.    Howard,   Hughes,   and Strobel (1968) found that stabilization of 

the cake batter in the early stages before starch gelatinization can 

take place,   is by 1) polyvalent cations supplied in the leavening con- 

taining sodium aluminum sulfate or from the calcium chloride that 

was added to the cake formula,   2) soluble foamable protein in the egg 

whites and milk,   3) monoglycerides in shortening or oil will not in- 

hibit the foaming of the proteins in the milk and egg whites,   and 4) 

granular starch with proper gelatinization properties.    During this 

stage of early heating,   water absorption by the starch is taking place 

and the granules are swelling.     The viscosity of the cake batter and 

the emulsion stability are established.    The polyvalent m^tal ions 

and the emulsifiers interact at the fat-water interface in the cake 

batter.    Without, this stability,   fat and water separation ensues with 

rupture of the gas   bubbles. 

Thermal setting of the cake batter to form a rigid but porous 

cell structure is brought about by the gelation of the intact swollen 

starch granules.    A proper water   level is vital to gelatinization. 

The other ingredients in the cake batter compete with starch for 

absorption of the water.    Enough free water must be present for the 

starch to swell and gelatinize changing the fluid batter to a spongy 
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cell structure.    Miller and Trimbo (1965) have shown that a defi- 

ciency of water (20 percent less than normal) and a high sucrose 

concentration are both conditions which delay starch gelatinization 

with the result    that the viscosity of the batter does not increase as 

soon as it should and a dip results in the center of the layer cake. 

Correcting these conditions by a higher water level,   a decrease in 

the sdcrose by replacement with a monosaccharide or reducing the 

leavening ingredient results in earlier gelatinization of the starch and 

hence an earlier increase in batter viscosity with less strain on the 

cake structure.     The quality of the cake is improved,   the dip dis- 

appears,     and no cracking takes place in the center of the layer. 

This demonstrates the importance of the gelatinization temperature 

of the starch in creating a desirable layer cake and the importance 

of other ingredients in affecting gelatinization and thermal setting of 

the batter. 

The importance of intact starch granules in the formation of 

the final cake structure is emphasized by the work of Howard, Hughas 

and Strobel (1968) who used a mixture of 20 percent amylose and 

80 percent amylopectin fractions in place of the starch component in 

a white cake formula.     The water absorption was. unusually high,   the 

batter consistency was more dough-like,   the cake expanded during 

baking but collapsed to a starch gel when cooled.   A threshold level 

of granular starch had to be used.    With 50 grams of wheat starch 
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and 45 grams of the amylose-amylopectin mixture the cake behaved 

in a typical manner for white cake during baking but excessive 

shrinkage occurred upon cooling. 

A number of different starches have been substituted for some 

of the flour in cake formulas.    DuBois (1959) found that up to 30 per- 

cent substitution of wheat starch for flour in angel food cakes im- 

proved   the quality i.e.   volume,   external appearance,   grain,   texture, 

color and eating properties.    Upon storage,   the cake remained softer 

and retained its freshness longer.    Above the 30 percent level,   the 

cake became too tender and collapsed during storage.     Likewise, 

corn starch improved angel cake qualities up to 20 percent replace- 

ment of flour.    Above this level,   the improvement was not as great 

as with wheat starch. 

Howard,   Hughes,   and Strobel (1968) tried 100 percent starch 

replacement of flour in layer cakes with a high protein ratio  formula 

achieved by use of whole milk and egg whites.     The wheat starch cake 

had the greatest volume with a rounded top.     The corn starch cake 

exhibited some sinking in the middle of the layer.    With arrowroot 

starch,   the layer had an even smaller volume than for corn starch 

and a bigger dip in the middle.    With potato starch,   gelatinization 

occurred early,   consequently the cake had a low volume,   but no dip 

in the center. 

Diluting cake flour with starch was also done by Miller and 
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Trimbo (1965) using white layer cakes.    No improvement was evident 

with wheat starch replacement up to 30 percent and it was noted that 

the consistency of the batter was higher than that of the control. 

Improved volume,   symmetry,   grain,   and texture were found in   cakes 

prepared with 30 percent potato starch replacement.    Even up to 70 

percent dilution,   the cake quality characteristics were maintained 

relatively well.     Potato starch gelatinized early,   gave a high batter 

viscosity,   and an early increase in consistency.    Waxy maize starch 

dilution was unsuccessful resulting in cakes of lower quality than the 

control. 

Role of Starch in Bread 

Starch,   one of the major components of brdad,   has several 

vital functions as outlined by Sandstedt (1961).    It dilutes the gluten 

to a desirable consistency,   furnishes sugar through amylase action 

on damaged starch,   furnishes a surface that is capable of forming 

a strong union with a gluten adhesive,   provides flexible granules 

allowing for stretching of the gas-cell film but which will not disin- 

tegrate due to a limited amount of water for gelatinization,   and the 

starch takes water from gluten during gelatinization,   causing the 

gas-cell film to set and become rigid enough to lose its ability to 

expand,   thus giving structure to the bread. 
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Bread Cell Structure 

The flour used in bread baking is a starch-gluten matrix of 

granular endosperm particles.    It is from this matrix that bread 

dough is formed. 

The cell    walls   within the dough are characterized by im- 

pervious layers of   gluten surrounding the starch granules.     They 

appear to be 45 percent protein and 55 percent fine starch (Baker, 

1941).    Gluten is drawn to the surface of the cell walls by mixing, 

folding,   stretching,   and by gas expansion.     The gluten must be 

liquid enough to flow from the matrix to the cell walls,   viscous 

enough to pull but not break and tenacious enough to have the strength 

to adhere to the starch.    The surface of the small gas    bubbles is 

dull until the dough is developed by oxidation and the gas bubbles have 

expanded at which time the cells become shiny and later transparent 

with good reflectance (Baker,   1941).    In the early stages,   the cells 

are gas-tight and stretch as the air expands.     The gluten becomes 

stringy and fluid in baking so the starch can easily adhere to it. 

Just as in cake,   the starch in bread dough comes into contact 

with water during mixing and swells and gelatinizes upon heating. 

The swelling is    restricted due to a limited amount of water.     The 

granules become soft and flexible,   are stretched and oriented with 

relation to gluten,   the continuous phase of the dough film,   but the 
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granules retain their identity and do not rupture.     The dough films 

prepared by Sandstedt (1961) show the starch granules oriented with 

reference to the film surface.    There seems to be strong adhesion of 

starch to gluten or the starch granule would otherwise be forced out 

of the film by the increasing pressure during expansion.     The granules 

and gluten are not segregated from each other. 

During baking,   the pull on the gas cell film is parallel to the 

film surface,   orienting the granules before gelatinization.     The 

granules become softer,   flexible,   and greatly stretched.      The granu- 

les are separated from each other by a protein layer,   with the granu- 

les distributed throughout the film.    The starch does not stain with 

iodine in the unbroken bread film indicating that the granules are 

covered with a protein film (Sandstedt,   I96I).    The heat slowly in- 

creases within the loaf until it has penetrated it,   then a rapid rise 

ensues with a leveling off just below 100    C.    (Osman,   1967).      Starch 

takes water from the gluten during gelatinization causing the gas cell 

film to form a semirigid structure which ruptures but does not col- 

lapse.    They are then permeable to gas so that the loaf will not col- 

lapse upon cooling as the gases inside the cells contract. 

Importance of the Starch Granule Surface 

It would seem that the characteristics of the starch granule 

surface would be of utmost importance in facilitating starch-gluten 
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adhesion as well as facilitabing moisture absorption.    One     such char- 

acteristic is    surface area.    Stamberg (1939),   using .17 different 

wheatftours found the surface area of the starch granules varied over 

a range of 12 percent or from 94 to 106 percent of the average value. 

This variation in surface area caused a difference of only one percent 

in water absorption necessary to produce a dough with a minimum 

mobility of 500 farinograph units.    He calculated the ratio of starch 

granule surface areas   for potato,   wheat,   corn,   and rice.     They are 

1:2:3:8   respectively.     These starches were blended with an 11.4 

percent proteinflour in sufficient quantity to produce a dough with a 

minimum mobility of 500 units in a farinograph.    Equivalent levels 

of protein to maintain this minimum mobility were 4. 3,   7. 5,   8. 5,   and 

10.0 percent for potato,   wheat,   corn and rice starches respectively. 

The low protein level for potato starch indicates that a great deal of 

potato starch was added to   the   flour thus diluting the total protein. 

Because of the decreased surface area due to the large size of the 

potato granules,   there was enough protein in the flour to coat the 

large addition of potato starch.    In contrast,   the wheat   starch dilution 

required enough wheat flour to give a 7. 5 percent protein content. 

With increasing surface area of the other starches,   smaller amounts 

could be included since the protein in the flour was not able to coat a 

higher proportion of these granules.    Starch granule size and surface 

area are important in relation to the protein film,   the strength of the 
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flour and the moisture absorption. 

Water Absorption 

Markley (1938) studied the relationship between protein content 

of flour-starch blends and the absorption necessary to bring the dough 

to a minimum mobility of 550 units at 30   C when mixed In a farlno- 

graph.    As  the protein content of the natural flour was reduced,   the 

absorption decreased reaching a minimum at 7. 5 percent protein. 

Below 7. 5 percent protein,   the level of absorption again rises reach- 

ing the same absorption level of the hard wheat lour when 100 percent 

starch comprises the dough.     The protein at the 7.5 percent level is 

able to coat the starch particles.      Below the 7.5 percent level,   the 

development time for protein Is no different than at the 7. 5 percent 

level.     The Increased absorption of water may be due to the lack of 

protein and consequently a formation of a starch gel.    Water may 

surround the granule where the protein shell Is partially or wholly 

lacking (Markley,   1938). 

Geddes and   Bice (1946) found that wheat starch when cooked 

with 42 percent water (which Is equivalent to 60 percent moisture 

absorption in dough) resulted In gelatlnlzatlon with an even moisture 

distribution.    However,   at 45 percent water level,   a surface layer 

of gelatinous rubbery material was produced containing 55-60 percent 

moisture while the remainder of the starch had   40-45 percent 
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moisture.     They suggest that starch may be able to immobilize 40 

percent water and would be considered a water-in-starch emulsion. 

With greater than 45 percentmoisture,   movement of the water within 

the starch structure is possible making it a starch-in-water emulsion. 

The surface water loosens the bonds by substitution of water between 

the starch molecules and dispersion of the starch. 

Kim and De Riuter (1968) made breads with 70 parts yam flour 

and 30 parts low fat peanut flour.    Water ranged from   70 to 140 per- 

cent on the flour basis which is more than the usual 60 percent used 

in wheat flour breads.     The dough was therefore more like a cake 

batter.     The greatest loaf volume was obtained when more than 100 

percent water was used but such high water levels  resulted in a sticky 

crumb.  When glyceryl monosterate was added as a binder,   the per- 

centage of water needed  to get the same loaf volume was less. 

Damaged Starch 

During milling,   two to four percent of the starch granules   are 

damaged.      The action of these granules    is slightly different from 

that of the intact granules.     The damaged granules swell in cold water. 

This provides a medium which the amylase enzyme is able to digest 

long before the intact granules become swollen and hence susceptible 

to amylase action during baking.    Sixty percent of the damaged starch 

is converted by    (3-amylase to maltose.     This disaccharide furnishes 
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food for yeast fermentation. Beta-amylase is abundant in normal wheat 

flour,   whereas very little       tf-amylase is present.   Alpha-amylase is 

sometimes added as an enzyme supplement in baking.    The amylase 

action is limited by the amount of gelatinized starch,   by the concentra- 

tion of  enzymes,   and by the thermal stability of the ertzyme.      The 

rest of the damaged starch remains as |3-limit   dextrins which have 

a high water holding capacity thus increasing the water absorption 

capacity of the flour (Sands tedt,   1961).    The    p-limit dextrin retains 

the intermolecular bonding that served to hold the damaged starch in 

the semblance of the original granule.    However,   the dextrins are 

fragile and easily disintegrated by mechanical shear.        The amylo- 

dextrins are responsible for the sticky nature of dough,   a certain 

amount of which is desirable for proper handling properties.     The 

damaged starch also has a tenderizing effect on the bread crumb. 

Without this starch fraction,   the dough remains slack,   and though 

the volume and oven     spring of the loaves is greater,   the bread crumb 

is  tough and rubbery (Sandstedt,   Jolite,   Blish,   1939). 

Starch-structured Breads 

While wheat flour is considered ideal for making bread, 

studies have shown that other adhesives can be substituted for the 

gluten components.    However,   starch has been found to be an indis- 

pensible component of bread structure.    Rotsch ( as cited by Herz, 
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1965) made a protein-free bread with good grain and texture from 

starch and carbohydrate adhesives.    Sandstedt (1961) demonstrated 

the essentiality of starch rather than gluten in bread structure by 

baking loaves made with 12 percent wheat gluten and 88 percent 

starch or glass beads.    The loaf containing starch was fairly normal. 

The differences in gas retention of the starch/gluten loaves was de- 

pendent on the type of starch,   not on the gluten.    For example, wheat 

starch conferred excellent baking properties and had good gas reten- 

tion.      Rice starch was very poor in these respects.    The  loaves had .. 

no oven spring.     This was true when corn starch was used as well. 

Corn starch could not be proofed to height due to the fragile swollen 

granules which could not withstand the strain of gas expansion.    Waxy 

maize loaves proofed slowly and when baked had a collapsed interior. 

Potato starch loaves had excellent gas   retention,   an open grain,   and 

high sheen of the cell walls.     The differences mentioned for the vari- 

ous starches were apparent early,   even during fermentation sugges- 

ting    that the granule surface may be partly responsible for the baking 

properties of the starches.    When glass beads were substituted for 

the starch,   the exterior appeared normal but   the interior exhibited 

ruptured and collapsed cells.     The cell structure developed in fermen- 

tation was lost during baking.     This suggests that the cell films did 

not develop rigidity in baking.    Water was not removed from the 

gluten as no adjacent starch granules were present for gelatinization. 
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Markley (1937) described the nature of a starch-water system 

as a thixotropic system.    A very high initial rise in viscosity occurred 

momentarily,   leveling off in one minute and gradually decreasing from 

500 to 350 Brabender units over a 20 minute period.    After allowing 

a rest,   the same curve was again obtained.    Jongh (1961) described 

the starch-water system as a hydrophobic suspension.    The repulsive 

forces of the suspension prevent coagulation.    Stability is imparted 

by the electric double layer around the particles.    Stable suspensions 

show sedimentation of particles,   which occurs  but slowly.     The sedi- 

mented particles are kept apart by their repulsive forces and are 

able to roll over each other until the   densest packing is obtained. 

The viscosity of a concentrated stable starch suspension increases 

greatly with increases in the rate of stirring due to the repulsive 

forces between the densely packed particles.    This phenomenon is 

termed dilatancy.    Deformation at relatively high stresses causes 

the neighboring particles to approach so closely that repulsive forces 

between them are extremely high impeding further deformation and 

causing it to behave like a solid.     The volume occupied by the frame- 

work of particles increases if possible in order to keep the particles 

apart.    However,   if excess liquid is not present,   upon shearing the 

liquid is sucked in leaving the exterior of the paste dry.    When this 

stress ceases,   the system again flows (Kruyt,   1949).    Jongh (1961) 

found that at a slow mixer speed,   in a farinograph 29 rpm,   the 
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viscosity of a starch-water system from 300 grams starch and 176 

grams water increased while the mobility decreased in accordance 

with the dilatant nature of the system.     The starch particles were 

repulsed as they came in close proximity to each other as a result 

of the mixer action.     The mixing action thus caused the formation of 

a network that was resistant to mechanical agitation.    However,   at a 

normal mixer speed,   58 rpm,   the curves charted for the starch-water 

mixture displayed thixotropic behavior as foundbyMarkley (1937). 

Jongh (1961) proposed that with sufficient mixer speed,   the density of 

the system decreased until it no longer gains rigidity as a result of 

the close packing of the   starch particles.    Instead,   the particles 

have been dispersed by the mixer action and the system becomes . 

more mobile.    However,   after a five minute rest period and with a 

slow mixing speed,   the dough again showed dilatancy. 

A stable starch-water suspension as a bread dough lacks 

coherence,   and therefore,   such a dough is unable to effectively retain 

gas.    It escapes early or is trapped in irregular cells (Kim and Der 

Ruiter,   1968).    Jongh (1961) prepared a wheat starch dough for study 

from wheat starch and water in normal bread dough proportions plus 

sodium chloride,   yeast,    and sugar.    Upon stirring the wheat starch 

dough showed viscosity increasing while mobility decreased,   return- 

ing to its original condition when the stirring was discontinued.    It 

was of a more fluid character than flour doughs,   behaving like a 
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starch suspension.    The baked bread had a coarse and Irregular 

structure with thick cell walls.     Photomicrographs revealed the 

starch-structured bread crumb as having cell walls in which starch 

granules have completely adhered to each other on all sides   during 

baking,   thus accounting for the extreme hardness of the crumb upon 

cooling. 

Replacement of the repulsive forces by attractive forces 

causes aggregation of the starch and rapid flocculation with the parti- 

cles assembled in a random position in which they first touched each 

other (Jongh,   1961).      A satisfactory starch bread structure Is possi-'.: 

ble if a substance is added to the dough to induce such an attraction 

between the starch granules.    Numerous substances have been tried. 

Rotsch (as cited by Osman,   1967) tried carob-bean meal,   sodium 

alginate,   Irish moss,    a gelatinized potato starch and waxy maize 

starch.    Kim and DeRulter (1968) experimented with a long list of 

swelling agents,   binders,   and emulsifiers.     They formulated require- 

ments for a binder in starch bread which are as follows:  1) it must 

provide a sufficiently cohesive structure to prevent gas from leaking 

during,  fermentation and baking as the pressure is exerted on the cell 

structure,   2) leave dough mobile enough to enable It to rise,   and 3) 

ensure elasticity and softness desirable for a palatable bread. 

Glyceryl monostearate has proved to be one of the most satis- 

factory emulsifiers in creating a desirable starch bread product both 
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by Jongh (1961)) and Kim and DeRuiter (1968).      Emulsifiers increase 

resiliency and smoothness of the crumb,   decrease the firmness,   and 

restrict the swelling of the starch.    In addition,   they   regulate the 

moisture distribution.     Birnbaum (1955) found for   wheat flour   bread 

that surface-active agents reduce the effective water concentration of 

the starch phase and increase the moisture retention of the gluten, 

tying up water, thiat.would otherwise be used in the gelatinization of 

starch.    Kim and . DeRuiter (,1968) believe that glyceryl monostearate 

acts as a granule-to-granule   binder so the cells are strong enough 

to retain the gas giving greater, volume to the end product,   a softer 

crumb,   and a more regular structure.    Coppock et al. (1954) believed 

emulsifiers also act in dispersing fat through the dough,   retention 

of the soluble starch in the granule and retardation of gelatinization. 

Starch dough without CMS,   when tested in the farinograph gave a 

consistent curve that reached a maximum just after mixing was begua. 

It decreased and reached a constant value in two and one-half minutes. 

After a five minute rest,   the farinograph curve again showed a high 

initial rise and a decrease with time.    However,   at a slow mixing 

speed,   the consistency increased with time.    When GMS was added 

to the starch dough at the one percent level,   the curves were the same 

shape,   but significantly lower.    A possible explanation for the lower 

curve would be the restricted granule swelling with the addition of 

GMS which would lead to a less viscous dough.    In addition,   the 
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coating of the granules with GMS would decrease the contact between 

starch granules and decrease the resistance to the stirring prongs 

of the farinograph.    Microscopic examination of a starch dough 

revealed starch granules that adhere to one another in the cell wall. 

Starch doughs with increasing amounts of GMS showed a decreasing 

amount of contact between starch granules.     The granule shape be- 

came less elongated with looser starch granules.    Jongh (I96I)    pro- 

posed a monomolecular adsorption of GMS onto the starch granule 

surface.     The adsorption of GMS onto the starch granule surface de- 

creases the contact points possible between starch granules creating 

a less compact system of junction points    but which is still rigid 

enough to form a starch bread structure.     Too much GMS causes 

complete separation of the starch granules.    Jongh (1961) found that 

0. 05 to 0. 1  percent glyceryl monostearate was enough to flocculate 

the starch granules and inhibit the binding between granules.    Up to 

0. 1 percent GMS decreased contact between starch molecules and 

the granules were elongated producing a finer bread crumb texture. 

At  one percent,   the granules were loose and swollen.    Wheat starch 

dough possessing dilatancy,   lost this property when one percent GMS 

was added,   the rate of flow decreased the dough behaving more like a 

plastic system (Jongh,   1961).    The junction points formed between 

granules have a limited lifetime so some fluidity is possible.     The 

particles adhered to one another,   flocculated,   and were able to be 
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developed into a fine regular bread crumb texture.    With five percent 

GMS,   loose starch granules with only a few agglomerates were ob- 

served in the bread crumb.    The granules remained separate and 

undeformed resulting in a starch bread crumb that was irregular, 

coarse,   thick-walled,   and quickly hardened after cooling.     The loaf 

volume was low.       Ofelt e_t al.   (1958)      found the starch bread crumb 

firmness decreased with the incorporation of monoglycerides when 

tested with a Bloom Gelometer.    Diglycerides had no effect when 

added alone to the lard used in bread making and no synergistic 

effect when used with monglycerides. 

Staling of Bread 

Staling of bread has been defined by Bechtel,   Meisner and 

Bradley (1953) as a "decrease in consumer acceptance of bakery pro^ 

ducts caused by changes in crumb other than those resulting from the 

action of spoilage organisms. "    To be more specific,   those changes 

are increased opacity,   hardness and crumbliness of the crumb,   a 

decrease     in the swelling capacity of the crumb,   and a soft leathery 

crust.     The    starch component increases in crystallinity,   decreases 

in amount of soluble starch,   and becomes less susceptible to     (3- 

amylase enzyme attack.    All the above characteristics as well as 

compression tests of the crumb,   and organoleptic tests have been 

used as an index to the amount of staling.     The squeeze test   is done 
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by the shopper in the grocery store to test for resisliency of the 

crumb. 

Bread stales very slowly when warm,     moderately at room 

temperature,   and very rapidly at refrigerator     temperatures.    In 

o o 
fact,   staling occurs most rapidly at -3   C,   is retarded at -15   C,   and 

inhibited by quick freezing at -35   C (Schoch,   1968).    Jackel ej: al. , 

(1952)      by measuring the      |3-amylase susceptibility of the starch, 

found the bread stored at 8  C was only one-third as susceptible to 

enzyme attack as bread stored at 30   C.    Kirk (1963) tested crumb 

softness with a penetrometer after storage of the bread at room tem- 

perature and in the refrigerator.    For the first four days,   bread 

stored at refrigerator temperatures was firmer than bread stored at 

room temperature.      After this period of time,   no significant differ- 

ences in rate were observed.    However,   the   refrigerator tempera- 

ture retarded bread mold after seven days.    At room temperature, 

mold was found after five or six days.    Firming of the bread crumb 

occurred rapidly for the first 72 hours,   then was slow for the re- 

mainder of the seven day period at which time the bread was hard and 

unpalatable.    Also noteworthy was the variation in softness between 

slices of one loaf stored at either temperature.    Other factors as well 

as temperature are responsible for the degree^of rigidity.     The great- 

est amount of staling occurs in the first day after baking.   Cluskey 

(1959) showed that in the first 24 hours,   both starch and flour gels 
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became firm very rapidly,   but that additional increase with time was 

small.    Rigidity increased in gluten but occurred slowly and the 

changes were small.    Upon reheating, the starch and flour gels became 

more elastic whereas the gluten did not,   hence   he proposed that 

starch played the major role in bread crumb staling. 

Senti and Dimler (I960) proposed a transfer of moisture from 

the starch to the gluten in the crumb during staling.     The moisture 

absorbed by the wheat starch gels when in equilibrium with a given 

relative humidity decreased as a function of time and water content. 

The tests were performed on freeze-dried gels and baked gluten. 

The wheat starch behaved like bread crumb with its rigidity increas- 

ing 100 percent while the gluten rigidity increased only 20 -to 40 per- 

cent.    Upon heating,   the starch returned to its original rigidity but 

no change was observed in the gluten. 

To better understand staling,   bread baked with crosslinked 

starch has been studied.     Bread baked with crosslinked starch was 

quite firm when first baked.    The greater the proportions of cross- 

linked starch,   the more stale the bread was judged by a taste panel. 

The swelling capacity of crosslinked starch is limited and orientation 

becomes easier with the increased   contact of the starch molecules. 

These breads showed greater crystallinity of the bread crumb and 

lowered susceptibility to     P-amylase attack as compared to regular 

wheat starch bread (Herz,   1965). 
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Staling of bread has long been attributed to the retrogradation 

of the amylose fraction of the starch.    The increasing crystallinity 

parallels the aging of the bread crumb (Herz,   1965).    Senti and Dimler 

(i960) found a correlation between the increase in x-ray pattern of 

crystallinity with age and increasing staleness    as judged by a panel. 

The increasing crystallinity is caused by the rearrangement of some 

of the amorphous areas to aligned regions of starch molecules.    Some 

amorphous areas still remain within the starch granule,   but because 

the crystalline areas are increased and it is these areas that hold the 

granule together,   the entire structure increases in rigidity.    Heating 

of the bread crumb supplies energy to disrupt the hydrogen bonds 

giving the molecules more kinetic   energy and a return of the linear 

molecules to their coiled conformation. 

The phenomenon of staling can not be the sole responsibility 

of the amylose as seen by breads baked partly or wholly with waxy 

maize.    Noznick,   Merritt and Geddes (1946) prepared a bread from a 

synthetic flour of 12 percent protein plus    88 percent starch.     The 

starch consisted of 10,   50,   or 100 percent waxy maize starch with 

wheat starch making up the difference.     The compression tests using 

a Baker compressimeter and the crumb swelling test were done to 

determine staling.    The moisture absorption increased with increas- 

ing amounts of waxy maize and the rate of dough development during 

mixing decreased.    The dough became dry during fermentation.    With 
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increasing amounts of waxy maize the   final product had a glazed crust 

and decreased loaf volume.    A very gummy crumb resulted and ex- 

cess shrinkage occurred upon cooling.    With 100 percent waxy maize, 

it was not possible to slice the bread and perform the compression 

test.     Bread containing 10 percent and 50 percent maize had a greater 

swelling capacity and compressibility of the crumb when compared 

with wheat starch bread at 3,   9,   and 27 hours after baking.    However, 

over the 27 hour period,   tests showed that the use of waxy maize did 

not delay,   but in fact increased the rate of staling as measured by the 

change in values for compressibility and crumb swelling capacity 

between 3 and 9 hours,   and 9 and 27 hours of storage time.     The waxy 

maize starch,   which is almost entirely amylopectin certainly had a 

marked   effect on the rate of staling. 

Changes in amylopectin also occur with age.    In the presence 

of a limited amount of water starch undergoes a restricted gelatiniza- 

tion.      A high gel concentration has a greater possibility of starch 

molecule alignment.    Under such conditions,   amylopectin molecules 

are able to form aggregates.      Schoch (1965) suggested that the starch 

granules are dilated as much as possible by their limited swelling 

conditions.    S ome of the linear fraction dissolves and diffuses into 

the surrounding aqueous medium.      The linear molecules are there- 

fore concentrated in the limited interstitial areas between starch 

granules.     The soft and extensible starch granules are responsible for 
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the resiliency and softness of fresh bread,   while the linear  molecules 

retrograde and set up to a gel as the loaf cools embedding the starch 

granules in a firmer gel.    With the linear molecules participating 

in an insoluble gel,   they no longer are available for the staling reac- 

tion.      Instead,   the granules slowly rigidify,   the dilated branched 

molecules fold up,   the branches coming into closer proximity to each 

other to form an association connected by weak bonds between the 

short linear branches.      Schoch supports this theory with the fact that 

the   bread is refreshened by heating to 50    or 60   C.      This would 

be sufficient energy to once again dilute the branches of the amylo- 

pectin as the bonds are weak and tenuous. 

Monoglycerides tie up the linear molecules by forming insolu- 

ble helical complexes.    The linear fraction is not leached out of the 

swollen granule so no gel structure is possible between the granules. 

The bread then ren^ains plastic and soft.    Slow association of the 

amylopectin is still possible so the loaf does firm up to form an 

acceptable bread product.    When reheated after aging,   the crumb 

becomes overly soft as no gel of linear molecules is present to keep 

the structure elastic.    Further evidence supporting this theory is 

Schoch's study of canned bread that was two years old.     The texture 

was like dry,   pulpy,   damp sawdust with the odor of rancid fat.     The 

bread was freshened by placing the can in boiling water.    Moisture 

and elasticity were restored as was the odor of freshly baked yeast 
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bread. 

Gluten is considered a source of moisture,   buffered by the 

hydration capacity of the starch in a loaf of bread.    Moisture is trans- 

ferred from the gluten to the starch during gelatinization and then to 

the crust of the bread upon aging.    Gluten redenatures upon aging, 

though at a very slow rate and this process is not as easily observed 

as are the starch changes (Herz,   1965).     Bechtel and Meisner (1954) 

found with breads of 1 0. 8,   12.9.   and 17. 2 percent gluten,   the staling 

was  the same the first three days.      It was assumed this was from 

starch granule firming.    No additional firming occurred in the 17.2 

percent protein bread,   a moderate amount   in the 12.9 percent pro- 

tein bread,   and firming rapidly continued in the 10.8 percent protein 

bread as determined by subjective judging of loaf moisture and firm- 

ing over a six day storage period.    From these results,   they con- 

cluded that protein shows little power to induce staling and that starch 

was mainly responsible for the    staling.    A large ratio of  protein to 

starch in the bread seemed to retard the rate of staling. 

The area of lipids has not been fully explored.    Gluten depends 

on bound lipid for its elastic properties anda phospholipid may be 

involved in the crumb texture (Herz,   1965). 

In order to prevent or delay staling,   a number of measures 

can be taken.    A low level of bacterial       a-amylase would hydrolyse 

some of the starch molecules and prevent intermolecular bonding. 
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A higher moisture content of the bread would allow a more complete 

gelatinization of the starch and some disintegration of the granule. 

Use of modified starches and a higher protein flour seems to help 

retain freshness longer.    The use of lard up to three percent tender- 

izes the crumb by binding with the linear segments of the starch mole- 

cules.     Salt below the three percent level does not appreciably com- . 

pete with starch for the water so this level is recommended.    Sucrose 

above a ten percent level softens the crumb,   gives a golden brown 

crust,   and a sweeter taste.    Emulsifiers also complex with the linear 

portions of the starch molecule and tenderize the crumb.    However, 

they seem to have no effect on staling after the first 24 hours (Herz, 

1965).    One effect of emulsifiers seems to be on the moisture trans- 

fer between starch and gluten.    With emulsifiers present,   the gluten 

retains more moisture   during baking.    Gluten absorbs  some of the 

moisture from starch during aging and returns the moisture when the 

bread is heated (Coppack,   1954).      Starch molecule aggregations are 

prevented by the emulsifiers that form helical complexes with the 

amylose and linear portions of the amylopectin. 

Freezing bread   at a low enough temperature retards or inhib- 

its the retrogrataion of starch.     Bread frozen at -30  F   was still 

acceptable after one year.     The most effective freezing is done at 

high velocity low temperature and at right angles to the lengthwise 

dimensions of the bread (Tressler and Evers,   1957).    Fast freezing 
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quickly removes the water as   fine ice crystals leaving no time for 

starch molecules to associate (Schoch,   1968).    A double wrapper on 

the bread is recommended   by Kirk.(.1963).    The crucial zone when the 

o o 
greatest amount of retrogradation can occur is from 40   to 50  F. 

Loaves were frozen for 36 hours after 1  to 12.5 hours but of the oven. 

They were thawed 4. 5 hours,   tested,   refrozen,   thawed,   and tested 

again.     The freshness of the bread that had been frozen depended on 

the rate at which the bread passed through the near freezing tempera- 

tures.    In a -70  F freezer with a fan to accelerate freezing,   the sliced 

o o 
loaf took 24 minutes to pass through the 40    to 50  F temperature range 

and an unsliced loaf took 42 minutes.     Thawing to room temperature 

required 4. 5 hours with 21 minutes required to pass from 40     to 50 £ , 

Good softness was retained after the freeze-thaw cycle,   but 8 to 18 

hours was added to the apparent age of the bread.    The loaves,   after, 

freezing twice were similar to the once frozen loaves with some in- 

crease in apparent age (Kirk,   1963). 

Another method for prolonging freshness that has long been 

practiced but little investigated is the addition of cooked starch to the 

bread dough.    Hungarian bakers have used the addition of mashed 

potatoes to wheat and rye bread.    Potato starch has a high molecular 

weight amylose and highly branched amylopedin molecules (Pelshenke and 

Hampel,   1962).      Potato starch retrogrades slowly with a cold viscos- 

ity   lower than its hot viscosity.     Bread with 40 percent mashed potato 
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content when 24 hours old had a starch hydration capacity which com- 

pared with the wheat starch hydrationof an eight h:our old wheat bread. 

Bread containing the mashed potato substance retained 70 percent of 

its initial swelling capacity after    ten hours while the wheat starch had 

35  to 45 percent of its original swelling capacity at the same age. 

The firming of the crumb in the first 20 hours was slightly accelera- 

ted   with the 40 percent potato content.    The 1.2 percent greater 

moisture content caused a more dense crumb resulting in a faster 

firming of the starch gel.    After 20 hours,   the potato bread was 

superior,   but to only a small extent (Pelshenke and Hampel,   1962). 

Schoch (1965)als.o.r:epo:r:ted that soluble starch such as mashed 

potatoes and cooked oatmeal added to batters or doughs dilutes and 

weakens the gel network of the linear molecules that forms between 

the starch granules.     The bread becomes softer and less elastic. 
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EXPERIMENTAL PROCEDURE 

Although some work has been reported on starch-structured 

breads,   no studies have been made which attempt to relate the   char- 

acteristics of such breads to the chemical composition of the starch 

or to its performance when heated in water.     The study herewith 

reported indicates some possible relationships. 

Five commercially prepared starches were selected to re- 

present grain starches,   both regular and waxy,   and tuber and root 

starches.     They were corn,   waxy maize,   wheat,   potato,   and arrow- 

root starch. 

The percentage of amylose in each starch was determined, 

and the performance characteristics of the starches were tested using 

as  starting material raw starch or a retrograded starch paste.     The 

performance tests were    1) swelling capacity of the raw starch and 

the retrograded starch paste,   and 2) the apparent viscosity of the 

starch suspension and of the retrograded starch paste during heating 

to 960C. 

In addition,   formulas were developed for bread-like products 

in which starch was responsible for the structure.     The five starches, 

used as granular starch,   as the freshly prepared five percent paste, 

or as the retrograded five percent paste,   were made into starch- 

structured breads. 
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Retrogradation of the Starch 

Retrograded    starch pastes were    used throughout the research. 

Retrogradation was always induced in the same way.     The starch was 

weighed,   the distilled water added,   and the mixture stirred to form a 

suspension.     The suspension was stirred while heating until it began 

to boil.    At this point it was covered,   removed from the heat,   and 

cooled to room temperature.     The starch paste was placed under 

refrigeration at    4  C for two days and was then placed in a freezer 
o 

at -20   C for two days or longer until needed.    The retrograded starch 

was removed from the freezer and allowed to thaw overnight before 

being used. 

Performance Tests 

Swelling Capacity of the Starches 

A 0.25 gram portion of starch and 40 milliliters of distilled 

water were placed in each of five preweighed 50-milliliter centrifuge 

tubes.     The mixture was stirred to form a suspension.     One of the 

tubes remained at room temperature,   and the others were heated and 
o o o o 

stirred in a boiling water bath to 65  ,   75   ,   85   ,   and 95   C respec- 

tively.     The tubes were immediately centrifuged at 4500 rpm in a 

clinical centrifuge    for ten minutes.      The supernatant was removed 

International Clinical Centrifuge Company,   International 
Equipment Company,     Boston,   Massachusetts." 
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with an aspirator and discarded.     The centrifugate and the centrifuge 

tube were weighed.   The weight of the tube was subtracted to obtain 

the weight of the paste.     The swelling capacity of the starch at each 

temperature was expressedas grams of swollen starch per gram of 

dry starch. 

One gram aliquots of the centrifuged pastes were weighed into 

preweighed aluminum sample dishes,   then dried under ten inches of 

vacuum at 50   C for 12 hours.     The dried samples were cooled in a 

desiccator,   and then they were weighed.     The weight of the sample 

after drying was the difference between the weight of   the dish plus 

the dried sample less the weight of the sample dish. 

The procedure was repeated using retrograded starch pastes. 

The cooked starch suspension in each tube was first retrograded as 

has been previously described.    After thawing the retrograded pastes, 

the tubes were heated to the respective temperatures and the swelling 

capacity determined as described above. 

Two replications of this test were performed on each of the 

five starches. 

Apparent Viscosity of the Starch Pastes Upon Heating 

~"      2 
The Brabender VISCO-amylo-GRAPH    is   the standard 

2 
Brabender   VISCO-amylo-GRAPH,   C.   W.   Brabender 

Instruments,   Inc.,   South Hackensack,   New Jersey. 
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instrument used to continuously plot the changes in apparent viscosity 

of the starch versus the time and temperature during the pasting 

procedure.    The concentration of the suspension necessary to obtain 

a satisfactory curve varies with the type of starch used.    Forty grams 

each of corn,   waxy maize,   wheat,   and arrowroot,   and twenty grams 

of potato starch were used.    With each starch,   417 milliliters    of dis- 

tilled water were introduced into the heating cup of the amylograph 

and the mixture was stirred to form a suspension.     The cup was 

placed on the instrument inside the heating coil jacket,   the stirring 

prongs were lowered into the cup and the heating probe was fastened 

in place.     The instrument was turned on,   and the suspension was 

o o o 
heated from 25   C to 96   C at the rate of 1. 5   C rise in temperature 

per minute.    The end point of 96  C was selected to prevent the mix- 

ture from boiling over and to keep the thermoregulator from ascend- 

ing off the end of the scale.    The instrument charted the viscosity of 

the paste in Brabender units as the starch suspension was hedtihg. 

Two replications were carried out with each of the five starches. 

The viscosity of the retrograded pastes was tested in the same 

way.    Five hundred grams of retrograded five percent gel were 

broken into small pieces using low speed of a portable electric mixer 

for 15 seconds,   followed by blending at high speed for two seconds 

in a Waring Blendor.     The resulting mixture was then poured into the 

heating cup of the amylograph.     Testing was carried out as detailed. 
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Chemical Test 

Determination of Amylose Content 

The percent amylose In each starch was determined following 

the method of McCready and Hassid (1943,   p.   1156). 

The starch samples were prepared for analysis 
as follows:    One hundred milligrams of the powdered 
dry sample were Introduced Into a 100-cc.   volumetric 
flask,   wetted with 1  cc.   of ethanol and 10 cc.   of water. 
The sample was dissolved by adding 2 cc.   of 10% 
sodium hydroxide and heating on a water-bath until a 
clear solution formed.     The flask with its contents 
was cooled and diluted to the mark.     (Amylose or 
synthetic starch does not retrograde from an alkaline 
solution. ) 

A 5-cc.   portion (equivalent to 5 milligrams) 
of the alkaline starch solution was introduced into a 
500-cc.   volumetric flask,   and about 100 cc.   of water 
was added and slightly acidified with 3 drops of 6 N 
hydrochloric acid.     The contents were well mixed by 
shaking the flask,   5 cc.   of the iodine solution were 
added and diluted to the mark.      (The solution was 
prepared by dissolving 0.2% iodine in 2% potassium 
iodide solution. )   The color developed immediately 
to its full intensity and remained stable for many days. 

The absorbance was read at a wavelength of 680 mu on the Bausch 

3 
and Lo mb Spectronic 20   . 

To convert percent absorbance to percent amylose,   a cali- 

bration curve was constructed using combinations of amylose and 

amylopectin with the following percentages of   amylose:   0,   5,   10,   20, 

3 
Bausch and Lomb Spectronic 20 Colorimeter,   Bausch and 

Lomb Incorporated,   Rochester,   New York. 
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30,   and 50.    Absorbance was plotted against percent amylose.      The 

percent amylose in each of the starches was then determined from 

this curve by reading the percent amylose corresponding to the 

observed absorbance.     Two replications were carried out on each 

starch. 

Starch-structured Breads 

Formula 

A formula developed by Jongh (1961) was used in preparing 

the starch-structured breads.    However,   it was necessary to vary 

the amount of water depending on the kind of starch used.     The 

amount of water that would result in best bread quality was ascer- 

tained for each starch in preliminary trials.    The basic formula 

was as follows: 

300 grams starch 
6 grams sodium chloride 

12 grams sucrose 
18 grams active dry yeast 

3 grams glyceryl monostearate as a 1:9 water 
emulsion 

210 to 300 milliliters distilled water 

The quantity of water used for each type of starch is presented in 

Table II. 
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TABLE II. Quantity of distilled water used in starch-structured 
breads. 

2 
Starch Milliliter Water Water as % of Starch 

Corn starch 270 90 
Wheat starch 300 100 
Potato starch 210 70 
Arrowroot starch 225 75 
Waxy Maize starch 270 90 

Basis of 300 grams of starch.    Formula,   p.   68, 
2 

This figure includes 27 milliliters of water which were combined 
with the glyceryl monostearate to form an emulsion. 

Procedure 

Each of the five starches was used in the formula as (1) 

granular starch only;   (2) five percent starch paste,   freshly prepared, 

plus the remainder as granular starch;   (3) five percent paste,   retro- 

graded,   plus the remainder as granular starch. 

The quantity of water to be added to the formula determined 

the amount of starch to be used for the five percent paste.    As may 

be noted in the formulas for the breads,   not only does each starch 

require a different amount of water,   but part of the water require-   . 

ment was met by that in the glyceryl monostearate emulsion.    In each 

case,   the amount of water added in this emulsion was 27 milliliters. 

To calculate the amount of starch for the five percent paste,   27 milli- 

liters was subtracted from the total water needed for the formula, 

and five percent of this equalled the weight of starch for the paste. 
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Wheat starch may be mentioned as an example.     The formula requir- 

ed 300 milliliters of water.     This less 27 milliliters equaled   273 

milliliters to be added as water per se.    Five percent of 273 equaled 

13.65 grams of starch. 

This suspension of starch and water was made into a paste 

by stirring and heating the suspension to boiling.    It was covered and 

allowed to cool to room temperature.    For use as the freshly pre- 

pared paste,   it was then combined with the remaining starch and 

other ingredients and the dough mixed as described below.    For use 

as the retrograded paste,   retrogradation was carried out as pre- 

viously described.    The retrograded paste was thawed and allowed 

to come to room temperature.    It was then conabined with the re- 

maining starch and other ingredients and a dough prepared. 

All ingredients were at room temperature when combined in 

4 
the mixing bowl of a Kitchen Aid Mixer. The wire whisk of the 

Kitchen Aid was used to mix the dough.    The mixer was turned on 

and off quickly 15 times to blend the ingredients.     Then the dough was 

mixed at speed #6      for two minutes.     The dough in the bowl and on 

the whisk was scraped down and the mixing continued at speed #6 

for another three minutes.    The dough was allowed to rise in the bowl 

for 15 minutes and was then stirred down with 100 strokes. 

4 
Kitchen Aid Mixer,   Hobart Manufacturing Company,     Troy, 

Ohio. 
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Two portions of 180 grams each were weighed into small loaf 

pans,   6x3 3/8 x 2 l/4 inches,   and two   50 gram portions were 

weighed into 150 milliliter beakers.     The dough was then proofed 

o 
at 30   C.    A bowl of water in the proofing cabinet helped to keep the 

air moist.     The dough was allowed to rise in the bread pan until the 

top of the loaf reached the top of the pan,   and in the beakers until 

double in bulk.     The bread was then baked at 47 5  F,   the loaves for 

20 minutes and the beakers for 12 minutes. 

The bread was removed from the oven and allowed to cool for 

ten minutes before it was turned out onto cooling racks.    One hour 

after removal of the bread from the oven,   it was cut and prepared 

for testing. 

Two replications were carried out for each formula variation, 

making a total of 30 batches of bread. 

Tests 

Compression test 

The cylinders of bread baked in the beakers were used for the 

compression test.    A slice cut two centimeters from the bottom and 

two centimeters thick was placed under the disc of the Baker Com- 

5 
pressimeter   .     The millimeters of compression at 25 grams of force 

5 
Baker Compressimeter.    Wallace and Tiernan   Company, 

Incorporated,   Newark,   New Jersey. 
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was read and recorded.     Two cylinders of bread were baked from 

each batch of dough,   thus two slices of bread were tested for each 

batch. 

Sensory evaluation 

The loaf of bread not used for photographing was sliced and 

presented to five judges.     Two centimeters were cut off each end of 

the loaf and the remainder was cut into five pieces each two centi- 

meters thick.    Each judge was presented with a slice of   bread always 

taken from the same location in the loaf of bread.    Every tray con- 

tained three slices of bread made from one kind of starch,   each slice 

representing a different treatment of the starch.     The slices were 

coded and presented in a random order.    The judges were allowed to 

look at one half of the representative   loaf and to taste and feel their 

own slice.     They were asked to score the bread for 1) grain,   2) shape 

of loaf,   3) texture,   chewiness,   and 4) texture,   springiness.     The 

characteristics were scored from   one to five,   with five being the 

best score.    A copy of the score card is shown in  Figure 1. 

Photography 

One loaf of bread from each of the batches was cut in half 

crosswise and photographed.    The photographs are permanent recxirds 
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Characteristic Number 

a b c Comments 

Shape of loaf 
(Score 5,   no sinking 

to 1,   collapsed) 

| Grain 
(Score 5,   uniform, 

light,   porous cell 
distribution to 1, 
gel-like structure) 

Texture, 
Springiness 

1(Score 5,   very 
springy to 1, 
firm or lacking 
springness) 

Texture 
Chewiness 
(Score 5,   chewy 

to 1,   powdery) 

Figure 1. Score card, starch-textured breads. 
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of the shape of the loaf and the grain of the crumb. 

Statistical Analysis 

Analysis of variance was carried out on judge's scores for 

bread characteristics,   on compressibility,   on swelling capacity of 

both granular and retrograded starches,   and weight of dry starch 

from one gram of paste for both granular and retrograded starches- 

Correlation coefficients were calculated for many of the 

starch and bread characteristics: 

Bread springiness versus compressibility and shape for each 
starch treatment. 

Bread chewiness versus compressibility and shape for each 
starch treatment. 

Amylose versus bread grain,   shape,   chewiness,   and spring- 
iness for each starch treatment. 

Amylose versus amylograph characteristics for granular and 
retrograded pastes. 
Amylose versus temperature at initial rise in viscos- 

ity (granular). 
Amylose versus maximum viscosity (granular). 
Amylose versus temperature at maximum viscosity 

(granular). 
Amylose versus viscosity at 95   C (granular and retro- 

graded). 
Amylose versus minimum viscosity for the retrograd- 

ed paste. , 
Amylose versus grams swollen starch and grams dry starch 

from pastes at different temperatures for granular and 
retrograded pastes. 

Viscosity at 25   C of retrograded pastes versus shape,   spring- 
iness,   average score. 

Viscosity of retrograded pastes at 95  C versus bread spring- 
iness,   shape,   average score. 

Viscosity at 95   C (amylograph) versus bread shape,   spring- 
iness,   chewiness,   average score. 

Viscosity at 95   C versus grams swollen starch at   different 
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temperatures. 
Maximum viscosity versus shape,   springiness,   average score. 
Grams swollen starch from one gram dry starch versus bread 

shape,     springiness,   average score (retrograded 
paste). 
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RESULTS AND DISCUSSION 

Five commercially available starches were used in the pre- 

paration of starch-structured breads.    The characteristics of these 

breads were studied in relation to the chemical composition and 

physical behavior of the starches.    For example,   the swelling capac- 

ity;of each starch would be expected to affect the amount of water 

needed to make a   satisfactory bread product.    The proportion of 

amylose molecules,   intimately involved in the retrogradation of 

starch pastes,   and the characteristic degree of retrogradation of 

each starch would be expected to influence bread quality when retro- 

graded starch paste was incorporated into the bread dough.    Retro- 

gradation,   by increasing the crystalUnity of a starch paste,   would 

be : expected to decrease the compressibility of the bread made with 

the retrograded paste as compared with the compressibility of a . 

bread made with a fresh paste. 

Much work with starch has been done by observing behavior 

and attempting to arrive at chemical and physical explanation through 

these indirect means.    A direct approach would partially be made by 

use of amylose and waxy maize.    However,   commercially available 

amylose is highly retrograded making this approach impossible to 

carry out. 

Fresh and retrograded starch pastes were used in this 
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experiment in order to learn which qualities could be attributed to 

retrogradation,   with the possibility of improving the product quality 

by retrograding the starch paste before incorporating it into the final 

product.    Though retrogradation has usually been avoided due to its 

detrimental effects,   when used in the proper situation may be   found 

to impart desirable characteristics. 

Behavior and   Composition of Starch 

Analysis of Variance 

The behavior of the various starches differed,   as- shown by 

the analysis of variance,   for all characteristics studied,   Tables III 

through VII.     The differences were significant at the one percent level 

for swelling capacity of the freshly prepared pastes and the retro- 

graded pastes,   and for the weight of starch remaining from one gram 

of retrograded paste. .    However,   the grams of dry starch left from 

one gram of paste made from granular starch as well as the viscosity 

of the different starches at 95   C differed only at the five percent 

level of significance.    Temperature also had an effect,   significant 

at the one percent level,   for the swelling capacity of the granular as 

well as the retrograded starch,   and for the starch remaining from 

one gram of paste made from granular starch or from the   retrogracjt 

ed paste.      Starch-temperature interactions causeddifferences at the 
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TABLE HI. Analysis of variance,   swelling capacity granular 
starch 

Sources of   Degrees of Sums Mean 
Variation        Freedom of squares square F 

Starch                      4 1.27145506E 04 3. 17853766E 03 1105.1852** 

Temperature       4 6.79562423E 03 1. 69890606E 03 590.6951** 

Starch X 
temperature 1 6 8.52744569E 03 5. 32965356E 02 185. 307 5** 

Error                25 72.0034 2. 8801 

Total                     49 2.81095234E 04 

** Significant at the 1% level. 
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TABLE IV. Analysis of variance,   swelling capacity retrograded 
starch. 

Sources of   Degrees of Sums Mean 
Variation        Freedom of squares square F 

Starch                     4 2. 71315774E 04 6. 78289435E 03 1370.1411** 

Temperature       4 1. 89180488E 03 4. 72951220E 02 95.5359** 

Starch X 
temperature 16 6. 35750043E 03 3. 97343777E 02 80.2632** 

Error                25 123. 763 4. 951 

Total                     49 3. 55046454E 04 

* Significant at the 1% level. 
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TABLE V. Analysis of variance,   weight of starch per gram of 
paste,   granular starch. 

Source of     Degrees of Sums Mean 
Variation       Freedom of squares squares F 

Starch                       4 4.42965727E 02 .1. 10741432E 02 2.7749* 

Temperature         4 1.24364059E 00 3. 10910146E 01 77.9059** 

Starch X 
temperature   16 1.09091053E 01 6. 81819083E 03 1.7085 

Error                  25 0.099771 0. 00399 

Total                        49 1..49679931E 00 

Significant at the 5% level. 

* Significant at the 1% level. 
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TABLE VI. Analysis of variance,   weight of starch per gram 
of paste,   retrograded paste. 

Source of Degrees of Sums Mean 
Variation Freedom of squares square F 

Starch 4 1. 59813300E 02 3. 99533250E 03 121.7532** 

Temperatur e          4 k7. 28253000E 03 1. 82063250E 03 55.4817** 

Starch X 
temperature    16 6. 28237000E 03 3. 92648125E 04 11.9655** 

Error 25 0. 000827 0. 000033 

Total 49 3. 03666050E 02 

** Significant at the 1% level. 
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TABLE VII. Analysis of variance,   viscosity of starch pastes 
 at 950C.  
Source of Degree of Sums of Mean 
Variation Freedom squares squares F  

1.199025E05     1.199025E05      8.536* 

3.764650E 05     1.411625E04      6.7004* 

5.618500E04     1.404625E04 

Total 9 5. 525525E 05 

^Significant at the 5% level. 

Treatment 1 

Starch 4 

Treatment X 
starch (error) 4 
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one percent level for the swelling capacity of the granular and retro- 

graded pastes and for the grams of dry starch remaining from one 

gram of retrograded paste.     The starch-temperature interaction did 

not cause significant differences in the grams of starch from one gram 

granular starch paste.     Differences due to treatment were significant 

at the 5% level for viscosity at 95   C of granular and retrograded 

starches. 

Correlation Coefficients 

The percent of amylose in each starch will affect the structure 

and properties of the starch granules so it is of interest to compare 

the amylose content with the measurements of starch behavior.    The 

percent amylose versus the temperature at which maximum viscosity 

occurred during pasting was significant at the five percent level for 

plastes made from the granular starches,   Table VIII.    Higher tempera- 

tures were needed to reach maximum viscosity for starches with the 

greatest amount of amylose.    Amylose appears to give greater struc- 

ture to the granule so that more energy is required to break these 

bonds before water can penetrate the granule and cause it to swell. 

o 
Amylose versus viscosity at 25   C was significant at the five percent 

level for the retrograded pastes. 

Other aspects of starch behavior,   for example swelling capacity, 

were not significantly correlated with other measurements,   Table IX. 
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TABLE VIII.      Correlation coefficients significant at 5% level   or 1% 
level.      (Three degrees of freedom,   5% level r = . 878, 
 1% level r = .959. )  

Springiness versus compression r = 

Springiness versus shape r = 

Chewiness versus shape r = 

Chewiness versus compressibility r = 

Al B2 C3 
.93* .92* .95* 

.98** .89* .95* 

.92* n. s. .94* 

.94* .94* .99** 

Amylose versus grain r = 

Amylose versus shape r = 

Amylose versus chewiness r = 

Amylose versus    springiness r = 

Amylose versus    temperature at 
maximum viscosity (B. U. )       r = 

Amylose versus viscosity (B. U.) 
at 250C r = 

97** n. s. .92* 

97** n. s. n. s. 

88* n. s. n. s. 

97** n.s. .94* 

95* 95* 

90* 

Viscosity at 25   C (B. U. ) versus 
shape r = 

Viscosity at 25   C (B.U. ) versus 
springiness r = 

Viscosity at 25   C (B.U.) versus 
average score r = 

.89* 

.90* 

.93* 

n..s~.„,   hot significant 

 ,   r not calculated ^A = granular starch treatment 

*,   r significant at 5% level 2^ - fresh paste 

** ,   r significant at the 1% level ^C - retrograded paste 
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TABLE .IX..      Correlation coefficients not significant. 

r = s .73 s 

r = s .76 .81 

r = s .81 s 

r = s .82 .86 

r = s .84 s 

r = .56 .56 _^__ 

r = .72 .72 .-._ 

Al B2 C3 
Shape versus chewiness 

Amylose versus shape 

Amylose versus springiness 

Amylose versus chewiness 

Amylose versus grain 

Amylose versus initial rise in 
viscosity (B. U. ) 

Arr^ylose versus B. U.   at maximum 
viscosity 

Amylose versus minimum viscosity 
degrees Centigrade r =   ---- ,56 

Amylose versus minimum viscosity 
(B.U. ) r =     .74 

Amylose versus viscosity (B. U. ) 
at 950C r = .73   .75 

Amylose versus temperature at 
initial rise r =   .56   

Amylose versus swelling capacity 
at 250C r = -.83   . 83 

Amylose versus swelling capacity 
at 650C r = .44   . 56 

Amylose versus swelling capacity 
at 750C r = .38   . 54 

Amylose versus swelling capacity 
at 850C r = .45   . 51 

Amylose versus swelling capacity 
at 950C r = .50   . 51 

Swelling capacity at 95    C versus 
viscosity (B. U. ) at 250C r=     .39 

Viscosity (B. U. ) at 95   C versus 
shape r, = .56   .35 

(continued) 
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TABLE  IX.        Correlation coefficients not significant (continued) 

Viscosity (B. U. ) at 95    C versus 
springiness 59 53 

Viscosity (B. U„ ) at 95  C versus 
chewiness r = 47 

Viscosity (B. U. ) at 95   C versus 
average score 67 .52 

Brabender units at maximum 
viscosity versus shape 56 59 

Brabender units at maximum 
viscosity versus springiness   r = 58 63 

Brabender  units at maximum 
viscosity versus average 
score r = 66 74 s 

Viscosity at 95  C (. B. U„ ) versus 
o 

swelling capacity at 65   C r = 24 

Viscosity at 95   C (B. U. ) versus 
swelling capacity at 75   C 48 

Viscosity at 95  C (B. U. ) versus 
o 

swelling capacity at 85   C 49 

Viscosity at 95  C (B. U. ) versus 1 o 
swelling capacity at 95   C r = 52 

Swelling capacity at 25   C versus 
shape r 

Swelling capacity at 25   C versus r 

67 

72 

Swelling capacity at 25   C versus 
 average score  75 
s,   significant;      ,    r not calculated;,. 

^A = granular starch;  ^B = fresh paste;-^C = retrograded paste 
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Swelling Capacity of the Starches 

Granular Starch 

As will be recalled,   the swelling capacity of each native 

starch was studied from two viewpoints,   the weight of the swollen 

granules after heating in water to various temperatures and centri- 

fuging,  and   the weight of dry starch remaining from one gram of 

swollen granules.    Although these figures are inversely related the 

correlation is far  from 1.0 because of the difference in swelling 

capacity of the different starches at each temperature,    A correla- 

tion coefficient calculated for all starches was r = 0.48,   significant 

at the five percent level.    The amount of change in the swelling capac- 

ity between the various temperatures indicates the range in which the 

greatest amount of gelatinization takes place.     The swelling capacity 

at 95   C is the maximum swelling that can be achieved by that parti- 

cular starch as the gelatinization of a starch is complete at this 

temperature.    The grams of dry starch from one gram of swollen 

granules indicates the proportion of starch   to water at each tempera- 

ture.     The decrease:   in the grams   of dry starch also shows the 

temperature range at which the starch gelatinizes.    The smallest 

quantity of dry starch would be expected at 95   C with the maximum 

swelling of the starch occurring at that temperature.    Swelling 
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capacity of each   .starch is shown in Table X.    Dry starch from one 

gram of swollen starch paste is  shown in Table XI.     The values given 

are averages  of two replications. 

TABLE X. Swelling capacity of raw starch.   (Grams swollen 
 starch/gram of dry starch. )  

Starch Temperature    C 
25° 65° 75° 85° 95° 

Corn 2. 345 4.520 9.775 12.190 15.430 

Wheat 2.300 7.270 7.840 10.020 13.400 

Waxy Maize 2.686 5.008 11.100 8.328 5,416 

Arrowroot 2.370 3.695 22.530 27.465 33.585 

Potato 1.950 19.090 44.525 79.550 99.725 

TABLE XI.        Grams of starch remaining after drying one gram 
 '   of centrifuged starch paste.  

o 
Starch Temperature    C 

25° 65° 75° 85° 95° 

Corn 0.484 0.256 0.098 0.075 0.051 

Wheat 0.447 0. 129 0.115 0.090 0.051 

Waxy Maize 0.369 0.177 0.018 0.016 0.020 

Arrowroot 0.432 0.' 325 0.036 0.028 0.020 

Potato 0.510 0.038 0.018 0.008 0. 010 

The grams of starch remaining after drying one gram of . 

starch that had equilibrated with the moisture 'in the atmosphere 

at 25   C was as follows: 
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grams % moisture 
Corn 0.948 5.2 
Wheat 0.938 6.2 
Waxy Maize 0.942 5.8 
Arrowroot 0.910 9.0 
Potato 0.868 13.2 

The analysis of variance.   Table III,   showed that the amount of 

swelling of one gram of starch heated in an excess of water was re- 

lated to the temperature to which the paste was cooked and to the 

starch at the one percent level of significance. 

The fact that starches perform   differently from each other 

when pasted can be seen by referring to   Figure 2 which illustrates 

the swelling capacity of granular starch and to Figures  3 through 7, 

the amylograph curves. 

The corn and wheat starches behaved in a  fashion typical of 

cereal starches.        Both showed limited swelling capacity.    Corn 

starch reached a maximum of 15.430 grams of swollen granules per 

o 
gram of dry starch at 95   C and the maximum swelling for wheat 

was 13.400 grams at the same temperature.     Leach (1965) reported 

a swelling power of 24 for corn starch and 21 for wheat starch at 

o 
95   C.       The lower swelling power noted in this research could be 

due to the uncontrolled factor of the age of the starch or variety of 

wheat or corn from which the starch originated. 

The amount of starch remaining after drying one gram of 

swollen granules was significant at the one percent levelfor starches. 
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and for temperature to which the starch was heated,   Table V.     Starch 

from one gram of swollen granules was  the same for corn and wheat 

at 95   C.    However,   at 65   C,   the one gram sample of wheat   starch 

paste had only 0. 129 grams of wheat starch,   about half as much as 

the corn starch paste which contained 0.256 grams of starch.    A 

greater percentage of the wheat starch had gelatinized at 65   C re- 

sulting in less starch and more water per gram of paste than the 

corn starch paste.    At 75   C,   the corn starch swelling caught upwith 

the wheat starch and the curves were similar from then on,   Figure 2. 

The waxy maize starch was difficult to work with as a   definite 

line did not form between the paste and the excess water when centri- 

fuged.   There seemed to be a more dense portion of paste at the bot- 

tom of the  tube after centrigufation and a less dense,, more watery, 

but cloudy region as the supernate.      This top layer was removed by 

suction and discarded.    With increasing temperature,   the separation 

of the two layers became more nebulous and the supernate more 

cloudy.    Up to 75   C,   the swelling power appeared to increase to a 

maximum of 11. 100,   but decreased after that.    This does not agree 

with the swelling power of 64 for waxy maize starch reported by 

Leach (1965) nor is it similar to the waxy milo curve plotted by Leach, 

Thomas,   and Schoch (1959).     The figures in this research represent 

the amount of starch in the dense layer in the bottom of the centrifuge 

tube.    As the temperature increased above 75   C,   this dense layer 
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became    smaller with greater solubility and dispersibility of some of 

the starch into the upper aqueous layer,   this starch being discarded 

during decanting.    Although the dense layer became smaller for the 

waxy maize starch,   the amount of starch per gram of paste decreased 

indicating that swelling of the starch continued.    The amount of starch 

solids per gram of paste decreased greatly at 75   C and then leveled 

off at 95   C.    This trend is similar to that of corn starch paste which 

also had a rapid decrease of solids at 75   C.    At this temperature, 

the majority of the starch granules had gelatinized for both corn 

starch and its waxy counterpart.    The amount of solids in the paste 

is smaller for waxy maize,    0.018 grams,   than for corn starch, 

0.098 grams,   less than one-fifth as much. 

Arrowroot starch showed a maximum swelling capacity of 

33. 585 grams per gram dry starch at 95   C as compared   to 54 report- 

ed by Leach (1965).    The swelling power of this root starch was 

greater than that of the cereal starches.     Though not greatly different 

at room temperature or even at 65   C,   the greater swelling capacity 

o 
of arrowroot starch became   evident by 75   C when the swelling power 

was 22. 530.      This was   more than twice that of the corn starch swel- 

ling power which was 9'. 775 at 75   C.    This trend continued as the 

temperature increased.    At 95   C,   the arrowroot starch had swollen 

to 33.585 grams per gram dry starch,   about twice as much as the 

corn starch at the same temperature. 
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When aliquots of centrifuged arrowroot starch paste were 

dried,   the dry starch per gram of paste dropped from 0.325 grams 

starch at 65   C to 0.036 grams at 75   C.      The curve for the starch 

solids per gram of paste was similar to that for waxy maize,   both 

showing a sharp decrease at 75   C and leveling off from 75    to 95   C. 

Potato starch showed an unrestricted pattern of swelling. 

This was evident even at 65   C when one gram had absorbed enough 

water so the centrifuged mass weighed 19. 090 grams.     The amount of 

o 
swelling increased rapidly to 99.725 at 95  C.    Although this does not 

match the figure reported by Leach (1965) of a swelling power greater 

than 1000 for potato starch,   it does show the great swelling capacity 

as compared   with the other starches.    With potato starch as with 

waxy maize,   the demarcation between the swollen starch paste   and 

the    excess water was  ivery nebulous.    Very little was present as a 

supernate after centrifugation of the paste.    The separation became 

more difficult as the temperature increased and the swelling and 

dispersion of the potato starch became greater.    In spite    of these 

difficulties it was evident that, the swelling capacity of the potato 

starch greatly exceeded any of the other starches tested,   at all tem- 

peratures above 25   C.      All starches had approximately the same 

swelling capacity at   25  C which is well below the gelatinization 

temperature range for  any starch.      The grams solid per gram of 

o 
swollen centrifuged paste was lower for potato starch at 95  C than 
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for any other starch tested.    This was also evidence of the great 

swelling that occurs when potato starch is gelatinized. 

Retrograded Starch 

Identical quantities of starch and water were used in this test 

as for the granular starch swelling capacity test.    However,   the 

starch and water was first heated to boiling and then retrograded. 

Upon thawing,   the swelling capacity was investigated in two ways, 

i.e.   the grams of swollen starch after heating the paste to the various 

temperatures and the grams of dry starch per gram of swollen paste. 

The purpose of this test was to study the effect of retrogradation on 

the swelling capacity of the starch.    Retrogradation,   defined as 

increasing crystallinity and the loss of water-holding capacity would 

be expected to result    in decreased swelling capacity of the starch. 

However,   some retrogradation is overcome at temperatures between 

50     to 60   C,   so the loss in swelling capacity of the retrograded 

pastes at room temperature may be    reversed upon heating the paste. 

The swelling capacity of the retrograded starches and the 

starch remaining after drying one gram of paste  were different at the 

one percent level of significance for starches and temperatures as 

shown by the analysis of variance,   Tables IV and VI. 

The results of the swelling capacity tests on the retrograded 

starch pastes are given in Tables XII and XIII and Figure. 8. 
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TABLE XII.       Retrograded starch pastes swelling capacity.   (Grams 
 starch paste per gram dry starch. )  

o 
Starch Temperature    C 

Tf-O                    , ..o                   ^-O                   ^^.o „,-0 ^ 25 65 75 85 95 

Corn 14.695 13.695 13.745 13.850 13.893 

Wheat 13.170 15.020 15.290 14.350 14.785 

Waxy Maize 6.035 4.460 3.830 4.130 4.870 

Arrowroot 17.630 22.170 24.530 25.270 26.510 

Potato 17.909 67.210 79.300 95.875 92.625 

TABLE XIII.     Retrograded starch paste,   grams of starch remaining 
 after drying one gram of centrifuged paste.  

Starch Temperatirce    C 
 25° 65°             .75°               85°               95° 

Corn                                 0.070 0.066          0.065          0.074          0.065 

Wheat                              0.065 0.060          0.063          0.060          0.056 

Waxy Maize                   0.106 0.038           0.030           0.032           0.028 

Arrowroot                      0.050 0.038           0.030           0.032           0.028 

Potato                              0.056 0.012          0.008          0.008          0.006 



101 

15 

to 

5 

arrowroot 

wheat 

corn 

waxy maize 

Figure 8. 

25* 65° 75° 8S6 

Temperature    C 

Swelling capacity of retrograded starch pastes, 

9Se 



102 

The swelling capacity of retrograded starch pastes at various 

temperatures present quite a different picture from that of the raw 

starches that were previously discussed.     The retrograded pastes had 

already reached 95  C,   and the granules .had imbibed water and be- 

come swollen.     The swelling capacity of the retrograded cereal starch 

pas tes remained essentially the same as temperatures were increased 

as may be seen in Table XII and Figure 8. 

The retrograded corn starch had a swelling capacity at   25   C 

of 14.695,   just below that of the raw starch swelling capacity at 95  C 

of 15.430.    Corn starch showed little change in the grams of starch 

per gram of centrifuged retrograded paste at any of the temperatures 

to which the pastes were heated. 

Wheat starch retrograded pastes present a similar picture 

having swelling capacity close to that of corn starch.   Upon heating, 

the swelling capacity of the retrograded wheat starch paste increased 

very slightly. 

The retrograded waxy maize starch paste showed a swelling 

capacity at 25  C that was much lower than any of the other starches 

tested.    A small decrease in the swelling capacity resulted upon 

o 
heating of the retrograded paste to 75  C,   but later increased as the 

heating continued up to 95   C.      However,   all changes in the swelling 

capacity were extremely small.     The appearance and behavior of the 

retrograded waxy maize was similar to the raw starch at 95    C. 
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Some of the starch appears to be dispersed in the supernatant and can 

not be concentrated into the bottom layer by centrifugation. 

Unlike the cereal starches,   the root and tuber starches had a 

lower swelling capacity at room temperature than the maximum 

swelling capacity of their respective fresh pastes,   but upon heating, 

the retrograded pastes were able to swell again and approach the 

swelling capacity of the fresh pastes at 95  C.      The root and tuber 

starches did not form as rigid a gel upon retrogradation as the 

cereal starches. 

The retrograded arrowroot starch paste   had a swelling capac- 

ity that was'much grealter than the retrograded cereal starches,   but 

was lower than that of the raw starch at 95   C.      There was a definite 

increase in the swelling capacity for the retrograded arrowroot paste 

as the temperature increased.    Retrogradation in this case appears to 

have decreased the swelling capacity somewhat.    The retrograded 

paste at 95   C resembled the swelling capacity of the raw starch at 

850C. 

Swelling capacity for the retrograded potato starch increased 

rapidly with increased temperatures,   reaching a maximum at 85   C 

and falling slightly at 95   C.      The swelling capacity of the retrograded 

potato starch comes close but does not quite reach the maximum 

swelling capacity of the raw starch which occurred at 95   C.      The 

retrograded paste   took on behavior and appearance of the fresh paste 
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as heat was applied. 

All the starches had increased paste clarity and became more 

shiney and translucent with heating.    The dull opaque finish of the 

retrograded paste disappeared.     This was especially noticeable with 

arrowroot and potato starch pastes. 

A somewhat lower water-holding capacity of the retrograded 

pastes as compared with the    native   starch is indicated by a higher 

weight of dry starch per gram of paste.    Since retrogradation was 

o 
allowed to take place in pastes that had been heated to 95   C,   the   ijresh 

and retrograded pastes heated to 95   C all compared.    Grams of dry 

o 
starch from one gram of centrifuged paste heated to 95   C were: 

Freshly prepared Retrograded paste 
paste (grams) (grams) 

Corn 0.051 0.065 
Wheat 0.051 0.056 
Waxy Maize 0.020 0.028 
Arrowroot 0.020 0.028 
Potato 0.010 6.006 

In freezing the starch pastes for   the swelling capacity test, 

great difficulty was encountered.      The glass containers in which the 

paste was frozen often broke,   rendering the sample unusable in spite 

of the fact that plenty of head space was allowed.     The water that 

separated from the retrograded paste    seemed to stay at the sides 

and bottom of the paste.    Upon freezing,   as this water expanded,   it 

broke the glass.      Perhaps the water was not able to expand upward 
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due to the gel that was on top of the water.    Many samples had to be 

frozen in order to have enough to carry out the tests. 

Apparent Viscosity of Starch Pastes 

Granular Starch 

The viscosity of starch suspensions as they were pasted with 

the application of heat and stirring in an amylograph was determined 

using each of the five starches.     The temperature range was 25   C to 

96   C to simulate the cooking of starch in the presence of water and 

other ingredients.    Upon heating,   the starches gelatinized and formed 

viscous pastes.    In the starch-structured bread doughs,   gelatinization 

occurs using the available water as the dough is baked.    The viscous 

granular paste forms the cells that hold the gas at the same time 

acting as an elastic medium which allows the cells to expand as the 

bread is baked.    The dough must be viscous enough to hold the cells in 

a uniform distribution.     The granules finally become rigid, giving a 

permanent structure to the bread. 

Amylograph curves,   which show the apparent viscosity during 

pasting of the different starches throughout the heating cycle are given 

in Figures 3 through 7.    These curves supply important figures, -- 

the temperature at which the viscosity begins to rise,   the temperature 

and Brabender units at maximum viscosity,   and the viscosity in. 
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o 
Brabender units at 95  C.      These figures are presented in Table XIV. 

TABLE XIV.     Apparent viscosity of freshly prepared starch pastes. 
Initial ,,     . . . ,r. _ .       . Maximum viscosity       Viscosity 

Cone. rise in 
g/417 ml     temp.   0C        Temp,   "c      B. U. at950CB.U. 

Starch 

Corn 40 70 92.5 620 620 

Wheat 40 81 95.0 380 380 

Waxy Maize 40 64 73.0 50 35 

Arrowroot 40 74, 88.0 690 690 

Potato 20 64 95.0 630 630 

The accuracy of the amylograph is +   20 Brabender units.    The vis- 

o 
cosity of the starch pastes at 95   C was different among starches at 

the five percent level of significance,   Table VII. 

The raw starches increased in viscosity as   the temperature 

increased.     The temperature of initial : rise is dependent on the ease 

of swelling of the starch granules when   compared at the same con- 

centrations.    Not all starch granules swell at the same temperature, 

thus the viscosity increase was recorded over a temperature range. 

Each type of starch has a characteristic pattern of granule swelling 

and development of viscosity. 

Corn starch had an initial rise at 70   C,   and reached a maxi- 

mum viscosity at the end of the heating cycle at 95   C.      The maximum 

viscosity reached was the highest for the two regular cereal starches 

tested and little breakdown occurred.     This pattern was also obtained 
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for corn starch, by Schoch (1965).    Wheat starch had a low maximum 

viscosity as compared with the other regular starches.     The amylo- 

graph was  not heating properly for the wheat starch and time did not 

permit it being repeated.    There was   a surge of temperature from 

85     to 95     in two minutes rather than the gradual rise   of 1. 5   C per 

minute,   so these data show a quickened heating and gelatinization for 

the wheat starch which may not be truly representative of this starch. 

Anker and Geddes (1944) using a concentration of 8.54 percent    com- 

mercial unmodified wheat starch obtained a viscosity of 230 B. U. 

while'in this research with a starch concentration of 8.7 percent, 

wheat starch gave a.fnaximum viscosity of 380 B. U.      Wheat starch 

has a gelatinization temperature   range of 52    to 63   C (Leach,   1965). 

o 
However,   initial rise in viscosity of this    starch occurred at 81   C. 

Waxy maize had an early initial rise in viscosity,at 64    C 

as compared with regular corn starch which starte4 to show an in- 

crease at 70  C.      Wa.xy maize starch had low maximum viscosity 

o 
at a temperature of 73   C.      Slight thinning occurred by the time the 

heating cycle was complete.     Perhaps this breakdown in viscosity 

may be due to the loss of swelling power as was   noted in the tests on 

swelling capacity as well as the breakdown caused by mechanical 

agitation.    If the waxy maize granules are not able to hold the water, 

they will not be swollen enough to come in contact and jostle each 

other,   factoxs which are thought to be necessary in causing the 
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viscosity of the paste to increase.     Thus this paste showed a low vis- 

cosity and disintegration at 95   C, 

Root and tuber starches characteristically have a higher   vis- 

cosity than do the cereal starches.    Arrowroot starch had an initial 

rise at a higher temperature than corn starch but reached its maxi- 

mum viscosity at a lower temperature.    The maximum viscosity for 

arrowroot was greater than for    any.     of the cereal starches tested. 

No breakdown occurred   and the viscosity was still at its maximum 

value at 95   C.      Potato starch illustrates the behavior of the root 

and tuber starches very well.    Only 20 grams of potato starch were 

used in the amylograph to obtain a curve   which compared well with 

the 40 grams needed for all the other starches.      Forty grams of 

potato starch in this case would have caused such a high viscosity that 

it could not be charted by the amylograph.    Even with half the concen- 

tration of starch the viscosity was greater than that of the corn starch 

paste.      Potato starch had an early initial rise and the viscosity 

steadily increased to the maximum value;at 95   C.    Cooking was dis- 

continued at 96  C,   hence no note was made of breakdown due to 

further cooking.    The high viscosity indicates a very free swelling 

starch.    Schoch (1965) also noted a high viscosity and extensive 

thinning with continued cooking of potato starch. 

The    swelling  capacity  of the starches   at different tem- 

peratures and viscosities at 95   C of the freshly prepared starch pastes 
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were not significantly correlated.   Table IX.     The earliest increase 

in viscosity can not be seen on the amylograph curves as some in^- 

crease must occur before the amylograph will begin to register 

viscosity.    Swelling is important at this stage to increase the size 

of the granules,   causing them to crowd together and thus increase the 

viscosity.    Size of granules and strength of bonding influence the 

temperature range and rate at which swelling occurs.    Correlations 

would therefore not be expected until all starches had gelatinized. 

o o 
However,   at 85    and 95   C there was still no significant correlation 

between the swelling power and viscosity at 95  C.    This may be due 

to the potato starch which was used at   only half the concentration of 

the other starches for determination of viscosity.    Had potato starch 

been used at the same concentration as  the other starches,   it would 

show the highest viscosity of all the starches tested and likewise, 

potato starch had the greatest swelling power at 95   C.    Arrowroot 

starch had a swelling capacity and viscosity that was lower than potato 

starch,   but greater than the cereal starches.    In contrast,   the cereal 

starches had a more restricted swelling capacity and a lower maxi- 

mum viscosity.    Waxy maize had the lowest swelling capacity and 

viscosity of all the starches.    There does appear to be a relationship 

between the swelling power of the starches and their respective 

maximum viscosities. 
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Retrograded Starch Pastes 

Retrograded five percent starch pastes were tested in the 

amylograph to determine the effect of retrogradation upon the viscos- 

ity.     The starch pastes had set up to gels during retrogradation and 

were broken into smaller pieces before use in the amylograph as they 

would be during the mixer action in bread dough.    Again,   the tem- 

o o 
perature range was 25    to 96   C,   the same range the paste would be 

subjected to in baking bread.    The retrograded pastes decreased in 

viscosity upon heating and stirring.    This would render the dough 

more mobile and less viscous as the interior temperature increased 

during baking as compared with the dough prepared with raw granular 

starch only.     The bread made with the retrograded pastes showed, a 

more   open texture,   larger air cells,   and not as fine a crumb.     The 

decreased viscosity would allow the cells in the dough to expand to a 

greater extent.    Viscosity of retrograded five percent starch pastes 

from each of the five starches was recorded as the paste was heated 

from 25   C to 96   C.      The results of this  test are given in Table XV. 

and Figures 9 to 13. 

All starches had a.maximum viscosity at 25   C.    Viscosities of 

the starches decreased during the heating cycle. 

The retrograded corn starch paste,   like all the other regular 

starches rapidly decreased in viscosity after reaching its maximum 
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TABLE XV.       Apparent viscosity of retrogradedfive percent starch 
 pastes.  

Starch Viscosity Min.   Viscosity Viscosity 
at 250C BU Temp.   0C BU at 950C 

Corn 750 85 '210 225 

Wheat 710 95 200 200 

Waxy Maize 170 66 10 10 

Arrowroot 730 55 260 300 

Potato 725 95 525 525 

viscosity at the beginning of the heating cycle.    At 50   C,   the. decline 

in viscosity occurred at a slower rate.    The minimum viscosity was 

o 
reached at 85   C with a slight rise occurring through the remainder 

of the cycle. 

Wheat starch had a lower maximum viscosity than did the 

corn starch.      Like corn starch,   the retrograded wheat starch paste 

decreased in iviscosity as the temperature increased,   but did so at 

a more gradual rate. 

An unusual pattern was charted for the retrograded   waxy 

maize .starch.     The maximum viscosity was very low in comparison 

to the other starches.     The viscosity decreased with increase in 

temperature up to 48   C.      A rise in viscosity then ensued up to 52   C 

at which time the viscosity proceeded to again decrease until it 

reached a plateau at 66   C.      Similarly,   the swelling power of the 
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retrograded waxy maize starch showed a slight decrease from E5   C 

o 
to 65   C and from then on remained almost constant. 

Retrograded arrowroot starch paste had a maximum viscosity 

close to that of potato starch.    It rapidly decreased in viscosity up to 

55   C,   then increased very slightly through the rest of the heating 

cycle.    In contrast,   the swelling capacity of the retrograded arrow- 

root showed a large increase upon heating.    Swelling capacity is only 

one factor involved in the viscosity of the paste and in this case it does 

not appear to be closely related with the viscosity. 

When retrograded potato starch paste was tested,   its viscosity 

presented a somewhat different pattern.    Maximum viscosity was 

lower than for corn and arrowroot starches.     The viscosity decreased 

o 
gradually at first,   then at a more rapid rate to 53   C.      A very slight 

increase occurred lasting up to 75   C when the viscosity again    de- 

creased.      The minimum viscosity for the retrograded potato starch 

was not as low as for the other starches.    As   with the arrowroot 

starch,   the swelling capacity of the retrograded potato starch did 

not appear to be directly related to the viscosity.    The swelling power 

of the retrograded potato starch showed a rapid increase upon heating. 

A:s mentioned with each particular starch,   the swelling capacity 

of the retrograded starch pastes resembles,   but does not exactly 

parallel the viscosity pattern.     There   was no significant correlation 

between the swelling power at 95  C and the viscosity at 25  C for the 
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retrograded starch'   pastes.   Table IX.    Swelling power is only one 

influence on the viscous nature of the pastes.    Intermolecular bonding, 

percentage amylose and amylopectin,   heat and the amount of crystal- 

linity also play a role.    Viscosities of all the retrograded pastes were 

higher at 25  C than any temperature above this up to 95   C.      At the 

lowest temperature tested,   25   C,   the retrogradation and crystallinity 

of the starch paste   would be at its greatest.     The crystallinity deter- 

mines the rigidity of the starch paste. 

All retrograded starch pastes had a viscosity between 710 to 

750 B.. U. at 25   C with the exception of waxy maize which was 170 B. U. 

Possibly this may reflect the amount of bonding between the molecules 

of the granule.    All regular starches would have the linear fraction 

amylose present,   favoring retrogradation.      Retrogradation of the 

amylopectin can be reversed by temperatures of 50    to 60   C (Schoch, 

1965).     This may be responsible for the greatest decrease in viscosity 

noted for all starches in this temperature range.      Some of the rigidity 

of the retrograded starch pastes would be ovefcome.   The    swelling 

capacity may also increase at the same time.      The cereal starches 

were found not to have lost much water holding capacity during retro- 

gradation as their swelling capacity at 25   C was close to the swelling 

capacity of the granular starch at   95   C.    The root and tuber starches 

increased in swelling capacity upon heating of the retrograded pastes. 

While the granules are taking in water lost during retrogradation 
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it would be expected that the granules would again become swollen, 

crowding each other and resulting in an increase in viscosity.    How- 

ever,   if this is the case,   the effect of the increased viscosity is   mask- 

ed possibly, by the return of the amylopectin to a more random network, 

thus softening the gel.    Schoch (1965) proposed that the branches of the 

amylopectin which were folded up during retrogradation,   become di- 

lated and opened out upon heating.     The stirring prongs on the instru- 

ment break apart the retrograded gel and mechanical shear would also 

play a large part in the decrease in viscosity of the retrograded pastes. 

In the wdxy maize starch with little or no amylose,   the bonding 

between molecules would be inhibited.    No long amylose molecules 

would be present to reinforce the swollen granular network during 

its preparation,   and according to the swelling capacity test,   the low 

capacity of this starch WD uld indicate the lack of ability to retain the 

water in the starch granules.     Thus,   swollen granules would not 

crowd each other and result in a viscous paste as did the regular 

starches.      The viscosity of the retrograded waxy maize paste reached 

a plateau at 65   C.    At this temperature,   retrogradation of the waxy 

maize paste,   which is almost entirely amylopectin,   would have re- 

versed itself  and the swelling power is not great enough in this starch 

to cause an increase in viscosity   so it remains at a low level. 

With the continuation of the heating cycle past 60  C,   the paste 

viscosity remained about the same for the retrograded corn starch 
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and wheat starch as did the swelling power.     These two starches have 

reached about the same swelling capacity as the fresh pastes,   but 

o 
the viscosity   which at 25   C was higher in all starches than the 

o 
maximum viscosity of the freshly prepared pastes,   at 95   C had 

decreased in to amuch lower viscosity than the freshly prepared 

pastes.    Retrogradation increased the viscosity of the pastes at 25   C 

over the maximum viscosity of the fresh pastes,   but the effect of heat 

and stirring decreased the viscosity of the pastes below the fresh 

paste viscositites.      Since the swelling capacity returned to the retro- 

graded pastes upon heating,   other factors must be responsible for 

the decrease in viscosity.    Perhaps the retrograded amylose is partly 

responsible,   since retrogradation of these molecules is not  reversed 

by these temperatures. 

Determination of the Amylose Content of the Starches 

In order to determine the amylose content of the five starches, 

a calibration curve was required.    This was constructed from the 

absorbance. at 680 millimicrons of known concentrations of amylose 

and amylopectin.   Table XVI.      The figures shown are averages of two 

replications. 

Once the absorbance of known . concentrations of amylose   and 

amylopcetin were determined,   the absorbance of the five starches was 

tested.     The absorbance exhibited by each starch was plotted on the 
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TABLE XVI.     Calibration curve for the absorbance of known 
 concentrations of  amylose and amylopectin.  
% Amylose         % Amylopectin          Absorbance at        Best Fitting 
 680 mu line 

5 95 0.070 0.070 

10 90 0.079 0.080 
1  15 85 0.090 0.090 

20 80 0.104 0.100 

30 70 0.116 0.120 

50 50 0.161 0.160 

calibration curve and the percent of amylose read directly from the 

graph.    The results are given in Table 17.and are averages of two 

replications. 

TABLE XVII.   Absorbance at 680 millimicrons and percentage 
 amylose for five starches.  

Starch Absorbance % Amylose 

Corn 0.088 14.0 

Wheat 0.106 23.0 

Waxy Maic^e 0.009 0.0 

Arrowroot 0.093 17.5 

Potato 0.103 21.5 

The absorbance values for the pure samples of amylose and amylo- 

pectin lie in a straight line,   the absorbance in mu increased as the 

percentage of amylose increased.    The absorbance values of the 

starches when compared with the calibrated curvd    are indicative 
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of the percentage of amylose present.    The percentage of amylose was 

somewhat lower for the starches tested in this experiment than are 

the values reported in the literature.    Scheick (1966) found corn to 

contain 27 percent amylose as compared to the 14 percent amylose of 

the corn starch used in this experiment.    Greenwood (1966) reported 

wheat starch at 26 percent amylose and potato starch at 23 percent 

amylose.      Figures in this experiment were 23 and 21. 5 percent 

amylose respectively.    The figures are again low,   but are close to 

the reported   values.    Arrowroot starch reported to contain 20. 5 per- 

cent amylose (Anderson,   Greenwood,   and Hirst,   1955) was found to 

contain 17.5 percent amylose in this experiment.    Waxy maize starch 

was reported to contain less than one percent amylose by Greenwood 

(1966),   and in this experiment waxy maize starch was so low in 

amylose that the absorbance value did not fall on the calibration curve, 

indicating very little or no amylose in this sample. 

Variations between starch samples and differences in the 

methods used for determining the amylose could account for the dif- 

ference between the amylose content found in this experiment and that 

reported in the literature.    The range for amylose content in normal 

starches is about 17 to 32 percent with the cereal starches usually 

being slightly higher than the root and tuber starches.     This held true 

with the exception of the corn starch which was unusually low in 

amylose content.    Possible reasons for this could be the particular 

starch sample was very low in amylose,   the amylose was not comple- 

tely solubilized,   or since the starch had not been defatted before use 

some of the amylose may have been in the form of a fatty acid complex, 

and was then unable to complex with the iodine to develop the blue color. 
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Starch-structured Breads 

Observations of the Dough and Bread Characteristics 

Photographs of the starch-structured bread loaves were made as 

a permanent record of the appearance of each of the loaves.    Three 

starch treatments were used in preparation of bread loaves from 

each of five commercially available starches.    The treatments were 

(1) granular starch only; (2) 5% starch paste,   freshly prepared,  plus 

the remainder as granular starch; (3) 5% starch paste,   retrograded, 

plus the remainder as granular starch,   Figures 14 through 18 are 

photographs of the finished starch breads.    Observations on the ap- 

pearance of the doughs and a description of the appearance of the 

finished loaves will be included in this section. 

The corn starch dough made with all granular starch was very 

fluid,   being similar to cake batter,   so that it could be poured.    The 

dough appeared smooth and glistened when at rest in the bowl or loaf 

pan.    The finished loaf had a very crumbly crust which was slightly 

browned along the edges.    The crumb was quite fine and uniform.    Only 

a very slight spring was exhibited by this loaf when fresh.    After two 

days,   the covered loaf was very firm to the touch.    The corn starch 

dough made with the fresh paste was thicker than that made with gran- 

ular starch,   and was more difficult to stir.    The crust of breads made 
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Figure 14. Starch-structured bread made from corn starch. 
A - granular starch only. 
B - 5% fresh starch paste and the remainder as 

granular starch. 
C - 5% retrograded starch paste and the remainder 

as granular starch. 
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Figure 15. Starch-structured bread made from wheat starch. 
A - granular starch only. 
B - 5% fresh starch paste and the remainder as 

granular starch. 
C - 5% retrograded starch paste and the remainder 

as   granular    starch. 



126 

r  

' 
jf 

1 ^^         to ^    a M m ̂ UEI tlt&^uSi '-Aflk. 
^■r MM "^ 

^»^- 9f w
m 

'^trtmr, 

■ ■ 

 ^___ i— 

q^yjIBE* 

A B 

Figure 16. Starch-structured bread made from waxy maize 
starch. 
A - granular starch only. 
B - 5% fresh starch paste and the remainder as 

granular starch. 
C - 5% retrograded starch paste and the remainder 

as granular starch. 
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Figure 17. Starch-structured bread made from arrowroot 
starch. 
A - granular starch only. 
B - 5% fresh starch paste and the remainder as 

granular starch. 
C - 5% retrograded starch paste and the remainder 

as granular starch. 
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Figure 18. Starch-structured bread made from potato starch. 
A - granular starch only. 
B - 5% fresh starch paste and the remainder as 

granular starch. 
C - 5% retrograded starch paste and the remainder 

as granular starch. 
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with the fresh paste was very uneven and crumbly.    An air space re- 

sulted between the crust and the crumb.    After cooling,   the very thin, 

light brown crust cracked and sank to meet the top of the crumb. 

The crumb had larger cells and felt moist and slightly rubbery as 

compared with the crumb of the all-granular starch loaf.    A few 

cells near the top were larger than the other cells.     It was quite 

springy to the touch.     This corn starch bread was softer to touch 

after two days of covered storage than those of the other two starch 

treatments.    The bread made with retrograded paste had the thickest 

dough of the three starch treatments,  was most difficult to stir,  but 

still flowed when poured.    The crust of breads made with the retro- 

graded paste were lightly browned.    These loaves did not sink as 

did breads representing the other two treatments.     The porous na- 

ture of the crumb was intermediate between that of the other two 

starch treatments. 

The dough for the all-granular wheat starch bread was like 

corn starch dough of the same treatment in its fluid character,   and 

its smooth,   glisteny finish.    It was fluid enough to pour into the loaf 

pans.    The finished loaf had an excellent shape with a rounded top 

and a golden brown crust that was crazed and crumbly.    The cell 

structure was uniform and the cells were slightly larger than those 

in the granular starch bread.    The wheat starch breads made with 

the fresh paste and the retrograded paste had a duller,   somewhat 
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thicker and more fluffy dough.    The loaf made with the fresh paste 

had a crumbly crust,   intermediate between the extremely fragile 

crust of the granular bread and the less crumbly crust of the bread 

with the retrograded starch paste.    Some sinking of the crust was 

noted.     Like the crust on the corn starch bread made with the fresh 

paste, the crust had puffed up higher than the crumb and cracked and 

sank to come down and rest on the crumb.    The cells were not uni- 

form,   there were a number of quite large cells in the middle of the 

loaf and smaller cells toward the bottom and the sides.    The crumb 

seemed almost wet and was springy to touch.    The bread made with 

the retrograded paste had a crust that was tough to cut even with an 

electric knife.    The loaf was flat on top.    The cells were larger than 

those of the granular wheat starch bread,  but. more uniform and less 

open than the wheat starch bread made with the fresh paste.    The 

crumb seemed quite springy and moist to touch. 

The clay-like dough for all the waxy maize starch breads was 

stiff and dry.    It did not pour,  but had to be shaped to the pan with 

a spatula.    The dough made with the fresh paste or the retrograded 

paste seemed slightly more moist,   but all three treatments of the 

starch caused the dough to behave like a soft dough.    None of the 

loaves rose during the proof period and were finally baked after 60 

minutes in the proof cabinet.    In the oven,   the dough expanded and 

puffed up appearing similar in shape to a regular loaf.    Upon 
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removal from the oven and subsequent cooling,   the top caved in.    The 

sides of the loaves held the shape of the loaf pan until cut.    Cutting 

the loaves revealed a sticky gummy gel-like film in the outline of the 

loaf pan and no crumb structure inside.    The loaves could not hold 

the loaf shape once they were weakened by cutting.    The gummy ma- 

terial was pliable when freshly baked,  but later became hard and 

rigid.    The crust was an off-white or a light brown on the edges and 

transparent in the middle of the crust.    The photograph shows the 

bread structure after the walls have folded and the crust has sunk 

from its initial height.    No apparent difference can be seen between 

the baked loaves from the three different starch treatments. 

The arrowroot dough in which all granular raw starch was used 

could be poured,  but was thicker than a cake batter.    The baked loaf 

had a dark brown flat top crust that was cracked and crazed.    Even 

a light touch would cause the crust to crumble,   more so than any of 

the other breads.    The crust was tough and difficult to cut on the 

sides of the loaf.    Characteristic of this loaf was a fine,   white, 

powdery crumb.    The arrowroot starch dough made with the fresh 

paste was also somewhat stiffer than cake batter.    The top crust of 

loaves made with the fresh paste   was   medium brown and brittle, 

cracking in the center to reveal a large air space between the crust 

and the crumb.    A fairly porous crumb structure with elongated cells 

was revealed along the bottom and sides of the loaf.    When touched, 
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it felt rubbery but could spring back to its original shape.    The dough 

made with the retrograded paste was a bit stiff,   similar to the dough 

made with the fresh paste.    The baked loaf had a dark brown crazed 

crust with a hint of sinkage in the middle of the loaf.    The top crust 

had a waxy feel and did not crumble.    Larger cells were developed in 

this loaf than in the granular arrowroot starch bread and the crumb 

seemed more moist.    Uniformity of the cells was quite good.    Present 

at the bottom of the loaf was a tough,   gelatinous layer about 1 /4 inch 

thick.    In preliminary experiments,   this gelatinous layer at the bot- 

tom of the loaf was found to increase with increasing water content. 

Potato starch dough made with all granular starch was stiffer 

than those of the corn or wheat starch doughs,  but could still be 

poured into the loaf pan.    The baked loaf had a browned top crust 

with a tiny dip displaying only a few large cracks and no crazing. 

The tough waxy-feeling crust was difficult to slice.     The grain was 

fine,   displaying small even cells.    The dough made with the fresh 

paste flowed slowly and required a minimum of shaping with the spat- 

ula to cause it to conform to the pan shape.     The top crust was uni- 

formly browned after baking with a few cracks,   but no crazing. 

The waxy feel of the top crust was noted for this loaf also.    The loaf 

for this treatment of potato starch expanded to a large volume in the 

oven.    It was very porous with larger cells than for the other treat- 

ments.    A very large hole about a half inch below the top crust and 
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located in the middle of the loaf was seen in the second loaf of the 

first batch of this treatment,  but it did not occur in the second repli- 

cation.    The dough for the bread made with retrograded starch paste 

was like the dough made with the fresh paste.    This loaf,   like the 

other treatments had a golden brown,  waxy,   cracked crust.    The 

shape of this loaf was like that made with the granular potato starch, 

but it did not rise in baking to the same extent as the bread made 

with the fresh paste.    The cells in this bread were intermediate in 

size between the small cells in the granular potato starch bread and 

the large cells of the bread made with the fresh paste.    The cells in 

the bread made with the retrograded paste were a little more compact 

at the very bottom of the loaf.    All the potato starch loaves shrank 

away from the edge of the loaf pan just a little,   a phenomenon which 

had not occurred with the other starches. 

The following trends due to a particular starch treatment were 

noted in the breads for the corn,, wheat,   arrowroot,   and potato 

starches. 

Granular starch bread: 

dough that flowed when poured 

very crumbly crust 

cracked,   crazed crust 

slight dip or flat top crust except with wheat starch 

fine uniform texture 
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small compact cells 

powdery feel and taste 

Starch bread made with fresh paste: 

dough slightly stiffer than that made with granular starch 

crumbly crust that puffed up above the crumb 

open,  porous texture with quite large cells 

not as uniform cell size and distribution 

moist and springy feel 

large holes at top of loaf near crust or air space below crust 

crumb development on sides and bottom of loaf only 

tends to be a little rubbery 

Starch bread with retrograded paste: 

dough is slightly stiffer than for the granular starch bread, 

similar to the dough made with the fresh paste 

flat top or slight dip 

uniform cells 

racist feel 

crumb not as crumbly as with the granular starch bread 

cell size intermediate between granular starch bread and 

bread made with fresh paste 
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Tests of the Starch Bread Characteristics 

Consumer desirability of the starch-structured breads can best 

be judged by the sensory evaluation of a panel of judges.    The subjec- 

tive evaluation was done by five panelists who scored the breads on 

grain,   shape of loaf,   chewiness,   and springiness,   rating the charac- 

teristics from one which was poor to five which was excellent.    Aver- 

age scores are given in Tables 23 through 26. 

In addition,   the compressibility of the crumb was tested using 

the Baker Compressimeter.    The millimeters of compression at 25 

grams of force was tested on the bread slices.    These averages of 

four slices are given in Table 27. 

These data were further utilized in calculating both the analysis 

of variance and correlation coefficients relating the characteristics 

with each other and the characteristics with the behavior of the 

starch. 

Analysis of Variance 

The analysis of variance done on all bread characteristics are 

given in Tables 18 through 22.    All bread characteristics were differ- 

ent due to the kind of starch used and the treatment i. e.   granular, 

fresh paste or retrograded paste.    The characteristics of loaf shape, 

chewiness,   and springiness were different at the 1% level of 
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TABLE XVIII.   Analysis of variance,   scores for bread grain 
Sums of Degrees of   1 Mean 

Sources of variation Squares Freedom     | Squares F 

Judge 8.493 4 2.123 3. 039* 
Treatment 5.560 2 '2.780 3. 9799* 
Judge X treatment 4.507 8 0.563 
Day 0.667 1 0.667 
Judge X day 1.000 4 0.250 
Treatment X day 2.013 2 1.007 
Judge X treatment 

X day 5.920 8 0.740 
Starch 160.893 4 40.223 57. 58** 
Judge X starch 17.707 16 1.107 
Treatment X starch 19.307 8 2.413 3. 454** 
Judge X treatment 

X starch 16.293 32 1   0.509 
Day X starch 3.133 4 0.783 
Judge X day 

X starch 12.533 16 0,783 
Treatment X day 

X starch 15.387 8 1.923 
Judge X treatment 

X day X starch 12.347 32 '0.386 
Error 91.507 131 0.6985 

Total 285.760 149 
*Significant at the 5% level. 
♦ ♦Significant at the 1% level. 

Error Term: Add SS for all items containing D or J. 
Degrees of freedom for error term,   add 
DF for the same items as SS,.,. 

SS, 
Error Mean Square = 

E 
DF 

E 
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TABLE XIX.      Analysis of variance,   scores for shape of loaf • 
Sums of Degrees of Mean 

Sources of   variation Squares Freedom Squares F 

Judge 8.200 4 2.050 7. 3794** 
Treatment 10.173 2 5.087 18. 3117** 
Judge X treatment 1.360 8 0.170 
Day 0.240 1 0.240 
Judge X day 0.627 4 0.157 
Treatment X day 0.520 2 0.260 
Judge X treatment 

X day 2.213 8 0.277 
Starch 16:7.933 4 41.983 151. 1267** 
Judge X starch 8.533 16 0.533 
Treatment X starch 64.627 8 8.078 29. 07 8** 
Judge X treatment 

X starch 6,. 507 32 0.203 
Day X starch 3.693 4 0.923 
Judge X day 

X starch 2.107 16 0.132 
Treatment X day 

X starch 4.547 8 0.568 
Judge X treatment 

X day X starch 6.053 32 0.189 
Error 36.4 131 0.2778 

Total 287.333 149 
**Significant at the 1% level. 
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TABLE  XX.      Analy sis of variance,   scores for bread ch ewiness. 
Sums of Degrees of Mean 

Source of variation Squares Freedom Squares F 

Judge 11.093 4 2.773 2.7069* 
Treatment 62.813 2 31.407 30.6589** 
Judge X treatment 6.787 8 0.848 
Day 0.807 1 0.807 
Judge X day 2.293 4 0.57 3 
Treatment X day 0.013 2 0.007 
Judge X treatment 

X day 3.987 8 0.498 
Starch 99.560 4 24.890 24.385** 
Judge X starch 60.240 16 3.765 
Treatment 

X starch 33.720 8 4.215 4. 1146** 
Judge X treatment 

X starch 24.680 32 0.771 
Day X starch 11.693 4 2.923 
Judge Xday 

X starch 11.040 16 0.690 
Treatment X day 

X starch 3.987 8 0.498 
Judge X treatment 

X day X starch     8. 680 32 0.271 
Error 134.207 131 1.0244 

Total 341.393 149 
^-Significant at the 5% level. 
'■''^Significant at the 1% level. 
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TABLE XXI.     Analysis of variance,   scores for bread springiness 
Sums of Degrees of Mean 

Sources of variation Squares Freedom    | Squares F 

Judge 4.333 4 1.083 1. 7966 
Treatment 22.840 2 11.420 18. 9449** 
Judge X treatment 2.427 8 0.303 
Day 4.860 1 4.860 
Judge X day 0.840 4 0.210 
Treatment X day 1.960 2 0.980 
Judge X treatment 

X day 3.040 8 0. 380 
Starch 178.133 4 44.533 73. 87 69** 
Judge X starch 8.533 16 0.533 
Treatment X starch 33.227 8 4.153 6. 8895** 
Judge X treatment 

X starch 13.507 32 0.422 
Day X starch 11.707 "4 2.927 
Judge:X day        ., 

X starch 12.427 16 0.777 
Treatment X day 

X starch 7.173 8 0.897 
Judgement X treatment 

X day X starch 12.493 32 0.390 
Error 78.967 131 0.6028 

Total 317.500 149 
**Significant at the 1% level. 
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TABLE XXII. Analysis of variance,   comp ression. 
Sources of Degrees of Sums Mean 
Variation Freedom of squares squares F 

Starch 3 0.9839 0.3280 24.85** 

Treatment 2 0.0926 0.0463 3.51 

Batch 1 0.0326 0.0326 

Starch X 
treatment 6 0.2241 0.0407 3.08 

Starch X batch 3 0.0147 0.0049 

Treatment X 
batch 2 0.0426 0.0213 

Starch X batch 
X treatment 6 0.0682 0.0114 

Repeated means 
error 24 0.0462 0.0019 

Batch error 12 0.1581 0.0132 

Total 47 1.524948 

** Significant at the 1% level. 
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significance for both starch and treatment.    The grain of the breads 

was different due to the kind of starch at the 1% level,   but treatment 

caused significant differences only at the 5% level. 

Starch treatment interactions were significant at the 1% level 

for all bread scores.    In general,   scores for the different treatments 

tended to follow a similar  pattern,   for example some starches tended 

to receive higher scores regardless of treatment while others tended 

to be low. 

The kind of starch used also affected the compressibility of the 

breads as determined by the Baker Compressimeter.    The differences 

due to starch were significant at the 1% level,  but differences due to 

treatment were not significant. 

Correlation Coefficients 

The relationship of starch characteristics to the quality of the 

breads was tested by means of the correlation coefficient,   Tables 

8 and 9»    Each of the measurements on the starches was compared 

with each of the bread characteristics as evaluated by the judges. 

In addition,   other correlations of interest were calculated,   i.e. 

compression versus bread characteristics,   scores for bread char- 

acteristics versus each other; and amylose content of the starches 

versus starch performance. 
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Starch Performance versus Bread Characteristics.    Correla- 

tion coefficients for the percent amylose in different starches versus 

grain,   shape,   and springiness of the breads made with granular starch 

were significant at the 1% level,   however,  percent amylose versus 

chewiness was significant only at the 5% level.    For the breads made 

with retrograded pastes,   the percent amylose versus grain and spring- 

iness was significant at the 5% level.    The percent  amylose versus 

bread characteristics was not significant for breads made with the 

fresh pastes,  nor for shape and chewiness of breads made with retro- 

graded pastes. 

Another measurement of starch behavior,   i. e.  viscosity of the 

retrograded pastes at 25 0 C,   showed a correlation at the 5% level with 

bread shape,   springiness and average score for breads made with 

the retrograded pastes. 

Compression versus judges scores for  springiness were signifi- 

cant at the 5% level for breads made with each of the three treat- 

ments.    Compression versus chewiness scores was significant at the 

1% level for the bread made with the retrograded paste,   but only at 

the 5% level for the bread made with granular starch or with the 

fresh paste. 

The following measurements of starch performance did not 

correlate significantly with any bread characteristics as evaluated 

by the judges scores:    swelling capacity,   Brabender units at maximum 
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viscosity of the hot pastes,   or viscosity (B.   tL ) of the starch pastes 

at 95° C. 

Bread Characteristics Compared with Each Other.    Most of the 

scores for bread characteristics correlated with each other at the 5% 

level of significance:    springiness versus loaf shape for breads made 

with fresh or retrograded pastes--these characteristics were corre- 

lated at the 1% level for breads made with granular starches; chewi- 

ness versus loaf shape for breads made with granular starches or 

retrograded pastes-- scores for these characteristics were not sig- 

nificantly correlated for breads made with the fresh pastes. 

Subjective Evaluation of Starch-structured Breads 

Grain.    A permanent record of the grain of the starch-struc- 

tured breads can be seen in the photographs,   Figures 14 through 18. 

The desirability of the grain as scored by the judges is given in 

Table 23.    The results are averages of the scores given by the five 

judges for two replications. 

TABLE XXIII. Grain of the starch- •structured bread crumb. 
Starch Starch treatment 

Granular Fresh paste   Retrograded paste 

Corn 3.3 3.5 3.8 

Wheat 4. 1 • 2. 7 3.9 

Waxy Maize 1.0 1.0 1.0 

Arrowroot 3.4 2.5 3.9 

Potato 3.7 4.2 3.6 
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The granular starch bread made with the corn starch had the 

least desirable grain of the three starch treatments,   rated by the 

judges at 3.3.    The judges commented that the cells were compact 

and small.    Granular wheat starch on the other hand had an excellent 

grain rated at 4. 1.    Arrowroot starch at 3. 4 had a grain that was 

improved only with the retrograded paste.     The judges described the 

granular loaf and the loaf made with the retrograded paste,   as com- 

pact,   dry,   and crumbly.     Potato grain was improved only with the 

fresh paste.    The granular potato starch loaf was scored higher 

at 3. 7 than the granular corn starch or arrowroot starch breads. 

The fresh paste improved the quality of the grain in the corn 

starch bread over the granular starch loaf,   however,   its effect was 

not as beneficial as that of the retrograded paste.    The loaf made 

with the fresh paste had larger pores and a coarse texture.    Arrow- 

root and wheat starch breads made with the fresh paste were given 

lower scores for grain quality.    The fresh paste helped to increase 

the size and decrease the compact nature of the bread cells,  but 

they were irregularly shaped and unevenly distributed.    The fresh 

paste improved the grain quality of the potato starch bread.    The 

photographs show a more porous open texture such as is charac- 

teristic of wheat bread.     Use of the retrograded paste resulted in 

the best grain in the corn starch and arrowroot starch breads.   This 
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corn starch bread was rated at 3. & as compared to 3. 3 for the granu- 

lar loaf and 3. 5 for the loaf made with the fresh paste.    The arrow- 

root loaf made with the retrograded paste was improved over the 

breads made with all granular starch and with the fresh paste. 

Wheat starch,  which had an excellent grain as a granular loaf, 

was not improved with the retrograded paste.    The score was slightly 

lower for the loaf made with the retrograded paste as compared with 

the loaf made with all granular starch.    Potato starch loaves made 

with the retrograded paste were little different from the granular loaf. 

The more desirable grain was produced in the loaf made with the 

fresh paste. 

Waxy maize starch loaves scored a low 1. 0 for all the starch 

treatments.    All three breads became heavy gels when baked and no 

differences were detected between starch treatments. 

Shape of Loaf.    Scores for the shape of the loaves are given in 

Table 24.    The shape of the loaves may also be seen in the photo- 

graphs,   Figures 14 through 18. 

TABLE XXIV. Shape of the starch-structured bread loaves. 
Starch Starch treatment 

Granular              Fresh paste    Retrograded paste 

Corn 2.6 3.0 3.9 

Wheat 4. 7 2. 8 4. 3 

Waxy Maize 1.0 1.0 1.0 

Arrowroot 3.3 1.1 3.1 

Potato 3.8 4.6 2.8 
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The shape of the loaf was improved according to the judges 

scores by the fresh paste for corn starch and potato starch as was 

the grain.    The fresh paste had a very detrimental effect on the shape 

of wheat starch and arrowroot starch breads.    Scores for loaves made 

with wheat starch dropped from 4. 7 for the granular loaf which had a 

nicely rounded top to 2. 8 for the loaf made with the fresh paste. 

Scores for arrowroot starch bread dropped from 3.3 for the loaf 

made with granular starch to 1. 1 for the loaf made with the fresh 

paste.    The arrowroot starch loaf made with the fresh paste col- 

lapsed. 

The retrograded pastes further improved the corn starch loaves, 

but had a detrimental effect on those made with the wheat starch and 

arrowroot starch,   though not to the extent of the fresh paste.    Wheat 

starch loaves made with the fresh and retrograded pastes looked light, 

but the cells were large and irregular.     The shape of the wheat starch 

bread made with the retrograded paste was scored at 4.3 and arrow- 

root starch loaf was scored at 3.1.    The potato starch breads made 

with granular starch and retrograded pastes were scored 3. 8 and 

2.8 respectively.    The retrograded paste decreased the desirability 

of loaf shape for the potato starch as compared with the other two 

starch treatments. 

Chewiness.    Scores for chewiness of the bread crumb are given 

in Table 25. 
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TABLE XX.V. Che' winess of the starch- structured br ead crumb. 
Starch Star ch treatment 

Gr anular F: resh paste    R etrc igraded pa* ste 

Corn 1.8 4.8 2.5 

Wheat 3.0 4.2 4.3 

Waxy Maize 4. 4 4. 4 4. 4 

Arrowroot 1.3 3.2 2.4 

Potato 1.7 3.5 2.0 

The granular corn starch bread received a low score and was 

described by the judges as dry,   crumbly,   and grainy.    The granular 

wheat starch bread was better than corn starch.    It seemed chewy 

initially,  but upon further mastication,   turned into a powdery pasty 

substance.    The granular arrowroot bread was also powdery and 

scored very low.    Close to the score for the corn starch bread was 

the granular potato starch bread.    The fresh paste greatly improved 

the chewiness of all the breads with the exception of the waxy maize 

whose score remained the same regardless of starch treatment.    The 

corn starch showed a marked improvement from a score of 1. 8 for 

the granular loaf to 4.8 for the loaf made with the fresh paste,   a 

difference of 3. 0.    This loaf seemed a bit rubbery with large uneven 

cells as commented on by the judges.    Arrowroot and potato starch 

loaves made with the fresh paste were improved,   but by a smaller 

degree.     Loaves made with arrowroot starch itnproved greatly when 
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the fresh paste was used as were the loaves made with potato starch. 

The improvement was considerable for all starches when made with 

the fresh paste except for waxy maize.    The wheat starch which had 

a relatively high score of 3. 0 for the granular loaf was also improved 

in chewiness by the addition of the fresh paste.    These loaves re- 

ceived a score of 4. 2. 

Retrogradation appears to improve the chewiness of the bread 

as compared with loaves made with granular starch,   but not to the 

same extent as the fresh paste.    Corn starch bread made with the 

retrograded paste scored only 0. 7 points higher than bread made 

with granular starch.    Arrowroot starch bread made with the retro- 

graded paste was up from 1.3 to 2.4,  and potato starch bread rose 

to 2. 0 for the loaf with the retrograded paste from the score of 1. 7 

for the loaf made with granular starch.    Wheat starch was the excep- 

tion and was scored slightly higher at 4. 3 for the loaf made with the 

retrograded paste as compared to the loaf made with fresh paste 

which scored 4. 2. 

Waxy maize starch was scored at 4. 4 for all starch treatments. 

The high score was a result of the gummy gel which formed.    It was 

chewy when manipulated in the mouth,  but not in the same sense as 

the chewiness of a normal bread crumb.    The waxy maize breads 

were undesirable to chew and no crumb structure was formed in the 

bread. 
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Springiness.    Scores for springiness are given in Table 26. 

TABLE XXVI. Springiness of the starch-structured bread crumb. 
Starch Starch treatment 

Granular F. resh i 

2.1 4. 7 

3.7 4.5 

1.1 1. 1 

2.0 2.0 

3.0 4. 3 

Fresh paste     Retrograded paste 

Corn 

Wheat 

Waxy Maize 

Arrowroot 

Potato 

3. 2 

4.6 

1.1 

3.0 

3. 1 

Scores for springiness were low for breads made with granular 

starches except for potato and wheat which had scores of 3. 0 and 3. 7 

respectively.    Use of the fresh paste improved the springiness of the 

corn,   wheat,   and potato starch breads.    The corn starch bread was 

the most improved,   the score changing from 2. 1 for the bread made 

with granular starch to 4. 7,   a very good score,   for bread made with 

the fresh paste.    Potato starch bread was improved by 1. 3 points to 

4. 3,   and wheat was up only slightly by 0. 8 points to 4. 5.    Wheat 

starch had the highest score for the granular starch loaf at 3.7. 

Arrowroot and waxy maize showed no difference in scores between 

loaves made with granular starch and made with the fresh pastes. 

The retrograded paste improved the springiness of the corn 

starch bread as compared with the granular loaf by a difference in 

scores of 0.9.    The improvement was not as great as with the fresh 
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paste.    The wheat starch bread made with the retrograded paste rated 

a score of 4. 6,   higher than for the bread made with the fresh paste, 

and considerably improved over the granular starch loaf.    Arrowroot 

starch was improved from 2. 0 for both the loaf made with granular 

starch and the loaf made with the fresh paste to 3. 0 for the loaf made 

with the retrograded paste.    The potato starch bread made with the 

retrograded paste was about the same as the granular starch loaf. 

Waxy maize again remains the same throughout all the starch treat- 

ments at a low score of 1. 1. 

Compression Test 

Cylinders of bread baked in beakers were used in the compres- 

sion test.    Slices were cut from the cylinders and placed under the 

compressimeter in order to find the millimeters of compression per 

25 grams of force. 

Compressibility of bread slices as determined on the Baker 

Compressimeter are given in Table 27.    The results given are aver- 

ages for four slices; two slices per batch,   each slice from a separate 

cylinder of bread.    No test was done on the waxy maize bread since 

no crumb structure was formed and the gelatinous substance of the 

crust could not be cut into suitable slices for this measurement. 



TABLE XXVTI.Compressibility of starch-structured bread slices 
 millimeters compression/25 grams force.  

Starch Starch treatment 
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1 

Corn 0.41 

Wheat 0.60 

Waxy Maize -- 

Arrowroot 0.45 

Potato 0.39 

Four slices 

Granular Fresh paste   Retrograded paste 

0.70 0.55 

0.78 0.86 

0.35 0.41 

0.43 0.36 

Figures for bread compressibility,   when analyzed by the analy- 

sis of variance revealed a difference among starches,   at the 1% level, 

but treatments,   i.e.   the use of granular starch,   fresh paste,   or retro- 

graded paste did not result in significant differences.    This is be- 

cause the breads did not react in the same way when treated differ- 

ently.     The treatments resulted in no trend so that,   for example, 

improvements in the compressibility in the wheat starch series 

brought about by using the retrograded paste,  were counteracted by 

a loss of quality for this treatment in the potato starch series. 

Corn starch bread made with all granular starch did not com- 

press well,   however.     The bread made with fresh paste was much 

improved since compressibility was much greater.    The bread in 

which the retrograded paste was used was also improved as compared 

with the bread made with all granular starch,   but to a less extent 
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than the bread made with the fresh paste.    Wheat starch breads had 

the greatest compressibility for all starch treatments.    The bread 

made with retrograded paste was most compressible.    The bread 

made with fresh paste was improved as compared with the bread 

from all granular starch. 

Arrowroot starch bread from all granular starch was similar 

in compressibility to the granular corn starch bread.    The bread made 

with the retrograded paste was less capable of being compressed, 

while the bread made with the fresh paste was least compressible. 

Of the potato starch breads,   that made with granular starch 

was similar to the granular corn starch bread,    The potato starch 

bread made with the fresh paste was most compressible and that 

made with the retrograded paste was least compressible. 

Starch Characteristics Versus Bread Quality 

The composition and behavior of each starch and the relation- 

ship of these factors to the performance of the starch in the breads 

is a complex interaction of many factors,   some of which have been 

explored in this experiment. 

Amylose Content of Starch 

The characteristic that appears to be most closely related to 

the performance of the starches in the breads is the amylose content, 
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Table 8,   of correlation coefficients.    That amylose must make an 

effective contribution to bread structure becomes immediately evi- 

dent when loaf characteristics are examined.    The loaf made with 

waxy maize at zero amylose content had no cell structure and in fact, 

no loaf structure.    It formed only a gel.    Because of the concentration 

and rigidity of the batter,   the loaf rose,  and when placed in a hot oven 

the edges set,   but the entire interior of the loaf collapsed. 

Amylose holds the starch granules intact as they swell and gel- 

atinize.    Amylose reinforces the granule network.    Crystalline areas 

of the starch and hence the structure of the crumb are partially de- 

pendent on the amylose.    Amylose gives structure to the bread so 

it can retain gas satisfactorily,   expand,   and form a bread structure 

with desirable shape and uniform porous grain.    Arnylose also affects 

the texture of the bread.    Bread with a uniform porous crumb and an 

optimum amount of rigidity so as not to crumble or,   on the other 

hand,   become tough,  will seem chewy and springy.    Amylose is im- 

portant in giving the bread enough structure to allow these character- 

istics to develop. 

Viscosity of Starch Pastes and Starch- 
structured Bread Dough 

Viscosity of the dough is important both for ease of incorpora- 

tion of air into the dough and the ability of the dough to retain the air 
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as discrete evenly dispersed bubbles.    Too thin a dough will allow 

the bubbles to rise in the dough,   joining other bubbles and forming 

much larger air cells.    The air may easily escape in a thin dough. 

Too thick a dough will make it difficult to incorporate air,   and the 

high viscosity will prevent the air cells from expanding during fer- 

mentation and baking.    The volume will be low and the cell structure 

compact. 

In comparing the consistency of the dough during mixing,   it was 

observed that when made with granular starch,   the dough was thinner. 

The viscosity of the bread made with granular starch would increase 

and become quite thick as the starch gelatinized during baking.    Ac- 

cordingly,   the cells appeared small and compact in the all granular 

starch loaves.    Viscosity of the dough is increased initially with the 

addition of the fresh or retrograded paste as the pastes have already 

been gelatinized and become viscous.    However,   the characteristics 

of the baked loaves indicate that the dough decreased in viscosity dur- 

ing baking as compared with the dough for the all granular starch loaf. 

Evidence of this is the large air cells and uneven distribution of cells 

noted in the breads made with the fresh paste.    However,   these char- 

acteristics would be less pronounced ^han in the bread made with the 

retrograded paste.     Limitations are imposed by the crystallinity of 

the retrograded paste.     Thus,   the bread with the retrograded paste 
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showed properties intermediate between the all granular bread and 

the bread made with the fresh paste.    As is postulated for the fresh 

pastes,   viscosity of the retrograded pastes decreased with agitation 

and heating as demonstrated by amylograph curves,   and would do so 

also in the mixing and baking of the bread.    The cell size was larger 

and the bread was less compact than the bread made with granular 

starch,   however,   the cells were not as uneven in distribution and 

size as the bread made with the fresh paste.    The pastes,   already con- 

taining swollen granules,   contributed to dough strength,   and were 

ready to be set to a rigid structure by the heat earlier than were the 

raw starch granules.    Yet,   the water can be transferred from the 

pastes to the raw starch easily during baking.    More available liquid 

with reference to the smaller amount of raw starch would create a 

more mobile dough with the gas bubbles able to move around the dough 

possibly causing the very large pores found near the top crust of the 

loaves made with the fresh paste.    More water to raw starch would 

create less restriction in the granular swelling of the starch as well 

as decrease the contact between the starch molecules.    Water may 

be taking the place of intermolecular hydrogen bonds.    Increasing 

aumounts of water would also promote the formation of a rubbery,   gela- 

tinous material.    This is illustrated in the breads made with fresh 

pastes,  which had a more rubbery crumb,   creating a chewier,   spring- 

ier bread when compared with the loaves made with granular starch 
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which had a powdery,   crumbly texture.    This too is an indication of 

a greater percentage of water available per gram of raw starch in 

the bread made with fresh paste.    Schoch (1965) believed that the 

addition of a starch paste to a bread dough may interfere with the 

rigid amylose gel network  that would form in an ordinary bread, 

this network giving structure to the bread.    The effect of the paste 

would therefore be to soften the bread.    Evidence of this effect of 

the pastes can be seen in the greater compre ssion possible for the 

breads made with the fresh or retrograded paste over the breads 

made with all granular starch. 

Interrelated Bread Characteristics 

Compressibility vfersus   Bread Springiness 

In order to be judged as springy,   the bread must first be com- 

pressed,   so a relationship between the objective measurements of 

compression and scores for springiness would seem logical.    This 

relationship was established as evidenced by significant correlation 

coefficients for all treatments. 

Compressibility versus Chewiness 

To be considered compressible,   the bread must have a degree 

of softness too.    This as well as springiness and a certain degree of 
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moistness must contribute to the characteristic of chewiness.    The 

bread must have enough moisture so as not to crumble and seem 

powdery.    The moistness and softness work together in these breads. 

The balance between a stiff tough bread and a soft easily crushed 

bread would be achieved by the right amount of moisture.    This would 

also contribute to structure of the bread crumb so it is both soft and 

pliable,   yet resilient and able to retain its structure. 

Springiness versus Loaf Shape 

Springiness versus shape was also significant.    The same resil- 

ient structure that gives spring to the bread must have also contribut- 

ed to the development of desirable loaf shape.    In addition,   a degree 

of rigidity is needed to form and maintain bread shape to cause the 

bread to spring back after it has been depressed.    The factors comple- 

ment each other to give these desirable characteristics to the bread. 

Chewiness versus Loaf Shape 

The characteristic of chewiness was also correlated with bread 

shape for those made with granular starch and retrograded paste. 

Again,   the right amount of moisture and a porous,   light structure 

worked together to create a chewy bread crumb with a desirable loaf 

shape.    This was not the case with the fresh paste.    The bread made 

with the arrowroot starch is the best example.    While the structure 
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was chewy,   the loaf had collapsed.    Perhaps too much moisture, 

and too thin a dough created this collapsed structure.    In prelimi- 

nary studies,   increasing the moisture content of the breads caused 

a collapsed loaf,   and a gelatinous,   rubbery crumb. 
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SUMMARY 

The performance of various starches when heated in water and 

the chemical composition was studied for the purpose of relating these 

characteristics to the behavior in starch-structured breads.    Five 

commercially prepared starches were selected to represent grain 

starches,   both regular and waxy,   and root and tuber starches.    They 

were corn,   wheat,   waxy maize,   arrowroot,   and potato starch.     The 

performance characteristics tested were swelling capacity of the raw 

starches and the apparent viscosity of both the starch suspensions 

and retrograded starch pastes during heating to 96° C in a Brabender 

VISCO/amylo/GRAPH. The swelling capacity was studied from two 

viewpoints,   1) grams of swollen starch from one gram dry starch 

after centrifugation of the starch paste,   and 2) grams starch remain- 

ing after drying one gram starch paste.    The percentage of amy]ose 

in each starch was determined. 

In addition,   formulas were developed for bread-like products 

in which starch was responsible for the structure.     The five starches, 

used as granular starch,   as granular starch plus freshly prepared 5% 

paste,   or as granular starch plus retrograded 5% paste,   were made 

into  starch-structured breads.    Cross-sections of the breads were 

photographed.    The compressibility of the bread crumb was tested 

with a Baker Compressimeter.    A panel of judges scored the bread 
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for grain,   shape of loaf,   chewiness,   and springiness. 

Analysis of variance and correlation coefficients were calculated 

for the starch and bread characteristics.    The behavior of the various 

starches differed as shown by the analysis of variance for all charac- 

teristics studied.    The differences were  significant at the 1% level for 

swelling capacity of the granular starch and the retrograded pastes, 

and for starch remaining from one gram of swollen retrograded paste. 

However,   the grams of dry starch left from one gram swollen granu- 

lar paste and the viscosity of the different starches at 95 0 C differed 

only at the 5% level of significance.    Temperatures also had an effect, 

significant at the 1% level,   for the swelling capacity of the granular 

and retrograded starches and for the starch remaining after drying 

one gram of swollen granular or retrograded paste.    The starch- 

temperature interaction caused differences at the 1% level for the 

swelling capacity of the granular and retrograded pastes and for the 

grams of dry starch remaining from one gram of swollen retrograded 

paste. 

Bread characteristics were different due to the kind of starch 

used and the treatment i. e.   granular,   fresh paste,   or retrograded 

paste.    The characteristics of loaf shape,   chewiness,   and springi- 

ness were different at the 1% level of significance for both starch 

and treatment.    The grain of the breads was different due to the kind 

of starch at the 1% level,   but treatment caused significant differences 

only at the 5% level.    The starch-treatment interaction was significant 

at the 1% level for all bread scores.    The kind of starch used also 

affected the compressibility of the breads as determined by the Baker 
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Compressimeter.    The differences due to starch were significant at 

the 1% level,   but differences due to treatment were not significant. 

Coi-relation coefficients showed that amylose versus the temper- 

ature at maximum viscosity during pasting was significantat the 5% lev- 

el for the granular starch and the fresh paste.    Amylose versus vis- 

cosity at 25 0 C was significant at the 5% level for the retrograded 

paste. 

Correlation coefficients for the percent of amylose in the differ- 

ent starches versus bread characteristics of grain,   shape,   and 

springiness were significant at the 1% level for bread made with 

granular starch,   however,  percent amylose versus chewiness was 

significant only at the 5% level.    For the bread made with retro- 

graded paste,   the percent amylose versus grain and amylose versus 

springiness were significant at the 5% level. 

Another measurement of starch behavior,   i. e.  viscosity of the 

retrograded pastes at 25 0 C,   showed a correlation at the 5% level with 

bread shape,   springiness and average score for breads made with 

the retrograded pastes.    Springiness versus compression was sig- 

nificant at the 5% level for breads made with all three treatments 

of starch.    Springiness versus shape was significant at the 1% level 

for breads made with granular starch but only at the 5% level for 

breads made with fresh paste or retrograded paste.    Chewiness 

versus loaf shape was significant at the 5% level for the breads made 

with granular starch and the breads made with the retrograded paste. 
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Chewiness versus compressibility was significant at the 1% level 

for the breads made with the retrograded paste,   but only at the 5% 

level for the breads made with granular starch or with the fresh 

paste. 
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