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A method toaccelerate and quantitate retrogradation of starch pastebe crystallites formed during the FTC process were the same as those
using a freeze-thaw cycle (FTC) process and turbidometric analysis h&srmed in starch pastes held isothermally at 4°C. Analysis of retrograda-
been developed. Using this method and differential scanning calorimettjon of pastes of starches from various botanical sources indicated that
(DSC), it was determined that the rate of retrogradation in 2.5% waxthe method reflects retrogradation in higher concentration pastes. Retro-
maize pastes was inversely correlated to the rate of freezing, and that @pedation rates were reduced by the addition of sodium dodecyl sulfate.
thawing temperature affected perfection of the crystallites in retrogrademlicrostructures of freeze-thaw processed waxy maize and common corn

amylopectin. DSC and X-ray diffraction were used to determine whethestarch pastes were examined.

Retrogradation of gelatinized starch is a crystallization process
involving both starch polymers, with amylose undergoing retro-
gradation at a much more rapid rate than amylopectin. The rate
and extent of retrogradation depends on the mole ratio and struc-
tures of amylose and amylopectin, temperature, starch-water con-
centration, method of cooking (time, temperature, amount of
shear), botanical source of the starch, and kind, concentration, and
time of addition of other ingredients. Severa methods have been
used to accelerate retrogradation. The purpose of accelerating the
process has generaly been to test, as rapidly as possible, how it is
affected by the variables.

The first study of the effect of temperature on the rate of retro-
gradation was done by Maquenne (1903), who found that the rate
of potato starch paste retrogradation increased as the temperature
was reduced. Since the discovery of this temperature dependence,
it has been used as a means to accelerate the testing of variables
on both retrogradation and staling (believed to be due, at least in
part, to amylopectin retrogradation).

Polymer crystal growth theory states that there are three phases
to polymer crystallization (nuclestion, propagation, and maturation).
Slade and Levine (1987) and Marsh and Blanshard (1988) have
determined that amylopectin crystallization is a nucleation-limiting
process occurring at a temperature above Ty (or Ty if the starch
concentration is <70%) and below T, (where Ty is the glass
transition temperature; T, is the glass transition temperature of
the maximally freeze-concentrated starch [=-5°C], andT,, is the
melting temperature of crystalline amylopect#6(°C)]). The

under optimal isothermal conditions. Temperature cycling has been
used to accelerate the staling of bread in the production of
croutons (Slade et al 1987) and to test staling of cooked rice
(Villareal et al 1993, Perez et al 1993). However, it did not
accelerate the production of enzyme resistant starch in wheat
starch pastes of lower concentration (10%) (Eerlingen et al 1993).
Woodruff and McMasters (1938) evaluated microstructural
changes produced by freezing of starch pastes and were among the
first to conclude that freezing causes retrogradation. Albrecht et al
(1960) examined the effects of freezing, storage, and thawing on
pastes of common corn starch; on a pregelatinized crosslinked
waxy maize starch; and on a starch phosphate that was soluble in
cold water and produced a paste of unusual clarity. Among their
conclusions were that a single freeze-thaw cycle (FTC) had no
effect on the degree of retrogradation of the two derivatized
starches and that rapid freezing conditions (immersion in liquid
N,) eliminated retrogradation (determined fyamylase suscepti-
bility). The latter finding confirmed the report of Volz and Ram-
stad (1952) thaB-amylase susceptibility of pastes undergoing an
FTC process decreased as the freezing rate increased. FTC proce-
dures are used to retrograde potato starch to improve the proper-
ties of processed potato granules (Ooraikul and Hadziyev 1974,
Ooraikul et al 1974). They have caused retrogradation-crystalliza-
tion in 20% potato starch pastes (Eberstein et al 1980), 3% tapioca
starch pastes (Mercier et al 1987), and 6% common corn starch
pastes (Matsunaga and Kainuma 1986). In a study on the freeze-
thaw stability of pastes (30%) prepared from starches of various

maximum rate of nucleation occurs at temperatures slightly greatbotanical sources, White et al (1989) followed the development of
than Ty(or T,' depending on concentration), while the maximuma staling endotherm using an FTC process. When these pastes were
rate of propagation occurs at a temperature slightly less than tR8C processed 10 times (-10°C for 24 hr, then 25°C for 1.5 hr),
T, of crystallized amylopectin. The retrogradation rate of starclthey produced similar thermograms and retrogradation enthalpies
pastes held under isothermal conditions should be greatest ats did pastes held at 4°C for seven days. In a study of the retro-
temperature between the optimal temperatures for nucleation agdadation of waxy starches, Shi and Seib (1992), found that 50%
propagation, or5°C for a 50% paste (Slade and Levine 1987 waxy maize starch (WMS) pastes held isothermally (for one to
Marsh and Blanshard 1988). four weeks) or subjected to an FTC process (10-40 FTC; —20°C
Slade and Levine (1987) applied polymer crystallization theorjor 22 hr, then room temperature for 2 hr) underwent retrograda-
to develop a method to accelerate retrogradation termed temperatuien at similar rates and to similar extents. Additionally, 25% and
cycling. By cycling between the temperature of greatest nucleatids0% WMS pastes were retrograded at different rates and to differ-
rate and the temperature of greatest propagation rate for set perieotg extents (Shi and Seib 1992).
of time, rates of both retrogradation of concentrated starch pastesMost of these investigations used differential scanning calo-
and staling of bread crumb were increased over those which occurnéahetry (DSC). To analyze retrogradation by DSC, a starch con-
centration of >20% is required, and the starch is gelatinized in a
. _— i _— calorimeter pan, producing swollen but nondisrupted granules.
O B e A0 ses The pan is then subjected 1o retrogradation conditions, and the
3Whistler Center for Carbohydrate Research, 1160 Smith Hall, Purdue Universiggontents are reanalyzed by DSC. The conditions of gelatinization,
West Lafayette, IN 47907-1160. ' therefore, are more like those encountered during baking than
* Corresponding author. E-mail: bemiller@foodsci.purdue.edu those encountered during starch cooking for other purposes. The

rate and extent of retrogradation during FTC processing of starch
pastes of lower concentration could be increased by temperature
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reduction (greater nucleation rates, which could occur during the MATERIALSAND METHODS
freezing or the thawing of the paste or while it is frozen) and in-
creased starch concentration due to freeze-concentration. During Materials
the freezing, liquid water is removed by crystallization, increasing the Waxy maize starch (WMS) (11.7% moisture) and common corn
concentration of starch. The starch maximally freeze-concentratestoa  starch (CCS) (10.8% moisture) were obtained from A.E. Staley
glassy state, leaving a two-phase system of ice and a glass con- Mfg. Co. (Decatur, IL), potato starch (12.1% moisture) from Pen-
sisting of =70% starch and =30% nonfreezable water (Slade and west Foods Co. (Englewood, CO), rice starch (11.2% moisture)
Levine 1987). Because the maximum retrogradation rate occurs at =~ from Sigma Chemical Co. (St. Louis, MO), wheat starch (9.9%
=40-60% starch (Longton and LeGrys 1981, Eliasson 1983moisture) from Midwest Grain Products, Inc. (Atchison, KS),
Zeleznak and Hoseney 1986), as starch pastes freeze or thaw, t#gioca starch (12.0% moisture) from National Starch and Chemical
rate of retrogradation should be maximum as the effective pasfeo. (Bridgewater, NJ), sodium azide from MCB Mfg. Chemists,
concentration passes through the 40—-60% range. Inc. (Cincinnati, OH), soluble starch (10.2% moisture), and ethylene
Measurements of light-scattering (Paschall and Foster 1958Jycol from J. T. Baker, Inc. (Phillipsburg, NJ), and sodium dodecyl
Foster and Sterman 1956) and reduction in transmitted liglsulfate (SDS) (>99%) from Bio-Rad Laboratories (Richmond,
(Miles et al 1985, Ring et al 1987, Gidley and Bulpin 1989) havéCA). All starches and chemicals were used as received. Analytical
been used to follow retrogradation in both low concentratiordata on the starches used are presented in Table I.
(<2%) starch pastes and solutions of amylose and amylopectin.
These methods measure turbidity development which results frofeneral
molecular associations that occur during early stages of the retro-A UV-visible spectrophotometer (Varian DMS 80) equipped
gradation process, before larger-scale organizations that are detectéth a programmable cell changer and a printer (Citizen MSP-10)
by means such as DSC and X-ray diffraction (Ring et al 1987). was used to determine total carbohydrate concentration and tur-
The objective of this work was to develop a simple method tdidity (as absorbance). A refrigerated waterbath (Neslab RTE-
accelerate and quantitate retrogradation in low-concentration stardd0) with 50% ethylene glycol was used as a primary freezing
pastes so that the effects of variables, especially other ingredienksjth; a refrigerated waterbath (Lauda RM6) with 50% ethylene
could be evaluated. Initially, the effects of isothermal conditionsglycol was used as the secondary freezing bath (in experiments
temperature cycling protocols (TCP), and FTC processes on lowequiring two waterbaths). A refrigerated bath with 50% ethylene
concentration WMS pastes were evaluated. Results (not given) ingjtycol (Lindberg/Blue M Magni-Whirl) was used as a thawing
cated that the order of effectiveness of the methods in acceleratihgth. DSC analysis was performed using a differential scanning
retrogradation was FTC > isothermal treatment at 4°C > TCP. Thealorimeter (Mettler DSC30) with a TC10A control center and
reason why TCP were ineffective is unknown. It may be related tetandard aluminum 40t DSC pans (model ME-27331). Using
the low starch concentration or the high amylopectin content ain empty pan as a reference, DSC scans were made from 20—
the starch used. Regardless, this preliminary investigatiod20°C at a rate of 10°C/min. Approved Method 44-40 (AACC
indicated that a method combining an FTC process witl1995) was used to determine moisture content of the starches.
turbidometric analysis would achieve the stated objectives. This Pastes used in this investigation were prepared by atmospheric
article describes optimization of the method and results of theooking €100°C) with only mild shear, so complete molecular
evaluation of the effects of freezing and thawing temperaturedispersions were never formed and some crystallization nuclei
(which influence the rates of freezing and thawing), botanicawere, therefore, undoubtedly present in every initial paste. Water-
source of starch, and concentration of a water-soluble, knowpaths were used to give maximum heat transfer, greater rates of
retrogradation inhibitor on the rate and extent of retrogradation. heating and cooling, and maximum temperature control. Polycar-

TABLE | 1.2
Analytical Data (%) for Starches Used
Starch Moisture? Protein® Amylose® g |
Wheat 117 0.208 23 S 1
Common corn 128 0.254 22 O
Potato 148 0.068 21 -
Tapioca 117 0.029 20 ©
Rice 10.7 0.297 16 3 0.8
Waxy maize 12.9 0.168 18 c
a Approved Method 44-40 (AACC 1995). Average of duplicate analyses. _g
b Kjeldahl nitrogen determination (N x 5.7). Average of duplicate analyses. e O 6
¢ Method of Chrastil (1987). Average of triplicate analyses. 8 -
Ko
<
TABLE I ° 04
Thermal Analysis of 20% Waxy Maize Starch Pastes QN’
Freeze-Thaw Staling Endotherma %
(°C) Cycles T, T, T AH (J/g) €02
Paste held at 4°C for 7 days (168 hr) §
s s 44.1 55.6 66.9 5.%0.7
FTC processed pastes O i : i L ‘ ‘
-10/10 20 47.5
Z10/25 20 523 0 2 4 6 8 1012 14 16
-10/30 20 55.5
~10/30 10 450 546 616 24604 Freeze-thaw Cycles
—10530 20 452 558 664 8408 Fig. 1. Normalized turbicity development in a 25% waxy maize starch paste
a Temperatures at onset, peak and final and enthalpy, respectively. as a function of number of freeze-thaw cycles at —15°C(freezer)/36C (@),
b FTC = freeze-thaw cycle. —1C°C/30°C (m), and —20C/30°C ().
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bonate centrifuge tubes provided both good thermal shock resis-
tance and transparency for sample viewing. A uniform size of tube
and a constant volume of paste is essential for success of this
method. WMS was used as one of the starches because amy-
lopectin is the molecule believed to be responsible for long-term
quality defects in starch-containing food products. However, the
WMS was a commercial product and, therefore, contained the
expected, usual contamination with CCS (1-3%), resulting in

AJA;— Ay, where A, A;, and A were the absorbances measured
at 640 nm (A) of the fresh paste, paste afteffTC, and fully
retrograded paste (one FTC before precipitation), respectively.

Soluble Starch Determination

To determine the completeness of retrogradation by an FTC
process, the amount of starch remaining in solution after centrifu-
gation was determined by the phenol-sulfuric acid assay (Dubois et

pastes that should have contained 0.25-0.75% amylose. The 2.5%4956). Standards were prepared by sealing 0.1670 g of soluble
starch pastes were used for turbidometric analysis because pstarch and 100.0 mL of water in a screw-capped plastic bottle and
liminary experiments (Jacobson 1994) indicated that concentr&eating the bottle 10 min in a boiling waterbath while stirring slowly
tions of >2.5% were too turbid to be measured spectrophotometfivith a magnetic stirrer. The paste was then cooled by placing the bottle
cally. A thawing time of 1 hr was used because preliminary workn a 1-L room-temperature waterbath for 15 min with constant
(Jacobson 1994) revealed that sample turbidity remained constastbow stirring (magnetic stirrer). Dilutions of the resulting solution
after 1 hr. A minimum of 1 hr of freezing time (for samples frozen(from 1:10 [150ug/mL] to 1:20 [7.5ug/mL]) were made. Soluble
in waterbaths) was used because samples were completely frozarch concentrations were determined from the standard curve.
at that time. Once frozen, samples kept below the freezing tem-
perature had short-term stability (less than three days) to changeéffects of Freezing Temperatures
that resulted in increased turbidity. This is reflected in curve WMS paste (2.5%, w/w) was prepared by combining 2.1237 g
smoothness, even though some samples were stored overnightWMS and 72.88 mL of 0.02% NaMolution (to prevent micro-
during FTC processing, and it is due to freeze-concentration of tHaal growth) in a 125-mL screw-capped plastic bottle. The sealed
starch to a final highly viscous glass. Once in this glassy statbpttle was placed in a 100°C waterbath for 20 min, and the con-
starch molecules lack the molecular motion required to crystallizeents were stirred slowly (magnetic stirrer). The paste was cooled
at an appreciable rate (Slade and Levine 1987). Long-term stora@® min in a 25 + 2°C waterbath with slow stirring. Into three 28-
in a frozen state, which was avoided, may result in ice recrystallmL polycarbonate centrifuge tubes (Oak Ridge) were placed 20.0
zation and microstructural changes that could effect turbiditynL of paste. The tubes were sealed, and the contents were frozen
measurements upon thawing (Eliasson 1985, Eliasson and Kiby placing the tubes in either —20 or —10°C waterbaths or a freezer
1992, Ferrero et al 1992). All FTC processing was done on th@-15°C). The remaining unfrozen paste was placed under slight
same volume of starch paste in the same size polycarbonate tulv@suum to remove air bubbles, and initial turbidity was deter-
so that the rates of heat transfer and freezing would be as constamihed by absorbance at 640 nmygh (Miles et al 1985) in tripli-
as possible. Periodic shear (vortex mixing) was used duringate. Centrifuge tubes containing paste samples were kept in the
thawing to assist resolubilization of noncrystalline molecules, toespective waterbaths for at least 1 hr, while the third tube was
minimize temperature gradients, and to yield a homogeneouept in the freezer for at least 12 hr. Frozen pastes were thawed by
paste that provided consistent turbidometric measurements. placing the tubes in a 30°C waterbath for 1 hr with vortex mixing
Testing of the reproducibility of results (Jacobson 1994)
indicated that triplicate 2.5% WMS pastes required the same number
of FTC at —10/30°C for complete retrogradation (precipitation
occurred) with <1% variation in normalized absorbance values
Results of turbidometric analysis were expressed in normalize
absorbances to allow comparison of results when the factoi
tested influenced initial paste turbidity (such as the botanical sourc
of the starches). Normalized absorbance was calculated ag-the A
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Fig. 3. Normalized turbidity development in a 2.5% waxy maize starch
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Fig. 2. Normalized turbidity development in 2.5% pastes of various starches
as a function of number of freeze-thaw cycles as determined using the
developed method. Potato (@), common corn (3, wheat (O), rice (O),
tapioca (), and waxy maize (<).
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paste in the presence of various concentrations of SDS (mmol of SDSg of
starch) as determined using freeze-thaw cycle and turbidometric analysis.
Control (m), 0.013 (O), 0.027 (@), 0.053 (), and 0.027 (<) after gelati-
nization. Note: 0.027 mmol of SDSg of starch provides the same mole
ratio of surfactant to starch as 1 g of SSL/100 g of starch (i.e,, 1% SSL based
on the weight of the starch).



for 10 sec every 15 min. Pastes were placed briefly under vacuum
to remove bubbles, and paste Agy Was determined in triplicate.
The samples were then returned to their respective tubes and re-
frozen as before. Cycles of freezing, thawing, and absorbance
determinations were repeated until precipitation occurred. The
mixtures were then centrifuged 15 min at 800 x g. The supernatant
was diluted 1:100, and the total carbohydrate (soluble starch) con-
centration was determined in triplicate.

Effects of Thawing Temperature

Three WMS slurries were prepared by combining 4.5305 g of
starch and 20.0 mL of 0.02% NaN3 solution in 28-mL polycarbon-
ate centrifuge tubes and vortex mixing the sealed tubes to disperse
the starch. To gelatinize the starch homogeneously at this high
concentration (20 wt%, db), the tubes were placed 1 min in a
boiling waterbath, vortex mixed 10 sec, placed back in the boiling
waterbath for 1 min, vortex mixed 10 sec, then finally placed back
in the boiling waterbath for 18 min. Samples were cooled by

pastes were frozen by placing the tubes in a waterbath at —-10°C
for at least 1 hr , and then thawed by placing the tubes in baths at
10, 25, or 30°C. The FTC process was repeated 10-20 times until
DSC analysis showed paste staling endotherm enthalpies >1 J/g.
For DSC, paste samples (10-12 mg) were weighed accurately into
preweighed pans which were then sealed. The staling endotherm
onset T,), peak Tp), and final Ts) temperatures and enthalpies
were determined (uncorrected for dry starch weight).

Comparison of I sothermal Conditions and the FTC Process

Two WMS slurries (20%, w/w) were prepared by combining
45305 g of WMS and 15.47 mL of 0.02% Nadblution in 28-
mL polycarbonate centrifuge tubes and immersing the sealed
tubes 20 min in a boiling waterbath, with mild agitation for the
first 3 min to gelatinize the starch homogeneously. Tubes were
cooled by placing them 10 min in a 1-L room-temperature{25
2°C) waterbath. One tube was held at 4°C in a cold room, while
the other tube underwent the FTC process by freezing at least 1 hr

placing the tubes in a 25 + 2°C waterbath for 5 min. The resulting in a —=10°C waterbath and thawing 1 hr in a 30°C waterbath. After

- P

Fig. 4. Photomicrographs (50x) of 2.5% starch pastes. A, Waxy maize starch, fresh. B, Waxy maize starch, three freeze-thaw cycles (—10°/ 30°C).C,
Waxy maize starch, seven freeze-thaw cycld9{/30°C).D, Common corn starch, fresB, Common corn starch, one freeze-thaw cyel0f/30°C).

F, Common corn starch, three freeze-thaw cyclé9 30°C)
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10 and 20 FTC for the processed paste and seven days for the  bottles were placed 10 min in a 282°C waterbath to cool. Paste
paste held at 4°C, samples (10-12 mg) from each resulting pastemples (20 mL) were placed in 28-mL polycarbonate screw-
were weighed accurately into five preweighed DSC pans, whichapped centrifuge tubes. The tubes were sealed and placed in a —
were then sealed with preweighed lids. The resulting staling end@0°C waterbath. Initial &, of the remaining paste samples was
therm onsetT,), peak T,), and final T;) temperatures and enthal- determined in triplicate following removal of air bubbles by plac-
pies were determined. Pan lids were punctured, and pan contentg the tubes briefly under vacuum. After at least 1 hr at —20°C,
were dried in a vacuum oven at 100°C and <25 mm Hg pressutiee samples were thawed by placing them 1 hr in a 30°C water-
to constant weight. Dry weights of the samples were used to copath with vortex mixing for 10 sec every 15 mingdof the

rect the enthalpies. thawed pastes was determined in triplicate, and the pastes were
returned to their respective tubes. Cycles of freezing, thawing, and
Effect of the FTC Process on X-ray Diffraction Patterns absorbance determinations were repeated until precipitation occurred.

The WMS paste used to determine the effects of a thawin§amples were then centrifuged 15 min at 8@f) and the carbo-
temperature of 30°C for 30 FTC using temperatures of —10°C fdnydrate contents of the supernatants were determined.
at least 1 hr and 30°C for 1 hr. A 5-g sample was removed from
the paste and placed in a screw-capped culture tube. The moistiutécr oscopy
in the sample was removed by solvent exchange using a modifi-CCS and WMS pastes (2.5%, w/w) were prepared and FTC
cation of the method of Roulet et al (1988), which was reported tprocessed at -10°C and 30°C as described earlier. Samples of CCS
stop retrogradation without modifying crystallites. Acetone (20paste (100 mL) (fresh and after 1, 2, and 3 FTC) and WMS paste,
mL) was added to the sample, and the sample was vortex mixéiesh and after 1, 3, and 7 FTC) were gently mixed witpl10f
quickly. After standing at room temperature for 10 min, the saman iodine stain solution (7.5% Kl + 7.5%).IThe resulting stained
ple was centrifuged 4 min at 1,060g and the supernatant de- mixtures were viewed and photographed using a photomicroscope
canted. Solvent exchange was repeated three times. The result{@ympus Vanox). Fresh pastes were cooled before the iodine
solid was dried 12 hr in a vacuum oven at 40°C and <25 mm Hstain was added, but the process was done as rapidly as possible.
pressure, crushed to a powder, and placed in a quartz capillary
tube. X-ray diffraction patterns of the powder were recorded oiffects of FTC on the Turbidity of Suspensions of Granular
film at 100% rh using Ni-filtered Cui radiation (generated using Remnantsand Leached Material
a Picker Microfocus X-ray generator) and a pin-hole camera. Dif- CCS paste (2.5%, w/w) was prepared by combining 1.1213 g of
fractograms were prepared from the resulting powder patterrstarch and 38.9 mL of 0.02% NaNolution in a 60-mL, screw-
using a microdensitometer (Joyce, Loebl & Co.) with a 0.79 Acapped, plastic bottle. The sealed bottle was heated 20 min in a

maximum optical wedge. 100°C waterbath with slow stirring (magnetic stirrer). The paste
was then cooled 10 min in a 25 + 2°C waterbath with slow stirring

Application of the Developed Method to Compare and centrifuged 5 min at 2,560g. The supernatant was decanted

Retrogradation of Starchesfrom Various Botanical Sources into a graduated centrifuge tube (supernatant volume 20 mL).

Common corn, waxy maize, potato, tapioca, rice, and whedoiling water (20 mL) was added to the pellet and the mixture
starch pastes (2.5%, w/w) were prepared by combining the appravas vortex mixed quickly. The suspension was centrifuged 2.5
priate amount of starch and 0.02% Nah 60-mL screw-capped min at 2,500« g and the supernatant was combined with the pre-
plastic bottles and heating the sealed bottles 20 min in a 100%@ously prepared supernatant (total supernatant volume 40 mL).
waterbath with slow stirring (magnetic stirrer). The pastes wer8Vater (20 mL) was added to the pellet and the mixture was vortex
then cooled 10 min in a 2b 2°C waterbath with slow stirring. mixed gently, and 10QlL of the suspension was combined with
The initial turbidity of the pastes was determined in triplicate as0pL of an iodinesolution (3% J + 3% KI). Mixing was effected
Agy following removal of air bubbles by placing the pastes brieflyby tapping the tube. The resulting stained mixtures were viewed
under vacuum. Portions (20 mL) of each paste were placed in 2By light microscopy to determine the extent of separation of ghost
mL polycarbonate centrifuge tubes. The tubes were sealed, aadd extra-ghost material.
the samples were frozen by placing the tubes in a —20°C water-Supernatants (leached material) and pellet (swollen granule)
bath. After at least 1 hr at —20°C, the pastes were thawed Ispspensions (20 mL) were transferred to 28-mL polycarbonate
placing the tubes in a 30°C waterbath for 1 hr with vortex mixingscrew-capped centrifuge tubes, and tubes were placed in a —10°C
for 10 sec every 15 min. After placing the thawed pastes brieflpath. Initial A, of the remaining suspensions were determined in
under vacuum to remove air bubbleg,Avas determined in trip-  triplicate. After at least 1 hr at —10°C, the tubes were thawed by
licate, after which the pastes were returned to their respectiy@acing them in a 30°C waterbath for 1 hr with vortex mixing for
tubes. Cycles of freezing, thawing, and absorbance determinatioh® sec every 15 min. Theg4 of the thawed suspensions were
were repeated until precipitation occurred. Samples were thatetermined in triplicate. Samples of the suspensions were stained
centrifuged at 80& g for 15 min, and the carbohydrate contentsand viewed microscopically as before to determine the effects of
of the supernatants were determined. the FTC process.

Application of the Method to Deter mine Effects of RESULTSAND DISCUSSION
Retrogradation Inhibitorson 2.5% WM S Pastes

Four WMS slurries (2.5%, w/w) were prepared by placing The effect of freezing rate on turbidity development was origi-
1.1326 g of WMS and 38.87 mL of 0.02% NaN 60-mL screw- nally tested by placing identical WMS pastes in the freezer and in
capped plastic bottles. SDS (a compound known to inhibit retrawo waterbaths at —10 and —20°C. The rate of turbidity develop-
gradation) (Gudmundsson and Eliasson 1990) was added in theent was greatest in the sample frozen in the freezer at —-15°C,
same mole ratio to starch as that given by 0.5, 1.0, and 2.0féllowed by the sample frozen in the —10°C waterbath. The least
sodium stearoyl lactylate (SSL) based on starch (0.013, 0.02te of turbidity development was found in the sample frozen in
0.053 mmol per gram of starch) to three of the bottles. The sealdide —20°C waterbath (Fig. 1). Because the freezer is less efficient
bottles were placed in a boiling waterbath for 20 min with slowat removing heat than is a waterbath, the rate of freezing in the
stirring (magnetic stirrer). To differentiate the effects of SDSfreezer should have been slower than that in the waterbaths. In
addition before and after gelatinization, 7.7 mg of SDS was addeatldition, the freezing rate of samples frozen in the waterbaths
to the fourth bottle containing gelatinized paste, and the contenshould decrease with increasing temperature. Therefore, the rate
of the bottle were stirred rapidly (magnetic stirrer) for 20 sec. Thef turbidity development increased with decreasing freezing rate,
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in conformance with earlier reports (Volz and Ramstad 1952, (possibly native starch lipids with contaminant amylose) (Zobel
Albrecht et a 1960). Thus, the retrogradation rate can be varied 1988). These results, along with those from DSC, indicated that
by varying the rate of freezing. the amylopectin crystallites from the FTC process are very simi-
After turbidometric analysis, the completely retrograded pastes lar, if not identical to those that form under isothermal retrograda-
(pastes undergoing FTC to the point that precipitation occurred) tion conditions. Matsunaga and Kainuma (1986) found that CCS
were centrifuged, and the total carbohydrate content of the super- paste undergoing an FTC process resulted in the development of
natant was measured to determine the extent of retrogradation. crystallites that created a B-type X-ray pattern typical of
Results indicated that 1.72 [+0.01] mg/mL, 3.33 [+0.06] mg/mL, isothermally retrograded CCS pastes (Miles et al 1985).
and 5.02 [+0.06] mg/mL of starch remained in solution after com- The effect of the FTC process on the rate of turbidity develop-
plete retrogradation of samples FTC processed at —15°C (freezer) ment in 2.5% pastes prepared from starches from various botani-
/30°C, —10/30°C, and —20/30°C, respectively. These results indicatal sources as determined using the freeze-thaw method was
that slower freezing rates resulted in more starch moleculavaluated. Results (Fig. 2) indicated that the order of starch retro-
associations and precipitation. Intuitively, this can be explained bgradation rates under the FTC conditions used were: potato >
the fact that, during slower freezing, the starch paste is at @CS > wheat > rice > tapioca > WMS. These results are similar
temperature near that of maximum nucleation for a longer timep those obtained at 2% concentration using gravimetric (Whistler
allowing more molecular associations to occur. Propagation cat®54) and turbidometric methods (Jacobson et al 1997) after
then occur either when the paste is freeze-concentrated or, perhégthermal storage with the exception of potato starch, which fell
more likely, during thawing. between rice and tapioca starches in the results of those
DSC was used to determine the thawing temperature that wouildvestigations. Retrogradation rates obtained from starch pastes
create a retrogradation endothefgsimilar to that which would undergoing the FTC process seem to most closely resemble those
occur if the WMS underwent retrogradation under isothermafound when very high starch concentrations were used (e.g., as
conditions at 4°C. Preliminary work (results not given) on thedetermined by DSC at 40% concentration) (Roulet et al 1990)
effects of thawing temperature on turbidity development showedhere rates followed the order potato > wheat > rice > tapioca >
that, over the limited range of 25-40°C, the effect of thawing temmodified WMS; at 30% concentration, the order was pea > potato
perature on turbidity development was not significant. Because CCS > wheat (Orford et al 1987). Retrogradation rates in 33%
thawing temperature did not affect turbidity, its effect on the peakels as determined by nuclear magnetic resonance followed the
temperature of the retrogradation (or staling) endotherm was errder: mung bean > potato > CCS > rice > sago > waxy rice (Teo
amined. As the thawing temperature is increased, the degree aid Seow 1992). This difference in the order of retrogradation
crystal perfection of the retrograded amylopectin (responsible famates of the various starches at high and low concentrations
staling endotherm formation) should also increase, resulting in @specially in the case of potato starch) may reflect differences in
shift of the staling endotherm peak temperatufg). (For this phenomena detected by the methods, or it may be due to dif-
analysis, 20% WMS pastes were used, as this is near tlierences in concentration dependence for potato starch retrogra-
minimum concentration for staling endotherm detection by DSQlation versus other starches. Because the different methods of
(Longton and LeGrys 1981, Zeleznak and Hoseney 1986). Whilanalysis gave similar results (except those for potato starch
it was, therefore, as close to the concentration used for turbidifyastes), the variation in order is likely to be due to differences in
measurement as could be used effectively, it wagh@ 2.5% starch concentration-dependence. The similarity of the results
concentration used to determine the degree of retrogradation usiogtained by the FTC process on 2.5% pastes and those obtained
turbidity measurement. Results (Table 1) indicated thatThe by other methods on 30-40% pastes can, therefore, be explained
increased with increasing thawing temperature due to greatéy freeze-concentration which produces starch concentrations of
crystal perfection. A thawing temperature of 30°C yieldigdal- from 2.5 to 70% continuously over the time period in which
ues for WMS pastes similar to tfigof 54°C given by amylopec- freezing occurs.
tin pastes held isothermally at 4°C (Ring 1985, Ring et al 1987) The concentration of starch remaining in solution after com-
and the 55.6°C temperature determined in this work (Table 1) anglete retrogradation of pastes by the FTC process was 1.17
therefore, was used in further work. [£0.01] mg/mL for potato starch, 0.580.01] mg/mL for CCS,
Identical samples of 20% WMS paste FTC processed at —10/30°C79 f0.06] mg/mL for wheat starch, 0.620.01] mg/mL for rice
or held at 4°C then analyzed by DSC to determine whether FT&arch, 5.67 40.05] mg/mL for tapioca starch, and 6.Q6)]08]
processed or isothermally held 20% WMS pastes retrogradaeg/mL for WMS. These results show that the amount of dissolved
faster. The results (Table Il) indicate that the freezing atG-10 starch remaining after complete retrogradation by the FTC process
effected retrogradation in a 20% WMS paste much faster than digaries with the botanical source of the starch and is not a function
aging at 4°C. (Considering that it takes a minimum of 2 hr tof the amylose-to-amylopectin ratio, although it is likely a func-
complete one FTC, the minimum time required for 10 and 20 FT@on of their fine structures or a combination of the ratios and
would be 20 and 40 hr, respectively.) Additionally, the similaritystructures. Total carbohydrate analysis of the WMS pastes frozen
of theT,, T,, andT; values of the staling endotherms produced byat different rates revealed that pastes requiring more FTC to reach
isothermal retrogradation and the FTC process indicated that ttlee end-point (precipitation in the cuvette) also had a higher con-
amylopectin crystallites that were formed by the FTC process hazkntration of soluble starch molecules at the end-point.
thermal properties similar to those formed under isothermal To determine the effect of retrogradation inhibitors on retrogra-
conditions. dation effected by the freeze-thaw method, SDS was used because
An X-ray diffraction powder pattern of a WMS paste retro- of its ability to form clear solutions rather than turbid suspensions,
graded by the FTC process was prepared to determine whether g#®compared to SSL which is widely used in food, especially bak-
WMS crystallites that result from FTC were the same as thosery, products. The restriction of using only additives whose solu-
that resulted from isothermal retrogradation. The resulting powddions remain clear is a limitation of this method as a means of
pattern (Jacobson 1994) was similar to the one obtained by Ringsting retrogradation inhibitors or other ingredients. Results (Fig. 3)
(1985) from a 20% amylopectin gel held at 2°C for 62 daysshow that SDS was effective in inhibiting turbidity development
although the pattern obtained from isothermally retrograded WM$8f a 2.5% WMS paste during the FTC process and that the rate of
gel contained a greater number of defined rings. A diffractograrturbidity development decreased with increasing SDS concentra-
was consistent with a B-type pattern (Ring 1985). A large peak &bn. These results indicate that combining FTC with turbidometric
20 = 20.0° may be due to the presence of a V-pattéspécing analysis is a simple and effective means for the accelerated testing
of 4.4 A) that could have originated from lipid-complexed starchof retrogradation inhibitors (provided that they form clear
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solutions). The soluble starch concentration in solutions upon
complete retrogradation were 4.31 [+0.06], 5.12 [+0.04], 7.69
[£0.05], and 9.98 [+0.04] mg/mL for pastes with 0, 0.013, 0.027,
and 0.053 mmol SDS/g of starch, respectively, clearly indicating
an inverse relationship between SDS concentration and the
amount of starch precipitate present at the end-point of the FTC
process. When 0.027 mmol SDS/g of starch was added after, ver-
sus before, gelatinization, one less FTC was required before pre-
cipitation occurred (13 vs. 14 FTC when added before gelatiniza-
tion), but initially retrogradation was inhibited to a greater extent.
In addition, 5.68 mg/mL [+0.01] versus 7.69 mg/mL [+0.05] of
soluble starch remained in pastes when SDS (0.027 mmol/g of
starch) was added after, versus before, gelatinization, respectively.
These results indicate that the time of SDS addition relative to
gelatinization may have a small effect on the resulting rate of retro-
gradation, with SDS added before starch gelatinization showing a
slightly greater retrogradation inhibiting effect.

To determine the effects of FTC on the microstructure of starch
pastes, 2.5% WMS and CCS pastes were subjected to FTC

1.687 [£0.004] and 0.46840.003], respectively. After one FTC at
—10/30°C, the absorbance of the swollen granules and leached
material increased to 2.07&0.006] QA,, 0.391) and 2.361
[£0.009] QA4 1.893), respectively. The much greater increase in
the turbidity of the leached material versus the suspension of
swollen granules indicated that the changes in turbidity resulting
from freezing and thawing is due primarily to molecular associa-
tion of the leached material and to a much lesser extent on micro-
structural changes in the granule remnants.

SUMMARY

Presented is a simple method to accelerate and quantitate retro-
gradation that does not require special equipment. Acceleration of
retrogradation can be controlled by controlling the freezing rate.
The greater the rate of freezing of 2.5% WMS pastes, the lower
the rate of retrogradation. Higher thawing temperatures (20%
WMS pastes) result in higher staling endotherm peak tempera-
tures (reflecting greater crystallite perfection), with a thawing

processing at —10/30°C. After one FTC, when retrogradation wastemperature of30°C producing staling endotherms with peak
approximately half complete, and at the end-point of turbiditytemperatures similar to those that occur on isothermal storage at
development, samples were removed, iodine-stained, amtfC. X-ray diffraction confirmed that the crystallites that resulted
examined by light microscopy (Fig. 4). In the WMS sample,from FTC processed WMS paste were almost identical to those
swollen granules (along with some blue-staining, contaminatinghat form during isothermal storage at 4°C.

CCS granules) and lightly stained red interstitial regions, probably Using a method that combined FTC and turbidometric analysis
consisting of leached amylopectin, were clearly seen (Fig. 4A)Yo accelerate and quantitate retrogradation, respectively, the rate of
After three FTC, many of the swollen granules were ruptured aretrogradation of 2.5% pastes of starches from various botanical
disintegrated (especially contaminating CCS granules), leaving sources followed an order similar to that found using other meth-
small fraction of swollen granules and granular fragments (Fig. 4Bpds and much higher starch concentrations. Using the new com-
In addition, extragranular material had begun to aggregate withl@ined FTC-turbidometric method, higher concentrations of SDS
subsequent loss of background haze (reddish). After seven FT@ave greater inhibition of retrogradation of 2.5% WMS pastes.

the swollen granules and fragments that remained were as
numerous as after three FTC, but they were now associated with
extragranular aggregates that were larger and more intensely o )
stained and had a definite sheet-like character, possibly the res@ferican Association of Cereal Chemists. 1995. Approved Methods of
of freeze-concentration of the amylopectin into lamella between e AACC, 9th ed. Method 44-40, approved April 1961, revised Octo-

ice crystals and subsequent association of the material in this stat er Il?\;ﬁl’ October 1982, revised October 1994. The Association: St.

(Fig. 4C). In addition, the reddish haze present in the fres&\lbrecht, J. 3, Nelson, A. 1., and Steinberg, M. P. 1960. Characteristics
samples and those subjected to only a few FTC was almostof corn starch and starch derivatives as affected by freezing, storage
absent, indicating a reduction in soluble amylopectin. and thawing. |. Simple systems. Food Technol. 14:57-63.

The microstructure of fresh CCS paste was a composite d@hrastil, J. 1987. Improved colorimetric determination of amylose in
swollen granules with interstitial leached amylose present as starchesor flours. Carbohydr. Res. 159:154-158.
lightly blue-stained aggregates (Fig. 4D). After only one FTC, théraig, S. A. S., Maningat, C. C., Seib, P A., and Hoseney, R. C. 1989.
swollen granules were ruptured, only small granular fragments Starch paste clarity. Cereal Chem. 66:173-182. _
remained, and the leached interstitial amylose seen in the fre5i20iS M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., and Smith, F-

paste was absent (Fig. 4E). Granular fragments, distinguishable a%gsgénccl?lr:glnéhgﬁhgg;;(;_gsegarm|natlon of sugars and related

red-colored regions, were entrapped in large, blue-stained lamelgyerstein, v. K., Hopcke, R., Konieczny-Janda, G., and Stute, R. 1980.
similar to those seen in completely retrograded WMS paste after psc-untersuchungen an stérken. Starch/Staerke 32:397-404.

seven FTC. After three FTC, the CCS paste microstructure waserlingen, R. C., Crombez, M., and Delcour, J. A. 1993. Enzyme-resis-
dominated by blue-stained sheets; no granular fragments nortant starch. |. Quantitative and qualitative influence of incubation time
leached amylose could be seen (Fig. 4F). With continued FTC and temperature of autoclaved starch on resistant starch formation.
processing, the background color lightened, probably due to re- Cereal Chem. 70:339-344. _ _ _

duction in soluble starch. Eliasson, A.-C. 1983. Differential scanning calorimetry studies on wheat

Turbidity associated with a starch paste is due to: 1) the numberstarch-gluten mixtures._ 1. _Ef‘fect c_Jf gluten and sodium stearoyl lacty-
: S : L late on starch crystallization during ageing of wheat starch gels. J.
and size of molecular associations that reflect or scatter incident ~q 04| sci. 1:207-213

light, and 2) the number and nature of swollen granular remnantsiasson, A.-C. 1985. Retrogradation of starch as measured by differen-
that refract incident light (Craig et al 1989). Because the de- tial scanning calorimetry. Pages 93-98 in: New Approaches to
creased transmittance (increased absorbance) that resulted fronResearch on Cereal Carbohydrates. R. il &hd L. Munck, eds.
freezing and thawing could have been due to microstructural Elsevier Science: Amsterdam.

changes in swollen granules (i.e., the rupturing of swollerFliasson, A.-C., and Kim, H. R. 1992. Changes in the rheological prop-
granules by FTC processing could have changed the refractivee”'e;5 03 h%/dr?ngrgpggpzc)?tgtgg%tarch pastes duriegZe-thaw treat-
properties of the paste and effected changes in scattering apd"eMs: J. 1€xt. Stud. £25:2/9-299. _ _
refraction), the turbidometric contribution of the changes ta(l)Ee"ero’ C., Martino, M. N., and Zaritzky, N. E. 1992. Light microscopy

I | tina f FTC . det ined measurements of ice recrystallization in frozen corn starch pastes us-
swollen granules resufling irom processing was determined. ing isothermal freeze fixatiofrood Struct. 11:237-248.

Swollen granules were separated from a 2.5% CCS paste Ryster, J. F,, and Sterman, M. D. 1956. A light scattering investigation of
centrifugation, and changes in turbidity within the supernatant and the retrogradation of amylose. J. Polym. Sci. 21:91-101.

the resuspended pellet were evaluated separately after one FD&cobson, M. R. 1994. Starch retrogradatémzeleration, inhibition and
Initial Aggp of the swollen granules and leached material was microstructure. PhD thesis. Purdue University:West Lafayette, IN.
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