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The retrogradation of extruded starches from three different botanical sources was studied in
concentrated conditions (34 + 1% water) at 25 °C using differential scanning calorimetry (DSC) and
isothermal calorimetry, Fourier transform infrared spectroscopy (FTIR), and wide-angle X-ray
scattering. Potato starch showed the highest rate of retrogradation (~0.17 h~?!) followed by waxy
maize (~0.12 h™1), while the retrogradation of wheat starch was the slowest (~0.05 h™1). In addition
to the kinetics, the extent of molecular order in the retrograded samples was studied in detail in
terms of “short-range” (helical) and “long-range” (crystalline) distance scales. The amylopectin
crystallinity indices were essentially the same (~47—51% amylopectin basis) for the three starches.
However, significant differences were found in the enthalpy of melting measured by DSC after “full”
retrogradation (potato, 11.6 4 0.7; waxy maize, 9.0 & 0.5; and wheat, 6.1 + 0.3 J/g of amylopectin).
The degree of short-range molecular order in the retrograded state determined by FTIR was waxy
maize > potato > wheat. The effect of amylopectin average chain length and the polymorphism
of the crystalline phase were taken into account to explain the differences in the retrogradation
enthalpies.
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INTRODUCTION MATERIALS AND METHODS

While there have been several studies on the effect of starch  Waxy maize starch was obtained from National Starch and Chemical
botanical sources on its retrogradation kinetics, the majority of Ltd. (Manchester, United Kingdom). Potato starch was obtained from
these were carried out in high water content conditions (i.e., Sigma (Sigma-Aldrich Chemie GmbH, Germany). Wheat starch was
starch concentrations 40%) (1—3); therefore, their findings  obtained from Avebe (Avebe, The Netherlands).
may not be directly relevant to many starch-based foods such Sample Preparation.Nonexpanded starch/water ribbons containing
as baked goods, cooked cereals and pasta, and partially34+ 1% water (wwb) were prepared by extrusion thrbwagl mmx
processed snacks and breakfast cereals. This view was recentl0 mm slit die using a Clextral BC-21 corotating, intermeshing twin-
supported by Zobel and Kulg. Although some work on more  screw extruder. The extrusion conditions were as follows: screw speed,
concentrated starch systems is availalfie 7), these studies 300 rpm; solids feed rate, 5 kg/h; and applied temperature profile, 40,
were concerned with starches from a single botanical source90, 120, and 80C. Distilled water was pumped into the second zone

and thus did not address the relationship between the starchpt @ flow rate of~1.8 L/h. The extrusion specific mechanical energy
source and its retrogradation behavior. values were 121, 169, and 33V h kg* for the waxy maize, potato,

B the Kineti f starch ret dati is st | and wheat starches, respectively. The water contents of the extrudates
ecause the kine I.CS of starch retrogradation 1S .S rongly \vere determined gravimetrically by drying in a 1806 oven for 24 h.
dependent on properties such as amylose/amylopectin content o
To minimize the loss of water upon storage, the extrudates were

(8, .9)’ lipid content @), amylopectln_ fine structur_eZ_I, etc., wrapped in polyethylene film and placed inside heat-sealed aluminum
which depend on the starch botanical source, it is therefore (. . bags. The samples were stored at &5 (+0.5 °C) and

Important to know how the Comblnaltlon. of these.dlf.fe.rent monitored at regular time intervals. The only exception was the sample
attributes affects the retrogradation kinetics of the individual g, gieq by microcalorimetry, which was sealed in the sampling
starches. The aim of this study was to compare and understand;gjorimeter vessel and analyzed in situ.

the retrogradation behavior in concentrated conditions of three Wide-Angle X-ray Scattering (WAXS). Diffractograms were
different starches, namely, waxy maize, potato, and wheat acquired on the extruded ribbons over thé rAnge 4—38°at 0.1°
starches, at the same water conter84% wwb) and storage  jntervals with a scanning rate of 60°sising a Bruker D5005 wide-

temperature (25C). angle X-ray diffractometer equipped with a copper source operating at
40 kV and 30 mA producing a Cudradiation with a wavelength of
*To whom correspondence should be addressed. Fek44 115 1.54 A. The diffractograms were holder subtracted and baseline

9516134. Fax:++44 115 9516142. E-mail: imad.farhat@nottingham.ac.uk. corrected before calculating the crystallinity index.
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The crystallinity index was determined using the method described relative changes [R(t)], using the following equation:
by Hermans and WeidingerlQ), which relies on the numerical

calculation of the area of the diffraction peaks resulting from the X(t) — X,

crystalline phase as a fraction of the overall diffractogram area. The R(t)=——— 1)
amorphous reference diffractogram used for each starch was that of its %o ™ X0

freshly extruded sample. This approach for the choice of the amorphous

standard is very important as the maximum P@sition of the where x(t) = value of measured parameter (e.g., enthalpy or IR

amorphous diffractogram and its width are strongly water content absorbance ratio) at timex, = value ofx for t = 0, andx. = value

dependent. The crystallinity index was calculated from triplicate of x for t = co.

diffractogram measurements performed on the “fully” retrograded The initial (%) and final (%) values were calculated by fitting the

sample and were reported as an average (+1 standard deviation).  various experimental results to a stretched exponential equation derived
Differential Scanning Calorimetry (DSC). The enthalpy associated  from the Avrami kinetic equation, as described elsewhere (14):

with retrogradation was measured using DSC in the presence of excess

water. Approximately 4+ 1 mg of the extruded samples aged to _y _ _ _

different extents was placed in aluminum pans, and distilled water was X(®) = %, ~ (%, — %) exp[(~Gt] 2)

added to obtain a water/starch rati@. The pans were then hermetically

sealed and placed on mixing rollers overnight at ambient temperature Where G is the rate of retrogradation (tim§ andn is the Avrami

in order to ensure homogeneous hydration. The thermograms were€xponent.

acquired between 5 and 9& at a heating rate of 18C/min using a

DSC-7 (Perkin-Elmer, United Kingdom) calorimeter calibrated for RESULTS AND DISCUSSION

temperature and heat flow using indium and cyclohexane. An empty . . . .
aluminum pan was used as a reference. Baseline correction was Retrogradation Kinetics. Three different techniques (DSC,

performed before integrating the endotherm centered&8—58°C isothermal calorimetry, and FTIR) were used to study the
(depending on the starch botanical source) corresponding to the meltingkinetics of retrogradation of the different starches (waxy maize,
of the retrograded amylopectin. For each storage time, duplicate wheat, and potato). The results were normalized using eq 1 to
analyses were carried out. The plateau melting enthalpy values for thedemonstrate the scale of the difference in retrogradation kinetics.
samples were calculated as the average of at least four measured valueshe differences in the extent of change after full retrogradation
determined on the fu_IIy retrograd_ed_ sample. The same procedure wasigr each sample are discussed subsequently in the paper.
foIIO\_Ned whe_n studying the _gelatlnlzatlon of the native starches_. DSC was used to determine the melting enthalpy of retro-
Microcalorimetry. Approximately 1 g ofsample was sealed inside graded starch. The DSC measurements were carried out in the

the stainless steel sample vessel of a Micro DSC Il (Setaram, France). f ¢ ter/stazch) i der to bri
Distilled water was placed in the reference vessel. The weight of the presence of excess water (water/s ) in order to bring

water was such that its heat capacity was comparable to that of theth€ temperature of amylopectin melting below 100 to
starch/water sample. The vessels were introduced into the calorimeterf@cilitate its measurement using standard DSC aluminum pans
and held at 25C (typically £0.002°C). The heat flux was measured ~ (low pressure). Retrogradation was monitored through the
continuously over a period 6f3 days in isothermal mode. The change enthalpy (A1) of the endotherm centered-a63—58 °C, which
of enthalpy during aging was calculated by numerical integration of reports essentially on the melting of ordered amylopectin.
the heat flux data. Triplicate experiments were carried out on each |ndeed, at these concentrations, the melting of retrograded
sample and were reported as an averagd (standard deviation). amylose or that of amylosdipid complexes would occur at

When analyzing the gelatinization of the native starches in the y,ch higher temperatures, typicaty90 °C for the amylose—
presence of excess waterQ.2 g of starch was placed in the sample lipid complex (L5, 16) and even higher for retrograded amylose
vessel, and distilled water was added to obtain a water/starcteratio - ' o

(17). For this reason, it is more accurate to reportAkevalues

These vessels were then left on rollers overnight at room temperature lati | in. Th lculated h
to allow for a homogeneous water distribution throughout the sample. relative to amylopectin. ese were calculated irom the

Thermograms were acquired by heating the samples at a heating ratdneasured values using typical amylopectin contents reported
of 1 °C/min between 25 and 12C. The samples were then cooled to ~ for these starches: 98, 77, and 72% (dwb) for waxy maize,
25°C at the same rate. Duplicate measurements were carried out forpotato, and wheat starches, respectively (18).
each sample. For all three starches, the thermograms acquired shortly after
Fourier Transform Infrared (FTIR) Spectroscopy. Midinfrared extrusion showed no significant thermal events in the temper-
spectra were acquired using an IFS48 (Bruker, United Kingdom) ature range between 20 and 8D, suggesting that the extrusion
spectrometer equipped with a DTGS detector and a temperature-process disrupted the native ordered structure of the starches.
controlled single reflectance diamond attenuated total reflectance (ATR) This was supported by the WAXS results described below
accessory (Golden Gate, Graseby-Specac Ltd., United Kingdom) withe(Figure 4a), which essentially showed an amorphous pattern,

a sealed sapphire anvil. For each spectrum, 32 scans acquired at & . h th . f th h h | h
resolution of 4 cm* were coadded. Spectra were acquired af@5 with the exception of the wheat starch sample, where some

while the ATR accessory, excluding the sample compartment that was Crystallinity was present. This, however, was not believed to
sealed, was constantly purged with dry air. The spectra were collectedbe related to residual native starch crystallinity but to a
approximately every 2—3 h, and at least triplicate measurements werecrystalline amyloselipid complex, as will be discussed in more
carried out for each sample at each storage time. detail below. As the samples were aged for increasing durations,

Data analysis was carried out using the OPUS 3.0 software (Bruker). the amylopectin retrogradation endotherm (peak temperature,
The spectral region 1200—800 cfn which has been shown to be  ~53—58°C) became more pronounced. For all three starches,
sensitive to the degree of molecular order in starch (213.12), was  the enthalpy of melting/H) of this endotherm showed a similar
used. The spectra were corrected for baseline offset rela_tlve to thepattern of dependency on storage time, increasing rapidly before
3bsorbanc‘? at 1900 cm and then deconvolutedl®), using a = oo hing 4 [imiting valueRigure 1a) for the fully retrograded

econvolution factor of 750, a noise reduction factor of 0.2, and a LY
starch. The limiting enthalpy valuedH. (plateau) were

Lorentzian line shape. The ratio of the absorbencies 1045:1151 cm : A
was used to monitor retrogradation. calculated as described above., was the highest for potato

Statistical Analyses.The significance of differences was assessed Starch (11.6 0.7 J/g of amylopectin) followed by that for waxy
using the analysis of variance single factor tdst<{ 5%). maize starch (9.6 0.5 J/g of amylopectin), while wheat starch
Normalization of Data. To compare the retrogradation kinetics of ~ yielded the smallest value (621 0.3 J/g of amylopectin)Higure

the three starches, the measured results were normalized, presented dsa).
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= . Table 1. Retrogradation Enthalpy as Measured Isothermally Using the
£ 12 < Microcalorimeter as Compared to the Melting Enthalpy of Fully
o Retrograded Starch as Measured upon Heating in Excess Water Using
-9 o
8 [ & Hewen-- : DSCa
> 8 m]
5 - M ———— X potato waxy maize wheat
; 4 - O waxy maize isothermal microcalorimetry
5 ¢ potato AH (J/g amylopectin) 8.0 (£0.1) 4.7(20.2) 3.8 (x0.3)
3, . x wheat scanning calorimetry (DSC)
' ‘ ' ' ' AH (J/g amylopectin) 11.6 (£0.7) 9.0 (+0.5) 6.1 (+0.3)
30 40 50 60 70 T, (°C) 46.8 (£0.9) 45.6 (+0.8) 45.4 (+0.5)
Time (h) 7, (°C) 57.7 (+1.1) 55.8 (+0.5) 53.0 (+0.4)
Ti (°C) 70.2 (+1.6) 69.3 (+2.1) 61.2 (+0.8)
£ [ b O .
o = 100 7 B o r ——= X=-- - - _ _
) 3 i ,q,» The onset (To), peak (Tp), and final (Tr) temperatures of the DSC transitions
s 80 T K e are also shown (average values are given + standard deviation).
£ > N x XX
6o 60 /, 4
S 4l - . degree of supercooling in the rubbery state for potato leads to
1 O waxy maize e e . .
s S 20 L4 + potato a larger “driving force” for retrogradation as compared to wheat,
nT:’ P4 x wheat with waxy maize in an intermediate situation.
0 It may be argued that the characterization of the samples after
0 10 20 30 40 50 60 70 80 hydration/suspension in excess water, which is widely used in
Time (h) studies of starch systems, and the fact that the analysis involved
Figure 1. (a) Starch retrogradation monitored through the amylopectin heating, may introduce artifacts. For this reason, the investigation
melting enthalpy measured using DSC in the presence of excess water was supplemented with isothermal calorimetry retrogradation
(lines were calculated using eq 2) and (b) the relative change in DSC studies. This approach addresses both concerns. Isothermal
melting enthalpy upon storage (from panel a). calorimetry requires a great degree of instrument stability over

a relatively long time (~50 h in this instance). This was best
The difference in the retrogradation kinetics can clearly be achieved using a microcalorimeter as standard DSC equipments
seen from the normalized enthalpy plots (Figure 1b), where at are usually optimized for rapid heating/cooling rather than long-
the same storage temperature {25 and water content (34 term baseline stability. Furthermore, because the heat flux at a
1% wwb), the retrogradation of potato starch was slightly faster given sampling time would be relatively small, as the DSC
than that of waxy maize, while wheat starch showed the slowestresults suggested that the retrogradation occurs over several
kinetics. The retrogradation rateS, were calculated using eq  hours Figure 1ab), the microcalorimeter was the preferred

2 and found to be 0.171 for potato starch, 0.121 for waxy choice as it samples1 g of the starch extrudate as compared
maize starch, and 0.05 hfor wheat starch. The exponent values to the few milligrams for the DSC.
n were comparable at1.5—2. The isothermal calorimetry experiments were performed as

The difference between the retrogradation kinetics of potato described above, and for all three starch samples, the plot of
and wheat agrees with the suggestion that the shorter outer chaifneat flow vs aging time yielded relatively broad 15—30 h)
lengths of cereal amylopectin result in slower retrogradation exothermic patternd{gure 2a) associated with retrogradation.

(2, 19). This, however, would not explain the significant The results suggested that potato starch retrograded the most
difference between wheat and waxy maize, both of which have rapidly, reaching a peak retrogradation time adftdrh, followed
comparable average chain lengthslB.5 and~18.6, respec- by waxy maize starch, reaching a peak aftérh, and the wheat
tively (20)], and suggests that the presence of amylose and lipidsstarch was the slowest to retrograde, reaching a peak-after
does hinder the retrogradation of amylopectin. Both amylose h. To monitor the recovery of molecular order during aging,
and lipids are present in much greater amounts in wheat starchthe retrogradation enthalpies were calculated by integrating the
than in waxy maize starct2l). This hindrance of amylopectin  heat flow resultsKigure 2b), which were subsequently normal-
retrogradation is likely to occur through the entanglement of ized using eq 1 Kigure 2c). The retrogradation kinetics
amylopectin with the amylose network. Such a network would described by the normalized enthalpies obtained by isothermal
be enhanced by amylose retrogradation and the existence otcalorimetry were very similar to those obtained using the
amylose—lipid complexes (in particular the crystallization/ scanning calorimetry in excess watBigure 1b) with the same
gelation of such a complex). Conde-Petit and Escl2®) ( order of retrogradation rates: potatowaxy maize> wheat.
demonstrated that the occurrence of amytdggand complexes The retrogradation rate§ calculated by fitting eq 2 to the
accelerates the early stages of amylose gelation. Anotherisothermal calorimetrAH vs time data were also very similar
possible reason for the slower retrogradation in wheat starch isto those obtained for the DSC in excess water, with values of
the occurrence of amylopectin—lipid complexes, as described 0.17, 0.12, and 0.06# for potato, waxy maize, and wheat,

by Eliasson et al.§, 23), that might hinder the retrogradation respectively. This agreement between the two approaches clearly
of amylopectin. Conde-Petit and Esch&g), however, found demonstrates the validity of the protocol of DSC analysis in
no experimental evidence for a role played by amylopectin  the presence of excess water in this context.

lipid complexes in terms of retrogradation. Furthermore, interms ~ As found using the scanning calorimetryigure 1a), the

of steric constraints, because of the highly branched amylopectinfinal or limiting enthalpies (AH) were significantly (P< 5%)
structure, amylose—lipid complexes are likely to form prefer- different for the three starches studied (Figure 2b) with values
entially, as suggested by Gudmundsson and Eliasson (8). It isof 8.0+ 0.1, 4.7+ 0.2, and 3.8+ 0.3 J/g of amylopectin for
interesting to note that the rates of retrogradation showed apotato, waxy maize, and wheat starch, respectively. It was
positive correlation with the end temperature of the melting of interesting to note that although the order\d., obtained from

the retrograded samples (Table 1), suggesting that the greaterthe scanning and isothermal calorimetry studies was the same
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Figure 2. (a) Isothermal thermograms acquired using the microcalorimeter Temperature (°C)
(heat flow was normalized to the amylopectin weight fraction of each Figure 3. Thermograms acquired during heating (H) and cooling (C) in
sample), (b) extent of retrogradation with time as monitored through the the microcalorimeter of the native potato (top), waxy maize (middle), and
integrated heat flow, and (c) relative change in enthalpy with time (from wheat starch (bottom) samples in excess water conditions.
panel b).

] ) . . Table 2. Gelatinization Enthalpies and Onset (T), Peak (Ty), and
for the three materials, the full retrogradation melting enthalpies Fing| (T) Melting Temperatures of the Native Starch Samples as

measured by DSC were higher than those determined from themeasured by Microcalorimetry and DSC in Excess Water Conditions
isothermal calorimetry results (Table 1). (Values of Duplicate Runs Are Shown)
To investigate the origin of the difference in the final

retrogradation enthalpieAH.,) obtained between the scanning potato waxy maize wheat
calorimetry study, performed in the presence of excess water microcalorimetry
on a starch sample ef4 mg using DSC, and the isothermal ~ 2H (/g amylopectin) 232,233 16.4,16.5 15.3,15.6

. : T, (°C) 59.0,59.0 59.8,59.8 48.8,49.2
calon_m_etry study, perf_ormed_ directly ol g of sample_ T, (°C) 63.6.63.7 67.7. 679 5.7 55.8
containing~34% water, it was important to assess the contribu- 7, °c) 71.9,72.0 855, 87.1 62.5,62.7
tion of the use of different equipments with different technolo- DSC
gies (power-compensated DSC vs heat flux calorimetry) and  AH (3/g amylopectin) 227,236 15.2, 16.4 15.6, 16.8
different sample sizes to these differences. For this, the native T,(°C) 61.1,61.1 64.3,64.8 55.0, 55.2
starches used in this study were adopted as “standards” and were T (°C) 65.7,65.7 712,713 59.0,59.2
analyzed in excess water conditions using both techniques (DSC Ti( 708,709 770,770 641,644
and microcalorimetry) and the gelatinization behaviors obtained
were compared. The gelatinization results are summarizedTiable 2. The

The thermograms obtained using the microcalorimeter at the onset and peak gelatinization temperatures obtained using the

maximum reliably achievable heating/cooling rates 86€Cl(due microcalorimeter were consistently 2—°€ lower than those

to sample size) are shownkigure 3. For both the waxy maize  observed using the DSC. There are two potential origins for
and the potato starches, the gelatinization endotherm was thethis, both related to the differences in heating rates used
only thermal event observed on heating to 12D and no (microcalorimeter, 2C/min; DSC, 10°C/min): (i) heat transfer
significant events could be observed upon cooling. However, issues, although this contribution is expected to be small as
for wheat starch, there was another endotherm observed uporthermal lags should be considered in relation to the heating rates
heating at a peak temperature-e®7 °C, which was attributed and the sample mass and dimensions, and (ii) the nonequilibrium
to the melting of the amylosdipid complex. Upon cooling, nature of gelatinization2(7) even in excess water. The ther-
an exotherm was observed at a peak temperature8af °C mograms acquired on waxy maize starch using the microcalo-
and was attributed to the reforming and possible crystallization rimeter showed a bimodal gelatinization endotherm and a higher
of this complex. The melting and reforming temperatures of final gelatinization temperature-Q °C higher than DSC). This
the complex were comparable to those reported by Jovanovichbehavior could be indicative of some annealing concurrent to
etal. (L5). Itis believed that some of the amyled@id complex the early stages of the gelatinization because of the relatively
already existed within the native granule, as has been shownlow heating rate. The gelatinization enthalpies measured in
for other native starche®4, 25), and that more was formed excess water were similar for the two techniquéale 2).
during the heating of the sample, as was shown for maize starchThis is in contrast with the retrogradation enthalpy results
using synchrotron X-ray diffraction (26). described aboveT@ble 1), clearly suggesting that the differ-
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associated with native potato starch granules. The lipid contents
.‘E‘ a. for these starches were found to-b8.15, 0.05, and 0.8% (dwb)
8 for the waxy maize, potato, and wheat starches, respectively
E (21).
z wheat After ~3 days of storage at 2%, the three extrudates were
3 ) potato fully retrograded (as discussed below) and their WAXS dif-
s Mt MRS fractograms showed typical partially crystalline starch patterns
0 5 10 15 20 25 30 35 40 (Figure 4b). The diffractograms suggested that waxy maize and
2 theta (°) wheat starch crystallized essentially to the A polymorph while
potato starch crystallized to the B polymorph. The crystal
2z b structures of these two polymorphs have been reviewed by
[ * Imberty et al. 80). This suggests that under the conditions of
2 this study (34% water and 2%&), the starches reverted to their
§ wheat respective native starch crystal polymorphs. It is worth noting
5 potato that the recrystallization polymorphic form is not necessarily
K 'waxy maize : the same as that of the native state. It is indeed well-documented
L B that the temperature and water content at which the recrystal-
0 5 10 15 20 25 30 35 40 lization proceeds largely affect the type of starch crystal
2 theta () polymorph formed upon retrogradatids 81). The temperature
Figure 4. X-ray diffractograms of the (a) freshly extruded starch samples and water content conditions used in this study lie on the
and (b) “fully” retrograded starch extrudates after 3 days of storage at 25 boundary between forming the A and B type polymorphs, as
°C (data were smoothed using three point averaging). was reported by Marsh5) for wheat starch. Hence, it is

ences observed are not due to differences in the operations ofnteresting that although the three starch samples were aged
the two equipments/techniques or to differences in sample size.under the same conditions, they retrograded to form different
One possible explanation is the fact that the determination of crystal polymorphs. This indicates that there is another underly-
the retrogradation enthalpies was carried out at different watering factor, besides those previously mentioned, that also
contents, excess water for the DSC, and 34% for the isothermalinfluences the type of polymorph formed. This underlying factor
microcalorimeter. Early work on native potato starc8)  could be the average chain length of the amylopectin, as
demonstrated that the gelatinization endotherm depends stronglysuggested by Hizukuri et al2Q) and Gidley 82), who studied

on water content (up to a water contente60% wwb) in terms malto-oligosaccharides, and found that the A polymorph was
of both temperature and enthalpy, whereby the higher the waterfavored by shorter chain lengths, whereas the B polymorph was
content becomes, the lower is the gelatinization temperature andfavored by longer chain lengths. Waxy maize and wheat starches
the greater is the melting enthalpy. However, when comparing tend to have shorter average chain lengths than potato starches
the melting enthalpies measured by DSC in excess water to that(20, 33). Hizukuri et al. 0) found that the average chain lengths
measured at the original water content (~34% wwb) using the for the wheat and waxy maize starches were 18.5 and 18.6,
same technique, values ©6.1 and~11.3 J/g amylopectin were  respectively, and that of potato starch was 22.9, possibly
found for wheat starch, respectively. This is in contradiction explaining why the potato starch formed the B type polymorph
with the previous findings on native potato starch, where the and the waxy maize and wheat starches formed the A type
overall gelatinization enthalpy decreased frev@3 J/g amy- polymorph.

lopectin in excess water t918 J/g a_lmylopectin at 3_3% water Gidley (34) explained the effect of chain length on the
(28). The fact that the retrogradatidyH measured in €xcess o1y morphic form by considering the negative change in entropy
water s smaller than that at 34% water also exclude_s annealingy, 5y oecyrs during crystallization. He stated that upon crystal-
in excess water as a reason for the difference in enthalpyi;a4ion the longer the chain length, the greater the negative
betwegn the DSC and the |soth¢r_mal m!crqcalorlmetry retro- entropy change would be and therefore the polymorph of highest
gradation enthalpy results. The origin of this difference therefore entropy would be favored, which would be the B type

remains unexplained. e :
Starch Retrogradation: Polymorphism and Extent of polymorph, ‘as it is less tightly packed than the A type
y polymorph.

Molecular Order. WAXS was used to assess the amorphous L )

crystalline state of the fresh and retrograded samples. The 1he crystallinity indices were calculated as described above
diffractograms acquired shortly after extrusion for the waxy from the WAXS diffractograms acquired after full retrograda-
maize and potato starch samples showed essentially a diffusdion, i-€., after~3 days of aging. A value of-32% (+1.1%)
pattern typical of amorphous materials, indicating that all native (WWb), i.e.,~50% (dwb), was found for waxy maize starch,
starch crystalline structures had been disrupted during the While the values for wheat starch and potato starch were of the
extrusion process (Figure 4a). The wheat starch extrudate Same order~24% (+1.7%) (wwb), i.e.~36% (dwb). The
showed essentially a similar pattern; however, its diffractogram crystallinity indices therefore did not depend on the polymorphic
also contained a small peak at a Bragg’s angle valuefot2 form of the starch and seemed to be directly correlated with
19.7° superimposed on the diffuse background. This peak is the amylopectin content. It is therefore more appropriate to
identifiable with the main diffraction peak of the,Jolymorph recalculate and compare these results on an amylopectin basis.
of crystalline amyloselipid complex (29). In this instance, the  Using the typical amylose content values for these starches listed
endogenous lipids associated with the native wheat starchabove, the calculated crystallinity indices (amylopectin basis)
granules [typically~0.8% @1)] are responsible for the complex.  were not significantly differentf < 5%) with values 0~~51%

This complex would not have been expected in the case of the(£1.7%) for waxy maize;-50% 3.2%) for wheat, and-47%

two other starches due to the very low level of amylose in the (£3.3%) for potato. The contribution from the amyledipid

waxy maize starch and the very low level of lipids normally complex crystallinity in the case of wheat would be excluded
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from this value as the amorphous reference used was the freshly

o
extruded wheat starch, which exhibited the compleigire E E' 0.70 z
4a,b). s :“:’ 065 -

While both the scanning and the isothermal calorimetry E—E ' x
techniques showed a significant differené¢e € 5%) in the § S 0.60 Lo
degree of order in the fully retrograded starch extrudates 23

(Figures laand2b) with the AH., of potato approximately twice 0.55 =

that of wheat starch, the crystallinity measured by WAXS was 30
not significantly different between the three starches. This lack _

of direct correlation between calorimetry and WAXS is con- & g b L. W % X
sistent with previous findings36, 36) where it was suggested §,° § 1007 ™ T X _E
that different molecular structures, in terms of distance scales, 5= 75 1 o Tk *

are probed by DSC and WAXS during starch gelatinization and :g’g 50 - é g x . potato
retrogradation. While WAXS reports on so-called “long-range” % § 25 | ?&x'{ u waxy maize
order, i.e., in this instance the packing of the A chain double s S gzt TV
helices into crystalline lamellae, DSC is believed to report on 0 5 10 15 20 o5

the overall enthalpy changes involved in the melting of the Time (h)

crystallites (long-range) but also the dissociation of the double gy e 5. (a) Retrogradation monitored using the FTIR absorbance ratio

helices (short-range order), which may or may not be involved 10451151 cm~1 (each point is the average of four measurements; lines
in crystals, as defined by the WAXS criteria of crystal size and yere calculated using eq 2) and (b) relative change of the absorbance

perfection. Using this argument, it is postulated that the potato 4o 1045:1151 cm—2 (from panel a)
starch may have a higher degree of noncrystalline short-range
molecular order. This suggestion is partly supported by the
possibility of cocrystallizationg) or more likely ordered zones

composed of both amylopectin and amylose. In the case o
wheat starch, a significant fraction of the amylose is involved

in amylose—lipid complexes and is therefore not available for ded ; hi dered at th lecul
interaction with amylopectin. The results also, somehow surpris- retrograded waxy maize starch Is more ordered at the molecular

ingly, suggest that waxy maize starch exhibits, although to a level than both potato and wheat starches. The implication of

lesser extent, a higher degree of order as measured by pschis is that (i) either the ratio of the absorbencies 1045:1151
than by WAX,S. cm~1, which is taken in this context as a measure of short-

range molecular order, is also sensitive to other molecular
characteristics (e.g., chain length) or (ii) that the difference in
the retrogradation enthalpy between the three starches is due,
in addition to variations in the degree of molecular order, to
other properties such as the chain length and the polymorphism
of the retrograded amylopectin, the latter being the more likely
interpretation. Indeed, Wursch and Guni@] reported a linear
correlation to exist between the DSC measured retrograded
amylopectin enthalpy and the average external chain length. This
is also indirectly supported by the gelatinization enthalpies

contain a higher degree of molecular order than that reflected
by their WAXS determined crystallinity. However, while

¢ calorimetry suggested that potato starch contained the highest
degree of amylopectin order, the FTIR data implied, despite a

high degree of scatter (linked to sampling artifacts), that

Itis important to note that in this discussiokt was assumed

to be directly proportional to the amount of ordered phase and
that the latent heat of melting/dissociation was independent of
the starch botanical source or the crystalline polymorph formed.
This is somehow simplistic as in many instances the melting
enthalpy is strongly affected, in addition to the mass fraction
of the ordered/crystalline phase, by its physical characteristics.
For example, for the same triglyceride (e.g., tri-myristity]
depends strongly on polymorphism, with a variation from 85

kd/mol for thea. polymorph to as high as 137 kJ/mol for te  1-ined on the native starchégaple 2) where potato starch
polymorph (37). yielded a higherAH (~23 J/g amylopectin) than both waxy
FTIR measurements were carried out in an attempt to majze and wheat, which gave similar values o6 J/g
determine the degree of short-range molecular order (helical amylopectin (values were calculated as the average of both
order) developed in these starch samples during storage anctajorimetric techniques). On this basis, it would be expected
obtain a molecular insight into the discrepancies between the that the enthalpy of retrogradation of potato would be the highest
degree of order determined by calorimetry and WAXS. The hijle waxy maize and wheat should yield comparable values.
absorbance at1045 cnt* was assigned to the ordered phase |t js interesting to note that for all three starches, the
of starch (38). It is often necessary to perform an internal gelatinization enthalpies were significantly higher (approxi-
normalization to account for variation in sample thickness in mately a factor of 2) than the retrogradation enthalpitid.()
transmittance measurements or the quality of the contactmeasured under the same conditions of excess whailds 1
between the sample and the ATR crystal in reflectance measureand2) suggesting that on retrogradation, amylopectin recovers
ments, as was the case in this study. For this, the bard 551 only a fraction of its native extent of molecular order. This is
cm™tis often used as an “internal standar@9j and the ratio  not surprising when considering the intricate way native
of the absorbencies 1045:1151 chtan be used to probe the amylopectin crystals are formed during biosynthe4is (which
degree of short-range molecular order in starch, e.g., duringis very likely to occur under more ideal conditions and result

gelatinization (40) and retrogradation (6). in more perfected structures than those formed by retrogradation
While the FTIR results strongly supported the calorimetry in more limited time scales. Waigh et a#2) suggested that
findings in terms of the retrogradation kinetidsdure 5a,b), after starch gelatinization, i.e., when the amylopectin is in the

i.e., potato starch retrograding the fastest, followed by waxy random coil conformation, the free ends of the outer amylopectin
maize and then wheat, the extent of molecular order after full chains entangle resulting in topological constraints, which lead
retrogradation showed only limited agreement with the calo- to a degree of randomness in A chain pairing during the
rimetry results and the interpretation put forward above. Both reformation of double helices. Furthermore, the temperature
techniques suggested that potato and waxy maize starchesange over which the melting of molecular order formed by
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retrogradation was much broader than the native dablés 1
and 2). It is tempting to suggest that the fact that the

gelatinization temperatures for each starch were also higher than
those of the melting of the corresponding retrograded system

(Tables 1 and 2) supports the hypothesis of more perfect
crystalline structures in the native materials. This, however,
would be inaccurate as it is now well-established that gelatiniza-
tion is nonequilibrium in nature and depends strongly on the
plasticization of the amorphous phase of the granule in which
the crystallites are embedde2i7). Such plasticization depends
very strongly on the extent and kinetics of hydration of this
amorphous phase, which would be much more limited in the
granular starch form than in a material, which was first
“destructured” by extrusion and then allowed to recrystallize.
Furthermore, the WAXS crystalline values obtained in this study

on the retrograded samples are very comparable to those

reported for the native starchegs once the effect of moisture
content on crystallinity has been accounted #8)(

In summary, the retrogradation behavior in concentrated
starch systems (water contenB4% wwb) at 25°C depended
on the botanical source. The kinetics of retrogradation deter-
mined using scanning and isothermal calorimetry and FTIR were

J. Agric. Food Chem., Vol. 53, No. 3, 2005 637

(6) Wilson, R. H.; Goodfellow, B. J.; Belton, P. S.; Osborne, B. G.;
Oliver, G.; Russell, P. L. Comparison of Fourier transform mid
infrared-spectroscopy and near-infrared reflectance spectroscopy
with differential scanning calorimetry for the study of the staling
of bread.J. Sci. Food Agric1991,54, 471—-483.

(7) Farhat, I. A.; Blanshard, J. M. V.; Mitchell, J. R. The retrograda-
tion of waxy maize starch extrudates: Effects of storage
temperature and water conteBiopolymers200Q 53, 411—-422.

(8) Gudmundsson, M.; Eliasson, A.-C. Retrogradation of amylopec-
tin and the effects of amylose and added surfactants/emulsifiers.
Carbohydr. Polym1990,13, 295—315.

(9) Klucinec, J. D.; Thompson, D. B. Amylopectin nature and
amylose-to-amylopectin ratio as influences on the behavior of
gels of dispersed starc@ereal Chem2002,79, 24-35.

(10) Hermans, P. H.; Weidinger, A. Quantitative X-ray investigations
on the crystallinity of cellulose fibers. A background analysis.
J. Appl. Phys1948,19, 491-506.

(11) Wilson, R. H.; Kalichevsky, M. T.; Ring, S. G.; Belton, P. S. A
Fourier transform infrared study of the gelation and retrograda-
tion of waxy-maize starchCarbohydr. Res1987,166, 162—
165.

(12) Sevenou, O.; Hill, S. E.; Farhat, I. A.; Mitchell, J. R. Organisation
of the external region of the starch granule as determined by
infrared spectroscopynt. J. Biol. Macromol2002,31, 79-85.

consistent. The retrogradation rate was the highest for potato (13) Kauppinen, J. K.; Moffatt, D. J.; Mantsch, H. H.; Cameron, D.

starch, followed by waxy maize and then wheat. The extent of
molecular order in the fully retrograded materials was studied.
While the amylopectin crystallinity indices determined from
WAXS were not significantly different between the three

retrograded starch systems, FTIR and calorimetry suggested

variations in the degree of short-range molecular order, with

wheat starch consistently the least ordered material. This was
attributed to the possible interference of the networks of amylose

and amylose lipid complexes with amylopectin retrogradation.
In addition to the proximate composition of the three starches,

G. Fourier self-deconvolution: A method for resolving intrinsi-
cally overlapped band#\ppl. Spectrosc1981,35, 271—-276.

(14) Farhat, I. A.; Blanshard, J. M. V. Modeling the kinetics of starch
retrogradation. IrBread Staling; Chinachoti, P., Vodovotz, Y.,
Eds.; CRC Press LLC: Boca Raton, 2001; pp 1632.

(15) Jovanovich, G.; Zamponi, R. A.; Lupano, C. E.; Anon, M. C.
Effect of water-content on the formation and dissociation of the
amylose lipid complex in wheat-floud. Agric. Food Chem.
1992,40, 1789—1793.

(16) Eliasson, A.-C. Effect of water content on the gelatinization of
wheat starchStarch—Starkel 980,32, 270—272.

the amylopectin fine structure (average chain length, outer chain (17) Miles, M. J.; Morris, V. J.; Orford, P. D.; Ring, S. G. The roles

length) was used to interpret the findings. It is suggested that

implying differences in the degree of molecular order between

of amylose and amylopectin in the gelation and retrogradation
of starch.Carbohydr. Res1985,135, 271—281.

different starches by comparing their retrogradation enthalpies (18) Fredriksson, H.; Silverio, J.; Andersson, R.; Eliasson, A.-C.;

is not accurate as the enthalpy may depend on several other
parameters, such as average chain length and crystal polymor-

phism.
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