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Abstract

Standard maize starch was hydrothermally treatekhdtantaneous Controlled Pressure Drop
(DIC) process at three pressure levels (1, 2 abdrp corresponding to the temperatures of
100, 122 and 135 °C (at 13-27% maoisture), respagtivihe structural effects of various
hydrothermal conditions were examined with différ@nscanning calorimetry (DSC) and
wide-angle X-ray diffraction. In order to undersdathe changes that occur during DIC
treatment, melting endotherms of native maize btat various moisture contents were
determined. The gelatinization temperatures of D&ated standard maize starch increased
with DIC treatment. The transition temperatureg, () are closely related to the combined
effect of pressure and processing time. At appretéty 10 min of processing time, and T,
were 65.7 and 72.3 °C, 68.8 and 73.6 °C, 74.8 &8 C for pressure levels of 1, 2 and 3
bar, respectively (against 63.1 and 69.6°C forveastarch). DIC treatment narrowed the
gelatinization temperature range and decreasetirgetdion enthalpy4H), as the severity of
processing conditions increasé&H decreased from 11.4 J.gnative) to 11.0 (1 bar), 9.0 (2
bar) and 1.7 J4 (3 bar) for treated maize starch during approxatyatl0 min. Relative
crystallinity of hydrothermally treated starch deased with increasing DIC conditions. The
A-type crystalline pattern was progressively |l@dtdressure levet 2 bar) and substituted by
the \W-type X-ray diffraction pattern, corresponding toetformation of amylose-lipid
complexes. For severe DIC conditions (pressurell@fe3 bar), the substitution was
completed. Microscopic observations revealed pssjve loss of the birefringence of DIC
treated starch granules except at low pressurai(fl While the integrity of starch granules
was preserved for all the conditions. These maalifinis that reveal important changes in the

crystalline organization of the starch granulesralated to their functional properties.
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1. Introduction

Starch is one of the most important natural polymand its use depends largely on its
functional properties. The comprehension of stattdse transitions is extremely important in
the food processing operations and the physicaasties of food products. Due to the semi-
crystalline structure of starch, two phase traosdiare likely to occur during the thermal
treatment of starch-water systems: the glass transihat concerns the amorphous phase
(mainly the branching regions of the amylopectinl amost of the amylose chains) and the
melting of crystallites (formed by adjacent shohaims of amylopectin intertwined into
double helices). The melting of crystallites cande¢ected by X-ray diffraction patterns, and
differential scanning calorimetry (Donovan, 1979ilid8leris, Maurice & Vose, 1980;
Hoseney, Zeleznak & Lai, 1986; Garcia, Colonna,rdoy Buléon, Bizot & Ollivon, 1996;
Cruz-Orea, Pitsi, Jamee & Thoen, 2002; Ratnayakelatkson, 2007). The melting
temperatures () of starch-water system strongly depend on theewebntent. For water
content greater than 60% (w/w), the temperatureeferred to as starch gelatinization
temperature and a single endotherm is observetleo®EC profile. The irreversible changes
taking place during gelatinization, namely diffusiof water into the starch granules and
swelling of the granules are accompanied by areas® of the viscosity which is responsible
for the thickening effect of starch in food producFor lower water contents, multiple
transitions occur that reflect melting and recrijist@ion processes occurring simultaneously
during heating (Biliaderis, Page, Maurice & Juliari®86): the transition temperatures
referred to as melting temperatures increase anifipeuendotherms are formed to the
detriment of the former gelatinization endothernan€erning the cereal starches, another
endotherm appears over the temperature range @200, due to the melting of amylose-
lipid complexes (Biliaderis, 1991) that may fornritig gelatinization. These structures give

a V-type X-ray diffraction pattern.



The textural properties of starch dispersions areafmajor part due to the swelling capacity
of starch granules. In the food and non-food indlesst starch systems are submitted to
intensive heat and shear treatments during strdis or homogenisation-mixing
respectively; these treatments alter the integrftgtarch granules and impair the functional
properties of the suspensions. Modified starche® lieeen therefore developed to improve
the resistance of starch dispersions to indudira@tments. Nowadays, there is considerable
interest in physical modifications, which are colesed to be safer than chemical ones
especially for food applications with novel functad properties. Physical modifications can
be obtained through the controlled application edithand moisture treatment. Annealing and
heat moisture treatments (HMT) (Jacobs, MischeRkah, Eerlingen, Delcour. & Reynaers,
1998; Tester, Debon & Sommerville, 2000;Vermeyleonderis & Delcour, 2006; Tukomane,
Leerapongnum, Shobsngob & Varavinit, 2007; Kulp &rénz, 1981; Hoover & Manuel,
1996; Collado & Corke, 1999; Gunaratne & HoovelQ20Gunaratne & Corke, 2007) are the
two most usual physical treatments by which theisgystalline structure of starch granules
are modified without disrupting the granule (Limhahg, & Chung, 2001). The differences
between these two treatments are the water coatehthe temperature used. The annealing
occurs under large excess of water (50 to 60%)raladively low temperatures (below the
gelatinization temperature), while the HMT is coohdl under restricted moisture content
(10-30%) and higher temperatures (90-120°C). Batattnents are applied over large periods

of time (10-16h).

Many studies have been carried out on the strdcamch physical properties of starches after
HMT treatment since the first experimentations aoiteld by Sair & Fetzer in 1944. The
properties of heat moisture treated starches depenthe starch origin (Gunaratne et al.,
2002; Hoover & Vasanthan, 1994; Hoover et al., 1996p et al., 1981; Collado et al., 1999)

and treatment conditions used (Takaya & Nishir2ZQ0; Collado et al., 1999). Generally the



HMT is known to reduce the water sorption capachg, swelling capacity of starch granules
as well as the viscosity of the starch suspendibe.initial temperature of gelatinizationoT

and the temperature of the peal)(ihcrease; in the meanwhile, the gelatinizatiothalpy

decreases and the endotherm of gelatinizationdadaned (Sair 1967; Kulp et al., 1981;
Stute, 1992; Hoover et al.,, 1994; Gunaratne et 241Q2; Vermeylen et al.,, 2006). The
intensity of the modifications depends on the watentent and the temperature/time
conditions of the treatment. Buléon & Bertrand (2PBported an increased susceptibility to

hydrolysis that they ascribed to partial gelatitima of starch granules after HMT treatment.

HMT starches have generally been produced on adalry scale and many authors have
reported that such conditions produce inhomogensansples with partially hydrotreated
starch granules. For HMT, vapour pressure is aféguired to assure sufficient heating, but
uniform heat distribution and penetration into #t@rch is not easy to accomplish. Maruta, et
al. (1994) improved the conventional method of HMT by creating a reduced pressure in
the vessel containing the starch before the imactdf live steam. This method was
designated by Maruta et al. (1994) as the reducessprized heat moisture treatment (RP-
HMT). The DIC hydrothermal process, developed dtalzoratory as well as pilot scale
(Rezzoug, Maache-Rezzoug, Mazoyer & Allaf, 2000nhsoyears ago is closer to RP-HMT
treatment proposed by Maruta et al. (1994). Théedihce is that the DIC treatment is
followed by an abrupt pressure drop towards vacymessure. This step induces a rapid
modification of the thermodynamic equilibrium readhduring the pressurisation(P,)
towards another equilibrium state,(P). This new state induces a rapid cooling and the
resulting temperature value depends on the vacutesspre level. The DIC treatment
(Instantaneous Controlled Pressure Drop) is a tgqueartess patented and developed in our
laboratory (Allaf, Louka, Bouvier, Parent & Forgdi993) for drying and texturizing food

products such as pasta products (Maache-Rezzoudla, £005). As for the RP-HMT



process, the instauration of an initial vacuum OfrBbar before injection of steam at high
pressure allows to reduce the resistance of aig thcilitating the diffusion of steam into the
product (Zarguili, Maache-Rezzoug, Loisel & Douhli€006). Consequently, the time
necessary to reach the steam temperature equiibsueduced with homogeneous vapour
diffusion and a more effective heat transfer to skerch. In a recent laboratory study, the
thickness of the layer of maize starch which carirbated in the DIC equipment to assess
uniform heat distribution and homogeneous diffusadnsteam into the starch powder has
been fixed to 0.5 cm (Zarguili et al., 2006); thme required to reach the equilibrium

temperature was 80, 60, 45 and 20 s for procegseggures of 2, 3, 4 and 5 bar, respectively.

The DIC hydrothermal treatment was applied to s&scaiming to produce structural
modifications and thus modifying their functionaloperties. A preliminary study on the
application of DIC hydrothermal treatment on staddand waxy maize starches (Loisel,
Maache-Rezzoug, Esneault & Doublier (2006) showgadréal gelatinization of the treated
samples. The occurrence of partial gelatinizati@s wlearly attested by the decrease of the
gelatinization enthalpy and the loss of birefringeminder polarized light as the pressures and
time of the process increased; the greatest dffgioy obtained for 2.7 to 3 bar during 200 to
300 seconds. The starch granules were not disrupfied the DIC treatment at initial
moisture content of starch, but the viscosity &f starch dispersions pasted in the Viscograph

Brabender considerably decreased.

The purpose of this study was to investigate thecsiral and thermal phase transitions
induced in a standard maize starch as a resuli©fiydrothermal treatment. The influence
of DIC treatment conditions on the thermal transitand structural characteristics in standard
maize starch was investigated using DSC, X-Rayatiffon and polarised light microscopy

associated with determination of granule size ithstion by laser diffraction.



2. Materials and methods
2.1. Materials

Standard maize starch was supplied by Roquettees-r@restrem, France). The moisture

content was 12.5% wet basis.
2.2. Methods
2.2.1. Moisture content

The starch moisture content was determined byw&Enat 105 °C during 24 h, according to

the A.F.N.OR (NF V03-707, 2000) standard methodratated to the wet basis (%, wb).
2.2.2. DIC hydrothermal treatment

The equipment and procedure of DIC hydrothermahtinent were largely described in
previous studies (Rezzoug et al., 2000; Loisel.et2@06; Zarguili et al., 2006). During the
treatment, starch (12% wet basis) is placed irptbeessing vessel. A vacuum of 50 mbar is
established. This initial vacuum facilitates th&wdiion of steam into product and allows its
rapid heating (Zarguili et al., 2006). Saturateghst is then introduced into the vessel at a
fixed pressure level (1 to 3 bars) and maintaingahd a determined processing time. In this
study the processing pressure was fixed at 1 @4 {C), 2 bar (122 °C) and 3 bar (135 °C).
The pressurisation is followed by an abrupt decasgion towards vacuum (50 mbar). After
the vacuum phase, atmospheric air is injected tirmelo atmospheric pressure for sample
recovery. During the treatment, starch is heatedhieyabsorption of latent heat of vapour
condensation that causes an increase in the meistumtent. Zarguili, Maache-Rezzoug,
Loisel & Doublier (2008) modelled this variation widisture content through a simple model

based on gravimetric data.



2.2.3. Differential scanning calorimetry (DSC)
2.2.3.1. Phase transition of standard maize strdifferent moisture contents

The phase transitions of the water- maize starstesys were established by using; PYRIS 6
DSC (Perkin-Elmer) for transitions (melting) measlibetween 100 and 200 °C (heating rate
2 °C/min), and Micro DSC Il (Setaram, France) faansitions (gelatinization) measured
between 20 and 100 °C (heating rate 1.2 °C/min)eWatas added to starch in DSC pans
which were allowed to stand for 2h at room tempegator moisture equilibration. A range of

11.5 to 90% moisture content was investigated.
2.2.3.2. Thermal characteristics of DIC treated meastarch

Gelatinization parameters were measured using tlseoNDSC Il (Setaram, France). Starch
samples (800 mg) were placed in a stainless patillell water was added to get a ratio of
1:9 (w/w) starch:water, and then the pan was sealeel reference pan was filled with water.
Pans were heated at a rate of 1.2 °C/min from 3A@°C. Thermal transitions were defined
as T, (onset temperature) {peak temperature) alxH was referred to as the gelatinization
enthalpy. The gelatinization temperature rangewBy calculated as 2 {T T,) as described

by Krueger, Knutson, Inglett & Walke (1987). Theitrial enthalpy ratio of the treated starch

was also calculated by the following equatiBE(%) = AAH

t_x100,where RE is the residual

raw

enthalpy ratioAH; the gelatinization enthalpy of the residual stmoetafter DIC treated starch

andAH,wthe gelatinization enthalpy of the native starch.
Determination of the amylose-lipid complex

We used DSC Q10 (TA-Instrument, France) for meagurthe thermal transition

corresponding to the melting of the amylose-liposnplex: 10 mg of starch suspension (1:9



w/w starch:water) were sealed in a stainless pat,h&ated from 30 to 130 °C at a heating

rate of 2 °C/min.
2.2.4. X-ray diffraction

Native and DIC-hydrothermal treated maize starchese equilibrated above a saturated
barium chloride solution (&0.95), and the X-ray diffraction pattern was meaduwvith Inel
(France) X-ray equipment at 40 kV and 30 mA. Thagdams of diffraction were recorded
according to the method of Debye-Sherrer in trassion for powders. CuKradiation
(4=1.54 nm) was selected using a quartz monochromatourved position-sensitive detector
CPS 120 was used to monitor diffracted intensitregshe 0-120°, @ range. Diffraction
diagrams were all normalised at the same totatesoag value, with 8 ranging from 3 to
30°. The crystallinity ratio was calculated accaglito the method of Wakelin (Wakelin,
Virgin & Crystal, 1959) using spherolitic crystalad dry extruded potato starch as crystalline

and amorphous standards respectively.
2.2.5. Polarised light microscopy

Dilute native and DIC-hydrothermal standard maitch suspensions (1:20) were viewed
under polarised light (magnifying 400 X) using aideemicroscope equipped with a CCD

camera.
2.2.6. Granule size distribution

Granule size determination was carried out at reemperature using a Malvern Master Sizer
(Malvern Instruments, Ltd) laser scattering analygigh a 300 mm Fourier cell (range 0.05-
879 um). The starch dispersion (6%) was first ddu{1/10) with demineralized water at
20°C before and immediately after the pasting ptaoe in the Brabender Viscograph then
dispersed in the sample dispersion unit (1ml/10@rmater). The volume distribution was

obtained according to the Mie scattering theoryigébet al., 2006). From each distribution,



the median volume diameter D(v,0.5) and the sweltitio (D/Dy)° were presented; the size
dispersion was evaluated using the dispersion iméfetred to as the span, by the following

equation: Span D(v,09) - D(v.0.9)
D(v,05)

3. Results and discussion
3.1. Phase transitions of starch-water system

In order to understand the changes that occur gudlC hydrothermal treatment, thermal
transitions of native standard maize starch foiousr water contents were determined by
differential scanning calorimetry (Fig. 1). The D$Raracteristics are presented on Table 1.
In a large excess of water (above 70%) a singletiednic transition is observed for the
gelatinization of starch (referred to as G). Thakpeemperatures and gelatinization enthalpy
remain constant: 69.8 °C and 11.5).gespectively. For intermediate moisture contents,
from 70 to 40%, the enthalpy of the first endothefecreases, from 9.8 to 1.9 J/g (Table 1),
although the peak temperature remains constariatt&0 °C. From moisture contents of
35%, a second peak (referred to as M) appears Wielérst peak of gelatinization is further
reduced and completely disappears at a moistureermbof 26%. The peak temperature and
enthalpy of the second peak (M) increase as thstaorei content is reduced: from 140 to 184
°C for moisture contents of 26 to 11.5%, respebtivéhe presence of multiple melting
endotherms at low and intermediate water conteats been reported by many authors:
Donovan (1979) for potato starch, Biliaderis et(&B86) for rice starch, Garcia et al.(1996)
for manioc, and Barron, Buléon, Colonna & Della I€al2000) for smooth pea. Different
interpretations have been advanced to explainpghenomenon. In excess of water (above
70%), only one single gelatinization endotherm ogoover a constant temperature range,
reflecting the loss of semicrystalline order; thelting of starch crystallites is supposed to be

facilitated by the swelling of the amorphous regsnrounding the crystallites (Donovan,



1979). At intermediate water contents between t38%, only part of the crystallites melt
which explains the decrease of the gelatinizatiothapy whereas the peak temperature
remains constant. At water contents lower than 4@8aemaining crystallites melt at higher
temperature according to the Flory theory of polssaituent interactions. This theory has
been successfully applied for water volume fractmmer than 70%; it allows to estimating
the melting temperature of the last crystallitduasction of the moisture content. The melting
term is then preferred to describe the thermalsiteams under such conditions of heating at
low or intermediate water contents. Biliaderis let(8986) however showed that starch, as a
semicrystalline polymer, may undergo reorganizatiom the amorphous phase and in the
remaining crystallites during heating in the catwater; this means partial melting followed
by recrystallisation processes and subsequentngetturing DSC. The results of the DSC
characteristics as a function of the moisture auntell be used in order to explain the

occurrence of the gelatinization process duringdhe treatment.
3.2.EFFECT OFDIC HYDROTHERMAL TREATMENT

3.2.1. Thermal transition characteristics

All the thermal characteristics of DIC treated séespvere measured at a water content of
90% for which only one endotherm of gelatinizatisrexpected. The DSC thermograms are
presented in Fig. 2: pressure levels varied frotrad (Fig.2-a) to 2 bar (Fig.2-b) and 3 bar
(Fig.2-c) for different treatment times. Table Zrsunarises the transition temperatures: onset
(To), peak (T), and temperature range (R) calculated as 2—TTp), the enthalpies of
gelatinization of native and DIC treated maizedtand the residual enthalpy ratio (RE). The
DSC parameters of untreated starch werg=%3.1 °C, F=69.6 °C, R = 13 °C and
AH =11.4 J/g. These values are comparable to thpdratures and enthalpy of gelatinization
reported by many authors for standard maize stéCcdoke & Gidley, 1992, Hoover et al.,

1996; Lim et al., 2001; Singh, Inouchi & Nishina#lp06). After the DIC treatment, the



gelatinization endotherms were shifted towards éighmperatures, the effect op and Tp
being larger for higher pressures and longer tik¢g. 2). The gelatinization temperatures
(To, Tp) increased with the increase of processing pressiir approximately 10 min of
processing time, ofand T, were 65.7/72.3 °C, 68.8/73.6 °C, and 74.8/79.&dCpressure
levels of 1, 2 and 3 bar, respectively (63.1/686native starch). Processing time also caused
an increase of the transition temperatures. Axedfipressure of 2 barse &nd T, varied from
64.7/70.7 °C, 70.7/75.5 °C, 72.7/77.2°C, to 76 238C, as the processing times increased

from 2, 30 and 60 to 180 min.

The modifications of the transition temperatures @osely related to the combined effect of
processing pressure and treatment time. These pteemodify the moisture content of the
starch granules during the process, moisture coplaging a very important role to induce
melting of starch crystallites. Water intake durthg DIC treatment is a kinetic phenomenon
as was demonstrated by Zarguili et al. (2008). T$teywed that, for standard maize starch,
the moisture content of starch granules increasedglthe process with processing time, due
to the absorption of accumulated steam. Fig. 3 shthe thermal characteristics of DIC
treated maize starch at different processing tiged moisture contents. The significant
modifications of the thermal characteristics sthé about 0.5 min at 3 bar, 10 min at 2 bar
and 60 min at 1 bar (Fig 3-a and 3-c). The intti@listure content of starch is generally about
11%. During the process, the moisture content esat¢he equilibrium after a given time
which depends on the level of the processing pres#\t the pressures of 1 and 2 bar, the
equilibrium moisture content was 15% and 20% (vwati¥) and was reached after 30 and 60
min of processing, respectively. At 3 bar the momstcontent was 17% after 20 min of
treatment but could not be measured for longertrireat times due to the formation of
compact lumps of starch powder. When experimergsparformed below the equilibrium

conditions, the moisture content (and hence therthktransitions) depends on the processing



time for a fixed pressure level. All the water cams are below the values for which
gelatinization is expected according to the Tabléi.&. below 35%). Consequently the

transition of starch will be referred to as meltohging the DIC process.

Hoover et al. (1996) observed an increase of guatiion temperatures for standard maize
starch after HMT treatment at moisture content@¥3and temperature of 100 °C during 16
hours. © and T of native maize starch increased from 59 and 666®2 and 71 °C
respectively after HMT treatment. After HMT treatmi@f maize starch (120 °C, 25- 30% of
water content and 1 hour) Lim et al. (2001) obsg¢me significant change ingwhereas |
and T (conclusion temperature) increased substantialtgording to Biliaderis et al. (1986)
and Gunaratne et al. (2002), the melting tempezat(if, Tp, Tc) of the starch crystallites
might be controlled indirectly by the swelling orohility of the surrounding amorphous
region. One of the effects of the heat-moisturattnent would be to promote the association
between amylose chains and amylose-lipids within @morphous region (Hoover et al.,
1996) thus decreasing the destabilizing effecthef amorphous region upon melting of the

starch crystallites.

DIC treatment causes an increase of the trandimperatures as HMT treatment, but has an
opposite effect on the gelatinization temperatege (R), calculated as 2,(F To); R
decreased from 13 °C for native starch, to 118n@® 10 °C for DIC treated maize starch at 1
bar/60 min, 2 bar/60 min and 3 bar/10 min, respebtj severe DIC conditions (2 or 3 bar,
Fig. 3-b) reducing more the width of the gelatitiza endotherms. On contrary, Hoover et al.
(1996) and Lim et al. (2001) noted a broadenintheftemperature range of about 4-6 °C for
standard maize starch. The narrowing of the tenwperaange after DIC treatment seems
similar to the one observed by Stute (1992) afterealing of potato starch. According to
Hublin (1994), R reflects the degree of cohesiotwben crystallites; when R decreases a

stronger cohesion may exist between crystallitesdiitksson, Silverio, Andersson, Eliasson



& Aman (1998), Gunaratne et al. (2002) have alsggested that the gelatinization

temperature range gives an indication on the gquafitl heterogeneity (in size or stability) of
crystallites. The higher R exhibited by native neastarch (Table 2) can be attributed to its
broader range of crystallites stability, and theroaer temperature range exhibited by DIC
treated starch suggests the presence of cryssatiitanore homogenous stability (or more
homogenous size). We suppose that the DIC treatfirenhtllowed the fusion of crystallites

of low cohesion (or low size), which melt at lontemperature and a reinforcement of the
interactions between the remaining crystallitesirhaConsequently, the residual structure

after treatment might contain crystallites withraajer stability (or greater size).

The DIC treatment decreased gradually the enthalgelatinization as processing pressure
and time increased (Fig. 2) and (Table 2). Thetogtation enthalpy decreased from 11.4
J.g* (native) to 11.0, 9.0 and 1.7 3.dor treated maize starch at 1, 2 and 3 bar for
approximately 10 min. At a fixed pressure leveg #nthalpy decreased with processing time
(Fig. 3-c); the effect of treatment time being fensed at high pressure. By considering the
residual enthalpy (Table 2), the standard maizeclstireated at 1 and 2 bar for 180 min
reached a residual enthalpy ratio of 69.3% and%6whereas 20 min of DIC treatment were
sufficient to melt totally starch at 3 bar. Theeeftf of the HMT treatment on the residual
enthalpy of standard maize starch depends on #anient conditions: the gelatinization
enthalpy may remain unchanged (Hoover et al., 189@gcrease (Lim et al., 2001; Miyoshi,
2001; Vermeylen et al., 2006). Loisel et al. (20@Bgady showed by using response surface
methodology that the steam pressure level, andeftrer the temperature, had a more
significant effect than the processing time; thegeratures associated with the pressure
levels were 100 °C, 122 °C and 135 °C for pressafds 2 and 3 bar respectively. Fig. 3-d
shows the reduction of enthalpH) of residual structure of treated maize starcfuastion

of moisture content for three pressure levels. Bsady mentioned, the moisture contents at



equilibrium are 15%, 20% and 17% at 1 (100 °C)122(°C) and 3 bars (135 °C) reached
after 30, 60 and 20 min, respectively. For thesestae contents the temperature that have to
be reached to initialize the melting processug éccording to Table 1 are: 137 °C, 133° C
and about 140 °C for 1, 2 and 3 bar respectivilgse temperatures did not occur during the
DIC process for these pressures. This means thdéruthe moisture and temperature
conditions encountered during the DIC process,niedting of the most stable crystallites

should not occur; but the melting may concern thalkest or the least cohesive crystallites,
or those which have the more defects; the gelaiia process as previously described is
also excluded. This indicates that starch reorgsaioz (melting and recrystallisation) within

the granule probably took place during the DIC pescas was stated from the DSC

characteristics, despite low temperatures and oreistontents.

It is also possible that the moisture content mayehincreased locally to higher values than
the ones measured, enhancing thus the thermaltioass The strong effect of the moisture
content (in the range 18-20%) on the reductionhef énthalpy has been clearly attested by
Adebowale & Lawal (2003), while Vermeylen et al.0(®) observed that the highest
temperatures of treatment and moisture contentbydfothermally treated potato starch

provoked the largest changes on gelatinizationadpyh
3.2.2. Formation of amylose lipid-complexes and)diffraction

Figure 4 shows the DSC thermograms of native ar@ t#ated starch. These thermograms
exhibit two endotherms: the first endotherm, at dowemperature, corresponds to the
gelatinization-melting of crystalline lamellae oftact structure of native starch and residual
structure of DIC treated starch as previously dised. The second endotherm at higher
temperature corresponds to the disintegration ottimge of amylose-lipid complexes.

Amylose-lipid complexes are known to present enelatiic transitions at temperature above

the gelatinization temperature range of starcha@sibn, 1988); the enthalpy reflects the



relative amount of formed complexes in the samplgvesson, Wahlgren & Eliasson, 2003).
The thermal characteristics of amylose-lipid compteare given in Table 3. For native starch
and starch treated under mild DIC conditions (frbbar/10 min to 2 bar/15 min) the peak
temperatures and the enthalpy values of the compl@eained constant at 94.7 °C and about
0.2 J/g respectively. From 2 bar and 15 min aneia®e of the transition temperatures and the
enthalpy of melting of the amylose-lipid complex wiaize starch clearly appeared; this
tendency was reinforced as the DIC conditions, mpdime pressure level/or temperature,
progressively increased. Transition temperaturegTgl increased from 88.5/94.7 °C to
111.3/116.7 °C, while thAH values increased from 0.2 to 1.7 Jfgr native or mild treated
starch to starch treated at 3 bar/15 min, respalgtiLim et al. (2001) also observed an
increase of the amylose-lipid complex formation $dandard maize starch induced by the
HMT treatment (at 120°C, 1 hour and 25 or 30% nooéstontent). Amylose-lipid complexes
rarely exist in native cereal starches but are liysiarmed upon heating during industrial
drying or during gelatinization of starch. Accorgirto the transition temperatures and
enthalpies values of Table 3, it seems that diffetends of amylose-lipid complexes are
encountered during the DIC treatment: from lbamtii@ to 2 bar/15 min, the complexes
induced by the gelatinization of starch during BM&C analysis might prevalil, as it occurs for
native starch, whereas for higher time/pressurditions the complexes might be promoted
by the HMT treatment. According to Buléon, ColonRéanchot and Ball (1998) the amylose
chains are involved either in isolated inclusionmptexes or in crystalline packing
arrangements; only this later structure can bectledeby X-ray diffraction analysis in the
form of Vh-type diffraction diagram. The occurrenokthis structure induced by the DIC

treatment has to be confirmed by the X-ray diffi@ct@nalysis.

Figure 5 shows the X-ray diffraction patterns ofiveand DIC treated maize starch. An A-

type X-ray diffraction pattern with peaks centradapproximately 15°, 17.1°, 18° and 23°



(20) typical for cereal starches (Zobel, 1964; ImbeByléon, Tran & Perez, 1991) is shown
for native maize starch. This A-type crystallindtpan was conserved for DIC treated starch
at 1 bar for any processing time, and no signitigéifferences in the relative crystallinity
value with native starch were observed (Table 3)e Teduction in relative crystallinity
became significant at a pressure of 2 bar/15 rhimyelative crystallinity was 27 and 22% for
processing time of 15 and 60 min, respectively. Theype crystalline pattern was
progressively reduced with the increase of proogsgressure X 2 bars). New peaks
appeared at 7.5°, 13° and 19.59)(2characteristics of the \Mype which revealed the
formation of amylose-lipid complexes in starch @bon, 1988; Biliaderis & Galloway,
1989). At severe DIC conditions (3 bar/15 min), tyyg@cal peaks of A-type X-ray diffraction
pattern were almost replaced by the ones of thg/pe pattern. The resolution and intensity
of the new peaks attest that amylose-lipid com@ecan reorganize in a crystalline packing

as a result of the DIC treatment, as suggesteddefo

The amylose-lipid complex formation is affected dgveral factors: the more important are
the temperature of the process and the water corften Bail, Bizot, Ollivon, Keller,
Bourgaux & Buléon, 1999). These authors observeégtype diffraction pattern around 110-
115 °C after heating maize starch in excess of W& moisture content). They suggested
that the important leaching of amylose enablesetttea-granular crystallization of amylose
and lipid. At low moisture contents, Le Bail et @999) showed that the treatment enhanced
the formation of the amylose-lipid complex insidee tswollen granules because of the
reduction of amylose solubilization. It can be tlwemcluded that the DIC treatment induces
the formation of amylose-lipid complexes inside #ti@ch granules, due to the low moisture

content (up to 20%) encountered during the process.

3.2.3. Structural characteristics



Microscopic observations under polarized light afive and treated maize starch at different
pressures are presented in Fig. 6. The native @apgand DIC treated starch at low pressure
(1 bar) displayed a clear polarization cross at hile of the granule (Fig. 6b and 6c),
confirming the preservation of the crystallinitylMtreated starches at 2 bar mainly remained
birefringent even for treated sample at 2 bar/6@ ffig. 6e), for which the absence of
polarization cross on some granules started tobserged. At 3 bars/0.5 min the intensity of
the birefringence of treated starch slightly deseelbut the polarization cross remained
clearly for numerous starch granules (Fig. 6f).tlh¢ same pressure for higher processing
time (15 min), the birefringence of the starch gias totally disappeared (Fig. 69), this result
confirmed the almost total melting of starch (9.68¢idual enthalpy ratio) observed by DSC
and X ray diffraction. Starch granules were alseepted in light microscopy (not presented)
that revealed no modification of the size and shaipthe DIC treated granules in the dry
state. Table 4 presents the size characteristicsanth granules before (in cold water) and
after pasting in the Brabender Viscograph (95°@mi2). As already mentioned by Loisel et
al. (2006), the median diameter and the swellinig 1af DIC treated starch increased in cold
water, with pressure level and processing timestbe distribution (span) also broadened that
might be due for the highest pressure/time conaktitd aggregation of starch granules. After
pasting the reverse tendency could be observedegexat 1 bar/10 min), that means a
progressive disruption of the starch granules asfi@at of the DIC treatment. This disruption
of starch granules was confirmed by microscopiceolsions and resulted in a dramatic
decrease of the viscosity of the paste (Loisel.e2@06). The increase of the swelling ratio in
cold water may be ascribed to the loss of crysi#jlias already discussed that enhances the
penetration of water within the starch granulesotUpeating, the decrease of the swelling
power has been mentioned by Hoover et al. (199@) Maruta et al. (1994) on pasted

standard maize starch treated by HMT (100°C, lhang RP-HMT (reduced-pressurized



HMT up to 124°C) respectively. Hoover et al. (199%&}ributed this decrease to the

interaction between amylopectin chains.
4. Conclusion

This study demonstrates that the DIC hydrothermatgss of starch leads to modifications
that are in most cases in agreement with on the ohserved with HMT treatment: the

gelatinization of standard maize starch treatedDb@ occurs at higher temperatures and
requires lower enthalpy compared to untreated fstaBut on the opposite, a narrower

gelatinization temperature range (R) is observedDitC treated maize starch that can be
compared to the one reported with the annealingtrtrent. This result suggests that the
treatment firstly allows the melting of most fragitrystallites (of lowest cohesion) or the

smallest ones which require less energy to melhs€quently, the residual structure contains
crystallites with a greater stability or size, asllvas greater homogeneity (of stability or size).
This new organization is linked with the formatiohcrystalline arrangements of amylose-

lipid complexes inside the starch granules owingheoenhanced mobility of amylose chains
during the treatment. All the modifications of tbeystalline structure are enhanced by the
temperature and moisture content encountered dtimmdpIC treatment (related to pressure
and time of treatment). It is worth noting that #tarch reorganization of the structure occurs
without any swelling of starch granules and leaglohamylose during the treatment; except
may be for the highest conditions of the treatmfentwhich the starch granules become
sticky. All these structural modifications resuit & progressive decrease of the melting
enthalpy of starch with the intensity of the treath This may be related to the greater
accessibility to water observed during swellingaild water and consequently to an increase

of the susceptibility to further physical or enzyrodreatment of the starch suspensions.
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Figures captions

Figure 1. DSC thermograms of native standard nmstemeh at different moisture contents (%,
wb). The volumic fraction of water is given in patieeses.

Figure 2. DSC thermograms for native and DIC teatandard maize starch at pressure
levels of 1(a), 2 (b) and 3 bar (c) for variousatreent times.

Figure 3. Thermal characteristics of DIC treatedizeastarch versus processing time at
various pressure levels of 1, 2 and 3 bar: (a) pewadperature (Tp), (b) temperature range of
gelatinization, (c) gelatinization enthalpgHg). (d) gelatinization enthalpyAHg) versus
moisture content.

Figure 4. DSC thermograms of native and DIC treaedze starch with the amylose-lipids
complex.

Figure 5. X-ray diffraction patterns of native abdC treated standard maize starch at
different processing conditions.

Figure 6. Microscopic observations in polarizedligf native standard maize starch (a) and
DIC treated maize starch at 1 bar/10 min (b), 18@amin (c), 2 bar/15 min (d), 2 bar/60 min
(e), 3 bar/ 0.5 min (f), 3 bar/15 min (g).
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Table 1. DSC characteristics of native maize sthested at different water contents.

Moisture content Melting Gelatinization

(%6, v T(C) T(O)  MHn(g) ToC)  T(C)  AHIG)
115 154.8 183.7 10.1 - - 0.0
124 1344 1730 10.6 - - 0.0
130 1415 1710 6.4 0.0
155 1373 1646 8.6 - - 0.0
16.3 1406 1689 7.3 - - 0.0
184 1384 1660 75 0.0
195 1329 1621 6.1 00
24.0 116.7 1405 76 - - 0.0
26.0 1167 1404 6.6 - - 0.0
30.0 98.9 131.8 45 61.5 66.2 05
35.0 85.0 1235 25 614 67.0 13
400 - - 0.0 63.2 69.9 19
50.0 - - 0.0 64.0 703 5.7
60.0 - - 0.0 65.5 726 81
70.0 - - 0.0 65.7 705 938
80.0 - - 0.0 66.0 69.8 115
90.0 - - 0.0 65.9 69.6 114

Values are means of triplicate determinations: dnset temperature;,Tpeak temperature)Hg:

enthalpy of gelatinization andH,, enthalpy of melting.



Table 2. Thermal characteristicsf native and DIC treated maize starch at varisieam

pressures level and processing time.

Sample Transition temperatures

DIC treatmetit ?"(yg'svt;re conent e T,(C) R(C) AH(G RE®%)
Native 114 631:04  606:05 130 114 1000
1 bar/10 min 139 657405 72304 132 110 965
1120 14 4 668:02 72404 112 104 912
1/30 146 670¢02 73#03 122 93 816
1/60 146 604:04 75206 116 91 798
1/90 146 606+02 75404 116 87 763
11120 146 701#05  75.%07 116 84 737
11180 146 706£02 75904 106 79 693
2 bar/2 min 129 647604 70206 120 101 886
2112 152 688:03 73805 96 90 789
2130 178 707:06 75507 96 82 719
2160 198 727405 77204 90 69 605
2190 206 729406 77508 92 71 623
21120 209 730¢05 78406 109 60 526
2/180 212 762¢07 80306 82 42 368
3 bar/ 05 min 120 700608 74808 96 35 307
3 125 710611 76609 112 31 272
35 136 740608  78%10 90 18 158
3110 150 748+09 79807 100 17 149
315 162 752¢09 80308 102 11 96
3120 173 i ] i 00 0

%To: onset temperatureTpeak temperature; R: temperature range, calclbe (F — To),
P DIC treatment at pressure level of 1, 2 and 3abamrious processing time.

Values are means of triplicate determinations idaed deviation.AH: enthalpy of
gelatinization; 0.5 J/g is the mean absolute efttmee repetitions) oAH. RE (%): residual
enthalpy ratio.



Table 3. DSC characteristfosf starch gelatinization and amylose-lipid complexative and
DIC treated maize starch at various processing éintepressure levels of 1, 2 and 3 bar.

L - X-Ray
Gelatinization Amylose-lipid complex Difractometry
Relative  X-ray
Sample S
0 0 o~ AH 0 0 cristallinity pattem
T(O)  HCO) RO go  TCO  HO M@ Ty
Native 631+04 69605 130 114 885+t02 94206 018 31 Atype
1bar/10min 65.7+05 72304 132 110 885+02 94504 018 31 Atype
1bar/60min 69.4+04 75206 116 91 881+t03 94505 020 30 Atype
2bar/15min 69.4+05 74205 96 90 885+t03 94303 037 27 Atype
2bar/60min 72.7+05 77204 90 6.9 103505 109903 092 22 A+\f
3bar0.5min70.0+08 74808 96 35 104902 109203 10 Nd Virtype
3bar/15min 752+09 80.30.8 102 11 111.3+0.3 116,205 1.7 Nd Virtype

T, onset temperature;,Tpeak temperature; R: temperature range, calcube (| — To),
AH: enthalpy of gelatinization or melting of the colex

Nd: not determined



Table 4. Size characteristics of starch granulesnaédive and DIC treated standard maize

starch before and after pasting in the Brabender;

Sample Before pasting After pasting
DV,05) (D/Dy’ D(,05) (DIDy’
DIC treatmert S S
(um) P um) b
Native 129 1 137 411 1 131
1 bar/10 min 196 350 151 538 219 1.68
1/30 193 335 162 400 0.92 131
1/60 193 335 147 393 0.87 121
1/90 194 340 14 36.0 0.67 105
1/120 192 3.29 164 35.1 0.62 105
1/180 217 4.76 191 36.6 0.71 107
2 bar/2min 15.7 1.80 142 312 044 1.06
2112 194 340 167 324 0.49 135
2/130 258 8 2.69 26.7 0.27 113
2/60 2717 9.90 243 238 0.19 13
3bar/0.5min 39.6 289 2.70 252 0.23 125
35 61.0 105.7 245 29.6 0.37 1.76
3/10 604 102.6 233 36.7 0.71 253

D (v, 0.5): median diameter; (QJB swelling ratio; span: [(D(v,0.9)-D(v,0.1)/D(ED.
Values are means of triplicate determinations



