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Abstract The thermal, dynamic, and structural properties of
wheat starch–water systems with different levels of water con-
tent (11, 35, 40, 42, 45, and 50%, wet basis) were investigated.
1H time domain nuclear magnetic resonance (TD-NMR) spec-
troscopy was used to interpret and quantify the water transfer
and starch transformations in terms of water uptake, granule
swelling, amylose leaching, and melting of starch polymers in
relat ion to the different levels of water content.
Complementary differential scanning calorimetry (DSC) ex-
periments were performed to study the effects of water content
on the degree of starch gelatinization. In particular, this two-
fold approach was applied to the first endotherm to study the
mechanisms of gelatinization with a common heating range
both in NMR and DSC. It was shown that the trend of the
enthalpy changes in the first phase transition in starch–water
(SW) mixtures was strongly correlated with the loss of solid
content measured by NMR in the corresponding temperature
range (55–70 °C). Based on the evolution of the relative am-
plitudes of T2, structural transformations of starch were shown
to occur in both crystalline and amorphous regions within SW
samples, supporting the fact that the amorphous phase of
starch also plays a significant role in the phase transition of
granules during gelatinization. This dynamic and hydrother-
mal approach provided the first NMR-based interpretation of
the first endotherm measured by DSC.

Keywords Low-field NMR . Two-step endotherm .

Swelling . Gelatinization . Crystallite melting . Solid content

Introduction

The interactions between water and starch are of considerable
scientific and commercial interest, due to the role of water in
the stability and functional properties of the main constituents
of the majority of food and pharmaceutical systems. In the
native form of starch, the two main polysaccharides, amylo-
pectin and amylose, are organized in granules as alternating
semi-crystalline and amorphous layers that form growth rings
(French 1972). The amorphous layers are constituted of amy-
lose and non-ordered amylopectin branches, while semi-
crystalline regions mainly comprise ordered regions of double
helices formed by short amylopectin branches and amorphous
regions (Godet et al. 1995; Biliaderis 1992). However, there is
no apparent boundary between the amorphous and crystalline
domains, and molecules are able to pass from one phase to
another. Moreover, the crystallinity in native starch, reported
in the literature, is exclusively associated with the amylopectin
component (Ratnayake and Jackson 2008) due to ordered
crystalline arrangements, i.e., clustering of double helices
within A and B crystalline types which trap 8 and 36 water
molecules per cell unit, respectively (Wild and Blanshard
1986; Hizukuri 1986). Besides the water within starch
crystals, starch powder also contains about 10–20% more
mobile water that may be absorbed by the granules and
adsorbed on the surface. However, the main water causing
the swelling of starch granules is related to hydration when
water penetrates first into the amorphous regions. This water
absorption must occur in non-crystalline areas since the
inter-chain bonds in crystalline areas are too strong and their
steric accessibility too difficult for water molecules to be
bonded. When absorbed, water establishes hydrogen bonds
with the –OH groups of glucose units of starch polymers
and acts as an effective starch plasticizer, allowing alignment
of the crystallites by extension of inter-crystalline amorphous

* Corinne Rondeau-Mouro
corinne.rondeau@irstea.fr

1 IRSTEA, UR OPAALE, CS 64426, 17 Avenue de Cucillé,
35044 Rennes Cedex, France

Food Bioprocess Technol (2017) 10:445–461
DOI 10.1007/s11947-016-1832-9

http://orcid.org/0000-0002-8573-1050
http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-016-1832-9&domain=pdf


phases (Slade and Levine 1988). Intact starch granules are
almost insoluble in cold water and swell only to a limited
extent. Starch granule swelling is enhanced with rise in tem-
perature, and the amylose inside the granules leaches out si-
multaneously, followed by an increase in viscosity (Donald
2004; Singh et al. 2003). Further heating of water-saturated
granules leads to irreversible swelling and at the gelatinization
temperature they begin to rupture and collapse, resulting in the
dispersion of granule fragments and dissolved molecules. The
ability of starch to interact with water and to gelatinize is a
property used in many industrial applications, as for example,
in foods in order to obtain specific textural properties
(Considine and Considine 1982) and rheological properties
(Xie et al. 2012).

Apart from the structure of starch granules and their ability
to form gels with various textural characteristics, less
researched and less well understood are the distribution and
dynamic state of water within starch granules (Tang et al.
2000). Many authors have used 1H time domain nuclear mag-
netic resonance (TD-NMR) spectroscopy to analyze the mo-
bility of water and biopolymers in model systems or starchy
products such as bread and cakes (Le Grand et al. 2007;
Bosmans et al. 2012; Assifaoui et al. 2006; Pojić et al.
2016). Their aims were to understand changes during starch
gelatinization related to physical or chemical treatments and
different composition, including the influence of different wa-
ter content (Bogracheva et al. 2001; Da Silva et al. 1996).
Research has mainly focused on the spin–spin (T2) relaxation
behavior of non-uniformly distributed water, as a probe of the
microstructure within wheat starch–water mixtures (Le Botlan
et al. 1998; Choi and Kerr 2003). However, quantitative in-
formation on interactions between starch and water, which
play a key role in the gelatinization mechanism, is still lack-
ing. The dependence of water compartmentalization on
temperature-induced microstructural changes in wheat
starch-based model systems and wheat flour dough was re-
cently investigated in great detail and in dynamic experimen-
tal conditions (during heating) (Rondeau-Mouro et al. 2015).
Differential scanning calorimetry (DSC), which has been
proved to be of considerable value in studying thermal transi-
tions, is a complementary technique widely used to character-
ize starch gelatinization (Bosmans et al. 2016; Schirmer et al.
2015). DSC scanning has shown that when wheat starch gran-
ules are suspended in an excess of water (>60%, calculated on
wet basis (wb)), all starch crystallites melt cooperatively,
exhibiting a single endothermic peak. However, when the
amount of water is reduced (<60% wb), a split into two endo-
therms occurs (Jankowski and Rha 1986). Further water re-
duction causes the first endotherm to fade and the second
endotherm to shift toward a higher region (Svensson and
Eliasson 1995). In addition to the DSC studies, two-step
wheat starch gelatinization has also been revealed using vis-
cometry measurements (MacArthur and D’appolonia 1979;

Medcalf and Gilles 1965). Despite numerous gelatinization
models, the molecular mechanism governing the appearance
of the two-step gelatinization endotherm is poorly understood.
Furthermore, some authors used the complementarity between
NMR and DSC to investigate the role of water–starch inter-
actions in the gelatinization of starches from various botanical
origins, with or without additives, but the results were
discussed separately without explaining the two-step endo-
thermic phenomenon (Tananuwong and Reid 2004; Gonera
and Cornillon 2002). Few studies have used both analytical
techniques on wheat starch model systems (Chiotelli et al.
2002; Chinachoti et al. 1991; Bosmans et al. 2012). Most
interesting were the investigations of Chiotelli et al., who
combined DSC and NMR relaxation measurements and pro-
posed expansion of this study over a range of levels of water
content and temperature (Chiotelli et al. 2002). This is the
subject of the present study in which the final goal was to
correlate molecular mechanisms of gelatinization highlighted
by TD-NMR with the two-step endotherm observed by DSC.
For this purpose, wheat starch–water mixtures with different
levels of water content (11, 35, 40, 42, 45, and 50% wb) were
heated over a common temperature range and rate between 20
and 90 °C. The main discussion concerns the relative impor-
tance of two phenomena: (1) the impact of the water distribu-
tion and interactions with starch during starch swelling and
gelatinization and (2) the origin of the two-step gelatinization
endotherm, tentatively interpreted according to four overrid-
ing gelatinization models proposed in the literature.

Materials and Methods

Materials Native wheat starch (11.00 ± 0.01% moisture wb)
was purchased from Sigma–Aldrich (Saint-Quentin-Fallavier,
France). In addition to wheat starch powder (SP-11), five
wheat starch–water mixtures (SW-35, SW-40, SW-42,
SW-45, and SW-50) were prepared by adding deionized water
to pre-weighted amounts of starch powder taking into account
its own water content. The mixtures were gently homogenized
in a glass vial by stirring for 5 min using a small spatula. Each
sample was prepared in duplicate (12 samples in total). The
dry matter and the water content of all samples were deter-
mined by measuring weight difference after drying in an oven
at 103 °C for 24 h. Table 1 lists the total water content of the
six samples analyzed onwet basis (for a final wet mass of 5 g).

NMR Measurements NMR measurements were performed
with a time domain Bruker spectrometer (The Minispec;
Bruker SA, F-67166, Wissembourg, Germany) operating at
a resonance frequency of 20 MHz. The 1H NMR probe was
regulated by a constant gas flow (compressed air) heated by a
variable temperature unit (BVT3000) allowing temperature
regulation at ±0.1 °C. Approximately 0.45 g of each sample
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(starch powder (SP) or starch–water mixtures (SW)) was
weighted in 10-mm diameter NMR tubes which were hermet-
ically closed before analysis. ATeflon rod was introduced into
the tube to maintain the optic fiber (Neoptix Inc., Canada)
which was used for online temperature measurement and to
reduce the volume of water vapor. First of all, the relaxation
behavior of SW-45 and SW-50 samples was measured and
compared at two different heating regimes. The temperature
rose between 20 and 90 °C: (1) in a linear modulated temper-
ature ramp using a heating rate of 3 °C/min for 37 min and (2)
in step by step heating using 10 °C increments at about 0.2 °
C/min for 5 h with 10 min waiting time at the beginning of
NMR measurements to assure temperature stabilization and
equilibration. In order to monitor changes occurring during
heating precisely, T2 relaxation times were measured at each
10 °C step between 20 and 90 °C in all samples. As in the
previous work of Rondeau-Mouro et al. (2015), accurate mea-
surement of T2 relaxation times could be achieved from com-
bined free induction decay (FID) and the Carr–Purcell–
Meiboom–Gill (CPMG) pulse sequence (Meiboom and Gill
1958). The probe dead time was 11 μs, and the sampling rate
for the FID acquisition was one point per 0.4 μs. The echo
time in the CPMG sequence was 0.1 ms using from 500 to
5000 echoes, depending on the temperature and water content
of the sample. Sixteen scans were performed for recycle de-
lays varying between 1 and 2.2 s. These delays were measured
using the classical inversion recovery (IR) sequence.

Processing NMR Relaxation Data NMR relaxation curves
were analyzed by two methods. The data were fitted using a
continuous distribution of T2 by the Maximum Entropy
Method (Mariette et al. 1996), implemented in Scilab (Scilab
Enterprises, Versailles, France; license CeCILL, GPL-
compatible) and also considering a discrete sum of T2 by the
Marquardt method (Marquardt 1963) based on least squares
non-linear regression (Levenberg Marquardt algorithm). All
NMR measurements were expressed as spin–spin relaxation
times (noted T2, in ms) with their corresponding relative am-
plitudes (noted A, in percentages). Careful comparison of re-
sults from these two methods revealed that relaxation time
values and their corresponding amplitudes were in agreement.
The data were also fitted using theMaximum EntropyMethod
(MEM) on Matlab (The MathWorks, Inc.,Version R2006b

7.3.0.267) to obtain T2 distributions. Considering the consis-
tency of the results from the MEM and Marquardt methods,
only one example of T2 distributions is presented in appendix
for SW-45.

The FID-CPMG data of the starch powder and hydrated
starch mixtures were fitted using Eqs. 1 and 2, respectively:

AT2 tð Þ ¼ A 1ð Þe
− t2

T2
2 1ð Þ

sinbt
bt

þ A 2ð Þe
− t
T2 2ð Þ þ offset ð1Þ

AT2 tð Þ ¼
X

i
A ið Þe

− t2

T2
2 ið Þ þ

X
j
A jð Þe

− t
T2 jð Þ þ offset ð2Þ

where A(i) and A(j) are the relative amplitudes of the corre-
sponding T2(i) and T2(j) spin–spin relaxation times measured
during t, the time of the relaxation process. b is a constant,
whereas i and j refer to any of the relaxing components in the
FID (solid phase) and the CPMG (liquid phase), respectively.
The starch powder (SP-11) was characterized by only two T2
components, whereas the FID-CPMG data of hydrated sam-
ples (SW-35 to SW-50) were fitted using the sum of Gaussian
and exponential functions depending on the hydration level
and temperature of samples.

DSC Measurements DSC measurements were performed
using a Temperature Modulated Differential Scanning
Calorimetry Q100 (TM-DSC Q100, TA Instruments)
equipped with a cooler system with a 50.0 ml/min flow rate
of nitrogen steam. The calorimeter was calibrated in tempera-
ture and energy with the standard values of zinc and indium
melting points. Approximately 30mg of sample was weighted
in standard stainless steel pans using a microbalance, before
they were hermetically sealed. The pans with samples and an
empty pan, used as reference, were loaded into the DSC in-
strument. Programed scanning was carried out from 20 to
130 °C at a heating rate of 3 °C/min. Variations in the enthalpy
of phase transition were detected by a difference in heat flow
(dQ/dt) between the reference and the sample. All measure-
ments were conducted in at least duplicate and the average
values of the thermal parameters were calculated. Following
the DSC experiments, samples were reweighted to ensure that
DSC pans remained intact after heat uptake and that there was
no loss of mass. The real water content of each sample was
then determined with a thermogravimetric analyzer (TGA
2050E, TA Instruments, USA) by drying samples at 130 °C
for 120 min. All the parameters, such as the onset temperature,
To(P1); two peak temperatures, Tp(P1 and P2); conclusion
temperature, Tc(P2); temperature range in which transition
occurred, ΔT (ΔT = Tc(P2)–To(P1)); and the enthalpy change
undergone by the sample, ΔH, were determined from the DSC
thermograms by means of Universal Analysis 2000 software.
The enthalpy change was estimated by numerical integration
of the area under the thermal transition peak and expressed as
joules per gram of dry starch.

Table 1 Total water
content (%) of starch
powder SP-11 and
starch–water samples
SW-35 to SW-50, given
as mean ± standard
deviation

Sample Water content (%)

SP-11 11.00 ± 0.01

SW-35 34.71 ± 0.40

SW-40 39.57 ± 0.03

SW-42 42.72 ± 0.01

SW-45 44.62 ± 0.20

SW-50 49.82 ± 0.40
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Statistical Analysis All statistical tests were carried out using
the software Statgraphics (Centurion XVI) at a significance
level of 0.05 (95% confidence interval). One-way ANOVA
permitted to detect significant differences (95% degree of con-
fidence) between the NMR parameters (T2 values and associ-
ated signal amplitude) of different model samples. On the
other hand, Pearson’s correlation coefficients were calculated
to examine the relationship between DSC and NMR data (en-
thalpy changes during the P1 transition versus the loss of solid
content measured by NMR between 55 and 70 °C).

Results and Discussion

Wheat starch–water mixtures with different water content (35,
40, 42, 45, and 50% wb) as well as wheat starch powder (11%
wb) were investigated in terms of their relaxation behavior by
TD-NMR and their thermokinetic properties by DSC. The
first experiments were carried out using the same heating rate
(3 °C/min), which is relatively rapid for performing NMR
experiments in a good time resolution. Before description of
the DSC results and their comparison with those of NMR, T2
relaxation times measured under the slow heating regime in a
stepwise manner (0.2 °C/min) are presented for each sample
and interpreted relative to already published results (Bosmans
et al. 2012; Rondeau-Mouro et al. 2015; Tang et al. 2000;
Tang et al. 2001).

T2 Relaxation Characteristics Studied by NMR

T2 relaxation times and their relative amplitudes A for each
sample at two temperatures, 20 and 60 °C, are given in Table 2
for various water contents, while an example of T2 distribu-
tions is given for SW-45 in appendix (Fig. 8). As already
shown, the relaxation decay curve of the starch powder
SP-11 was described by two components, i.e., T2(1) at 25 μs
with an amplitude of 80.4% (±0.1) attributed to protons from
macromolecules and T2(2) at 400 μs representing 19.6%
(±0.1) of the total signal that characterized the water protons
(Rondeau-Mouro et al. 2015). With addition of water, the
relaxation decay curves lengthened. Hydrated starch samples
(SW-35 to SW-50) displayed two or three additional compo-
nents that differed significantly compared to those of starch
powder as demonstrated by the ANOVA tests (different
group). These differences in T2 values as well as amplitudes
depend on the sample water content and temperature
(Table 2). In effect, a fifth component T2(5) was present in
SW-50 throughout the heating program while it appeared at
60 °C and above for SW-40 to SW-45 samples. At short times,
the FID signal of hydrated samples (SW-35 to SW-50)
was composed of two separate components (T2(1) and T2(2))
that were close in values (same homogenous group labeled b)
and attributed to protons from the starch macromolecules as T

ab
le
2

M
ea
n
va
lu
es
an
d
st
an
da
rd
de
vi
at
io
ns

fo
rs
pi
n–
sp
in
re
la
xa
tio

n
tim

es
T 2

(m
s)
an
d
th
ei
rr
el
at
iv
e
am

pl
itu

de
s
A
(%

)f
or
w
he
at
st
ar
ch
–w

at
er
sa
m
pl
es
SW

-3
5
to
S
W
-5
0,
ob
ta
in
ed

at
20

°C
(u
p)
an
d
60

°C
(d
ow

n)

Sa
m
pl
e

20
°C

T 2
(1
)

H
G

A
(1
)

H
G

T 2
(2
)

H
G

A
(2
)

H
G

T 2
(3
)

H
G

A
(3
)

H
G

T 2
(4
)

H
G

A
(4
)

H
G

T 2
(5
)

A
(5
)

SP
-1
1

0.
02
51

±
0.
00
05

a
80
.4

±
0.
1
a

0.
40
0
±
0.
02
0
a

19
.6

±
0.
1
a

–
–

–
–

–
–

–
–

–
–

SW
-3
5

0.
01
92

±
0.
00
01

b
39
.8

±
0.
6
b

0.
06
4
±
0.
00
3
b

8.
1
±
0.
2

b
2.
24

±
0.
01

a
27
.9

±
0.
4
a

7.
39

±
0.
1

a
24
.3

±
0.
8
a

–
–

SW
-4
0

0.
01
93

±
0.
00
02

b
35
.3

±
0.
1
c

0.
06
9
±
0.
01
0
b

7.
3
±
0.
3

bc
2.
36

±
0.
01

b
23
.9

±
0.
4
b

11
.0
1
±
0.
1
b

33
.6

±
0.
7
b

–
–

SW
-4
2

0.
01
92

±
0.
00
01

b
33
.7

±
0.
1
d

0.
06
8
±
0.
00
3
b

7.
0
±
0.
4

c
2.
26

±
0.
01

a
22
.2

±
0.
2
c

11
.8
4
±
0.
2
c

37
.1

±
0.
1
c

–
–

SW
-4
5

0.
01
95

±
0.
00
02

b
31
.8

±
0.
6
e

0.
06
9
±
0.
01
0
b

7.
5
±
0.
4

c
2.
45

±
0.
02

c
21
.3

±
0.
7
cd

13
.9
9
±
0.
5
d

39
.3

±
2.
0
c

–
–

SW
-5
0

0.
01
94

±
0.
00
01

b
28
.1

±
0.
4
f

0.
06
9
±
0.
00
5
b

5.
8
±
0.
1

d
2.
57

±
0.
02

d
20
.3

±
0.
7
d

19
.8
1
±
0.
3
e

43
.9

±
2.
0
d

30
9
±
20
3
1.
9
±
0.
6

F
fa
ct
or

17
3.
5

63
60
.6

33
4.
9

99
3.
7

14
4.
6

76
.4

10
95
.8

10
5.
4

Sa
m
pl
e

60
°C

T 2
(1
)

H
G

A
(1
)

H
G

T 2
(2
)

H
G

A
(2
)

H
G

T 2
(3
)

H
G

A
(3
)

H
G

T 2
(4
)

H
G

A
(4
)

H
G

T 2
(5
)

H
G

A
(5
)

H
G

SP
-1
1

0.
02
56

±
0.
00
20

a
85
.2

±
1.
0
a

0.
36
6
±
0.
20
0
a

14
.8

±
1.
0
a

–
–

–
–

–
–

SW
-3
5

0.
01
92

±
0.
00
02

b
28
.7

±
2.
0
b

0.
07
6
±
0.
00
2
b

9.
5
±
0.
1

bc
0.
82

±
0.
06

a
23
.2

±
2.
0
a

2.
6
±
0.
1

a
38
.6

±
0.
6
a

–
–

SW
-4
0

0.
01
78

±
0.
00
02

b
16
.9

±
0.
1
c

0.
06
7
±
0.
00
2
b

14
.7

±
0.
3
a

1.
00

±
0.
03

a
13
.5

±
0.
7
b

3.
5
±
0.
1

b
50
.9

±
0.
9
b

12
.7

±
2.
1
a

4.
0
±
1.
0

a
SW

-4
2

0.
01
76

±
0.
00
03

b
16
.5

±
0.
6
c

0.
07
4
±
0.
00
4
b

13
.7

±
0.
3
ab

1.
07

±
0.
05

a
12
.3

±
0.
3
b

3.
8
±
0.
1

b
52
.7

±
1.
0
b

12
.4

±
2

a
4.
7
±
0.
5

a
SW

-4
5

0.
01
75

±
0.
00
10

b
13
.0

±
2.
0
cd

0.
07
0
±
0.
00
4
b

14
.9

±
3.
0
a

1.
46

±
0.
70

a
16
.1

±
3.
0
b

4.
7
±
0.
1

c
53
.5

±
1.
0
b

24
.1

±
2

b
2.
6
±
1.
0

a
SW

-5
0

0.
01
83

±
0.
00
10

b
10
.8

±
2.
0
d

0.
08
3
±
0.
00
2
b

7.
7
±
3.
0

c
1.
67

±
0.
70

a
13
.8

±
3.
0
b

6.
5
±
0.
1

d
57
.2

±
6.
0
b

16
.2

±
2

a
10
.4

±
0.
3
b

F
fa
ct
or

20
.1

95
1.
4

6.
0

6.
8

2.
0

9.
7

23
9.
2

11
.6

9.
6

32
.3

T
he

F
fa
ct
or

w
as

pr
ov
id
ed

by
th
e
A
N
O
V
A
te
st
.L

et
te
rs
(a

to
d)

us
ed

in
ho
m
og
en
eo
us

gr
ou
p
(H

G
)
co
lu
m
ns

in
di
ca
te
be
lo
ng
in
g
to

th
e
sa
m
e
ho
m
og
en
eo
us

gr
ou
p
w
ith

a
95
%

de
gr
ee

of
co
nf
id
en
ce

448 Food Bioprocess Technol (2017) 10:445–461



already shown for SW-45 (Rondeau-Mouro et al. 2015). T2(3)
showed few variations between samples whatever the temper-
ature and was assigned to intra-granular water protons and
represented from 20 to 28% of the total NMR signal at
20 °C, depending on the water content (different homoge-
neous groups). This component could be distinguished from
the extra-granular water by slow diffusional exchange be-
tween the two water phases characterized by T2(4) and T2(5)
components. In fact, the radii of starch granules are in the
micrometer range (up to 1–3 μm diameter for spherical A-
type, and 20–45 μm diameter for lenticular or disk shaped
B-type granules) (Hoseney 1994; Atwell 2001), a distance
sufficient to observe the diffusional exchange between water
inside and outside the granules. Apparently, the greater the
amount of water available in the sample, the higher the relative
amplitude of these T2 components as confirmed by the various
group discriminating A(4) at 20 °C for the different samples
(ANOVA tests). We can thus assign this last water fraction (T2
from 7 ms to longer times), characterized by one T2(4) or two
relaxation times T2(4 + 5), to extra-granular water in high and
low interaction with starch, respectively. The mobility of these
two extra-granular water phases was analyzed jointly because
of their supposed similar composition (greater or lesser starch-
rich water phase), differentiated only by the slow diffusional
exchange process occurring between them. The fact that at
20 °C, the T2(4) and T2(5) relaxation times were centered at
about 7.4 to 309 ms (depending on water content in the
sample), and not at the bulk water value (∼2.5 s, under the
same conditions), indicated that the diffusional water
exchange was not in the fast regime on the NMR time scale
(Hills et al. 1998).

By heating starch–water samples, significant changes can
be expressed for starch and water signal amplitudes. A(1),
A(2), and A(5) measured at 60 °C showed indeed significant
differences depending on the water content of samples (differ-
ent groups by the ANOVA tests). Two stages can be envis-
aged. The first stage (20–50 °C) corresponds to the reversible
swelling of starch granules, as a result of the water absorption
by starch granules. When starch is suspended in water, the
granules absorb water so that the diameter of the granule in-
creases and amylose fragments are leached out, phenomena
that are enhanced by the temperature increase. During the
second stage (50–90 °C), when the swollen granules are heat-
ed further, some hydrogen bonds between adjacent glucose
units are disrupted and the crystalline arrangement is partially
destroyed. These temperature-associated changes induce the
gelatinization of some starch granules, accompanied by dam-
age to their granular structure and higher water–starch inter-
action. These phenomena were monitored and quantified by
the temperature dependence of each T2 relaxation time and
their corresponding relative amplitude (Fig. 1). Evolutions of
T2 relaxation times and relative amplitudes are discussed rel-
ative to the signals coming from the FID and CPMG

acquisitions. In FID acquisition, random molecular motion
of starch constituents characterized by T2(1) and T2(2) gave
rise to their slight changes (Fig. 1a, b). In contrast to these
minor changes in T2 values, the evolution of their relative
amplitudes as a function of the sample water content and tem-
perature was significantly different between samples (different
homogeneous groups at 60 °C in Table 2) and helped to mon-
itor the transformations within starch granules (Fig. 1a, b).
Although the A(1) for the starch powder remained constant
from 20 to 90 °C, that for hydrated SW samples tended to
decrease during heating, with a similar slope for all the sam-
ples between 20 and 50 °C (Fig. 1a). A marked change of
slope occurred between 50 and 60 °C from SW-40 to
SW-50. The SW-35 sample evolved differently from the
others, with no dramatic change in this temperature range.
The linear decrease in A(1) in SW-35 demonstrated that prob-
ably most of the granules remained intact throughout the
heating program for this sample, which is consistent with its
insufficient hydration level for complete gelatinization. This
continuous trend is in agreement with the evolution of A(2) for
SW-35 which remained relatively stable even at high temper-
atures (Fig. 1b). The relative amplitude A(2) increased sharply
for SW-40 to SW-45 between 50 and 60 °C, before decreasing
at higher temperatures. Note that Fig. 1b displays a smaller
ordinate scale (up to only 30%) to demonstrate its fluctuations
better. SW-50 showed complex temperature-associated evolu-
tions in A(2) amplitude. These changes were interpreted in
terms of proton transfers from crystalline and constrained am-
ylose structures (i.e., associated amylose chains and exterior
chains of amylopectin, or amylose–lipid complexes), concom-
itantly with amylose leaching to the extra-granular water
phase (Rondeau-Mouro et al. 2015). The different behavior
observed for A(2) of SW-50 was probably a consequence of
distinct water–starch interactions in this sample, which is con-
sistent with the presence of a fifth T2 component throughout
the heating program, as discussed below.

Consider now the evolution of the CPMG signal assigned
to the water phase (Fig. 1c, d). Both the T2(3) and T2(4 + 5)
relaxation times decreased between 20 and 50 °C and thus
showed reduced mobility because of the water uptake and
amylose leaching. This reduced mobility was most pro-
nounced for the low hydrated sample, SW-35. Moreover, be-
low 50 °C, the relative amplitude of intra-granular water A(3)
was stable instead of decreasing (Curie’s law), reflecting that
granules absorb water before gelatinization. Above 50 °C, the
T2(3) relaxation time increased, with a more marked increase
starting from 50 °C for SW-50 than for the other samples
(Fig. 1c). Less hydrated samples (SW-35 to SW-45) showed
the increase in T2(3) relaxation time only above 60 °C. Due to
its long T2(5) relaxation times measured even at low temper-
atures, the T2(4 + 5) value of SW-50 was relatively high com-
pared with the other samples (Fig. 1d). T2(4 + 5) showed a
sudden increase between 50 and 60 °C for SW-40 to SW-45,
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whereas these components decreased for SW-35 and SW-50.
Further heating led to an increase in T2(4 + 5), regardless of
water content. Remarkably, in this temperature range, the mo-
bility of extra-granular water T2(4 + 5) for SW-50 was close to
that of less hydrated samples (SW-45 to SW-40), which was
due to the shortening of T2(5) relaxation timewith temperature
in SW-50. The T2(4 + 5) relaxation time was short compared
with that of bulk water (∼2.5 s, under the same conditions),
which can easily be explained by recalling that the dissolved
starch molecules were very large in its native state, with high
molecular weights of approximately 105–106 g/mol for amy-
lose and above 107–109 g/mol for amylopectin. The solubi-
lized starch material and leached amylose fragments being far
lower in molecular weight (Greenwood 1979) are believed to
greatly reduce water mobility in extra-granular space.

Across the 50–90 °C temperature range, it was partic-
ularly interesting to compare the evolutions of A(3) and
A(4 + 5) because of their opposite trend, as shown in

Fig. 1c, d. Between 50 and 60 °C, the intra-granular water
phase characterized by A(3) diminished for SW-40 to
SW-50 samples, probably due to a lower amount of avail-
able intra-granular water when granules disrupted. For
temperatures higher than 60 °C, the intra-granular water
mobility characterized by T2(3) increased with tempera-
ture as expected, while its relative amplitude remained
relatively stable for each sample, except for SW-35 which
increased considerably between 60 and 90 °C. The curi-
ous behavior of the intra-granular water phase for SW-35
proved that less water prevented starch crystallite melting
in this sample but, instead, enhanced further water absorp-
tion and granule swelling. This evolution is in accordance
with the concomitant decrease in relative amplitude A(4 +
5) of the extra-granular water phase. The opposite trends
between the A(3) and A(4 + 5) evolutions showed that
starch and water transfer occurred between the water
phases. A(4 + 5) represents a water phase containing

Fig. 1 T2 relaxation time values (T2(1) to T2(4 + 5) in ms) and their
relative amplitudes (A(1) to A(4 + 5) in %) (a–d) for wheat starch–
water samples SW-35 (square), SW-40 (triangle), SW-42 (circle), SW-
45 (diamond), and SW-50 (dash) samples as well as the relative

amplitude A(1) of SP-11 sample (a) (dotted cube), as a function of
temperature. The bars represent the standard deviation of the mean value.
T2 are presented in logarithmic scale
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starch constituents and fragments, which is supposed to
become more and more viscous with the temperature in-
crease (Donald 2004).

In order to compare the evolution of the relative amplitudes
of T2 components of each sample in a quantitative manner, the
contribution of each T2 to the total NMR signal was expressed
as the mass intensity MI(i) (in volts per gram) as already
explained in a previous study (Rondeau-Mouro et al. 2015).
The mass intensities of each relaxation component of the SW
starch–water samples were calculated and compared with
those of starch powder MI(1) SP-11 (V/g of starch) and pure
water MI(1) PW (V/g of water in sample). Wheat starch pow-
der SP-11 was used as a reference for the comparison of de-
creases in MI(1 + 2) from the T2(1 + 2) components between
samples (Fig. 2a). The mass intensities of the short T2(1) and
T2(1 + 2) components of SP and SW samples (MI(1) and
MI(1 + 2), respectively) were calculated on the basis of the
starch mass intensity in samples and interpreted as a function
of temperature in terms of Curie’s law. Similarly, the mass
intensity of the T2(3 + 4 + 5) components in starch–water
mixtures (MI(3 + 4 + 5)) was calculated on the basis of the
mass intensity of pure water (PW) and presented as a function
of the inverse of temperature (Fig. 2b). As shown in Fig. 2a,

the mass intensity MI(1 + 2) for SP-11 and SW samples de-
creased linearly between 20 and 50 °C and obeyed Curie’s
law, due to the magnetic susceptibility dependence on temper-
ature. The magnitude of this decrease was expressed as the
slope (in V·K/g) of the straight line joining the MI values as a
function of temperature. The slope for MI(1 + 2) in SW sam-
ples (7855–8150 V·K/g) was close to that of SP-11 (7582 V·
K/g), regardless of their water content. We noted that between
50 and 90 °C, the mass intensity decrease was no longer linear
for SW samples and was highly dependent on the water con-
tent in the sample (Fig. 2a). This had already been demonstrat-
ed (Rondeau-Mouro et al. 2015) for a wheat starch–water
mixture hydrated at 45% (wb), corresponding to the SW-45
sample in this study. The same procedure was applied for the
longer T2 components (3, 4, and 5), which were characteristics
of the water phases in SW samples. Between 20 and 50 °C,
SW samples displayed MI(3 + 4 + 5) slope values close to
each other (16,016–17,006 V·K/g) and to that of pure water
(15,479 V·K/g), regardless of the water content (Fig. 2b).
Heating of starch–water mixtures above 40 °C led to an up-
ward trend ofMI(3 + 4 + 5) up to 80 °C, except for SW-35, for
which MI(3 + 4 + 5) rose to only 60 °C and then decreased to
90 °C. The evolution ofMI(3 + 4 + 5) curves differed from the

Fig. 2 Mass intensity (MI) of
wheat starch–water SW-35
(square), SW-40 (triangle), SW-
42 (circle), SW-45 (diamond),
and SW-50 (dash) samples as a
function of inverse of temperature
of a solid components T2(1 + 2)
compared to the mass intensity of
the solid component of wheat
starch powder SP-11 (dotted
cube) and b liquid components
T2(3 + 4 + 5) compared to the
mass intensity of pure water PW
(hatched cube)
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MI(1) of pure water, which demonstrated that the signal mea-
sured for these protons did not obey Curie’s law, particularly
above 50 °C.

In addition to this effect of temperature described by
Curie’s law, the structure of starch granules dramatically
changed during heating. To analyze and measure these chang-
es quantitatively, the evolution of the contribution of the first
component to the total NMR solid signal, noted C(1), was
calculated as follows

C 1ð Þ ¼ MI 1ð Þ
MI 1ð Þ þMI 2ð Þ � 100 ð3Þ

Using Eq. 3, we estimated that at 20 °C, regardless of water
content (35–50%), the first T2 component represented on av-
erage 83.03% (±0.03) of the solid signal, as indicated in Fig. 3.
This ratio might correspond to the expected amylopectin con-
tent of around 74.8%, recalculated taking into account the
amount of protein as microconstituent (≤0.3% of protein) of
the wheat starch powder used (BeMiller and Whistler 1996).
The additional 8.2% not only might correspond to amylose
chains and/or exterior chains of amylopectin that can form
double helices but might also contain simple helices formed
with endogenous lipids. Figure 3 shows that the water content
had little influence on C(1) up to 50 °C, when it was 73.43%
(±0.03) on average. If the crystalline amylopectin chain ar-
rangements are considered to be retained even when amylose
is leached out of the granules, this 10% decrease from the
initial 83% was due to proton transfer to the second compo-
nent A(2). This result confirms the assignment of T2(1) to
non-exchangeable CH protons from amylopectin and also to
those from amylose which were transferred into the proton
fraction T2(2) during the swelling process (Rondeau-Mouro

et al. 2015). Moreover, it indicates that amylose can form
crystalline structures, as already evidenced in several NMR
studies showing that in high amylose starches amylose forms
double helices (Shi et al. 1998; Tester et al. 2000). Further
heating above 50 °C led to different decreases in C(1) for
samples hydrated above 35%. Indeed, C(1) calculated for
SW-35 showed no great changes when the temperature rose.

Knowing the intensity of the signal of the first and the
second relaxation time components, IT2(1) and IT2(2), the mass
intensity of the starch powder at each temperature measure-
ment, and the total mass of each sample (msample), the starch
content could be calculated for each sample at each tempera-
ture as follows

SC ¼ IT2 1ð Þ þ IT2 2ð Þ
msampleMIstarch

� 100 ð4Þ

Equation 4 was used to calculate the starch (or solid) con-
tent (expressed in %) at 20 °C and to follow its evolution at
every temperature step, up to 90 °C. At 20 °C, SW-35, SW-40,
SW-42, SW-45, and SW-50 samples were characterized by a
solid content (SC) of 65.7% (±0.1), 59.6% (±0.7), 56.7%
(±0.3), 55.7% (±0.1), and 47.8% (±1.0), respectively
(Table 3). These values were close to the expected solid con-
tent in light of the water content in the samples (Table 1). This
result demonstrates that NMR allowed determination of the
water or starch content in each sample and followed their
changes upon heating. The effects of the temperature that
increase on the solid content of each SW hydrated sample
could be evaluated in specific temperature ranges in relation
to the endotherms measured in DSC (next section).

Finally and with the aim of correlating NMR and DSC
measurements, T2 relaxation times were also measured with
a rapid heating rate (3 °C/min) for two samples, SW-45 and
SW-50. As shown in Fig. 4 for SW-45 and Fig. 9 in Appendix
for SW-50, the variation of the T2 relaxation times and relative
amplitudes determined by NMR indicated similar proton dis-
tribution and transfers between 20 and 90 °C regardless of the
heating regime. The discrepancy between T2(4 + 5) values in

Fig. 3 Contribution C(1) to the total solid signal as a function of
temperature in wheat starch–water SW-35 (square), SW-40 (triangle),
SW-42 (circle), SW-45 (diamond), and SW-50 (dash) samples, C(1)
expressed as percent with a mean standard deviation ≤5%, depending
on water content and temperature

Table 3 Solid content (SC) at 20 °C and loss of solid content (ΔSC)
between 20 and 55 °C and between 55 and 70 °C in wheat starch–water
samples SW-35 to SW-50 expressed as %, given as mean ± standard
deviation

Sample SC (%) ΔSC (%) ΔSC (%)
ΔT (°C) 20 20–55 55–70

SW-35 65.7 ± 0.1 12.9 ± 0.3 7.5 ± 3.0

SW-40 59.6 ± 0.7 12.6 ± 1.2 10.5 ± 1.0

SW-42 56.7 ± 0.3 11.3 ± 0.8 11.7 ± 2.0

SW-45 55.7 ± 0.1 12.4 ± 1.0 14.3 ± 4.0

SW-50 47.8 ± 1.0 16.3 ± 2.0 17.2 ± 4.0
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SW-50 came from the additional long T2(5) component at low
temperatures (Fig. 9 in Appendix).

Thermal Transitions Studied by DSC

Figure 5 shows the DSC thermograms obtained for wheat
starch–water mixtures (SW-35 to SW-50) and starch powder
(SP-11), each heated from 20 to 130 °C at a rate of 3 °C/min.
All SW samples featured three endotherms P1, P2, and P3,
whereas a single endotherm emerged for the SP-11 sample.
The results of DSC analyses are summarized in Table 4. To
simplify interpretation, only four typical temperatures are re-
ported (To(P1), Tp(P1), Tp(P2), and Tc(P2)). While Tp(P1) and
Tp(P2) were the peak temperatures of the first and second
transitions, To(P1) and Tc(P2) corresponded to the onset tem-
perature of the P1 transition and the conclusion temperature of
the P2 transition, respectively. The first two endothermic tran-
sitions, which have been named G (gelatinization) and M1
(the first melting transition) in the literature (Donovan and

Fig. 4 Effects of heating regime
on a A(1) to A(4 + 5) and b T2(1)
to T2(4 + 5) as a function of
temperature of SW-45. Dashed
line denotes fast heating regime
(3 °C/min), and solid line denotes
slow heating regime (0.2 °C/min).
T2 are presented in logarithmic
scale

Fig. 5 DSC thermograms of wheat starch powder SP-11 and wheat
starch–water samples, SW-35 to SW-50 heated at a scanning rate of
3 °C/min
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Mapes 1980), are commonly used when discussing starch
gelatinization. Eliasson observed three peaks between 20
and 140 °C for wheat starch–water mixtures hydrated between
25.9 and 44% (wb). He showed that the temperature of the
first and second endotherms were highly dependent on the
water content (Eliasson 1980). Whereas the second transition
peak could not be explained, the third transition was undoubt-
edly attributed to the melting of the amylose–lipid complex
(Kugimiya et al. 1980). The third thermal transition, charac-
terized by the P3 peak (Fig. 5), was not examined for all SW
samples because of the insufficiently wide temperature range
applied in the present experiments; however, this process was
also dependent on water content in the sample, showing a
trend similar to that of the P2 peak (increase in peak temper-
ature with reducing water content).

In contrast to the onset temperature To(P1), the conclu-
sion temperature Tc(P2) was more influenced by the water
available in each sample. The temperature range of the first
(P1) and the second peak (P2) transitions ΔT(P1 + P2) for
hydrated samples was calculated and was found to vary
between 52.6 °C (±1.0) and 41.8 °C (±2.0), going from
the least hydrated (SW-35) to the most hydrated sample
(SW-50). For hydrated samples, the first transition oc-
curred in the temperature range 57.2 °C (±1.0)–70.3 °C
(±0.3), with a peak temperature Tp(P1) at 62.0 °C (±0.8)
on average, whereas the second peak started at 72.4 °C
(±1.0) and ended between 98.1 °C (±0.9) and 110.0 °C
(±2.0), with an increase in peak temperature Tp(P2) from
84.1 (±0.9) to 104.8 °C (±2.0) when the water content was
reduced (50 to 35%). It is currently accepted that the phase
transition of a single starch granule in excess of water
might take place over a temperature range of 1–2 °C,
whereas the gelatinization of the whole granule population
occurs over a wider temperature range (Fredriksson et al.
1998). The gelatinization temperature may be defined as
the point at which all, or a fraction of, the granules have
undergone transformation (Lelievre 1976). This paradigm
is probably due in part not only to the heterogeneity of
starch granules but also to the diffuse melting process of
complex macromolecular systems since starch is not a

perfectly crystalline polymer, but rather a semi-crystalline
structure (Lelievre 1974). Using a heating rate of 3 °C/min
in our study, the temperature range of the first transition
was at around 56–70 °C, depending on the sample water
content, compared to that of Sasaki and Matsuki at around
50–66 °C, using a heating rate of 1 °C/min (Sasaki and
Matsuki 1998). In our case, the temperature range was
shifted to higher temperatures due to the faster heating rate
used. This linear relationship between the transition tem-
perature range and the heating rate was already demon-
strated by Shiotsubo and Takahashi (Shiotsubo and
Takahashi 1984). Thus, despite the differences attributed
to the wheat starch source, the DSC results can also be
affected by kinetics (heating rate) and different procedures,
e.g., preparation of samples, time of equilibration, and size
of sample. Similar to published results on starches of var-
ious botanical origins (Biliaderis et al. 1980; Garcia et al.
1996; Maache-Rezzoug et al. 2008), DSC thermograms
recorded for wheat starch–water (SW) samples in the pres-
ent study indicated that the peak temperature of the first
transition (P1) was very slightly dependent on the water
content, with a mean value of 62 °C. This temperature
was close to that determined by Morales-Sanchez et al.,
who used a 5 °C/min heating rate and found the first peak
of gelatinization at 61.2 °C (±0.1) for a wheat starch–water
sample hydrated at 41.2% (wb) (Morales-Sanchez et al.
2009). In the present SW-42 sample, Tp(P1) was 63.1 °C
(±1.2). Further addition of water showed no significant
differences in P1 peak temperature, as found for wheat
starch–water samples hydrated at 50% (wb) showing a first
transition at 59.0 °C (±0.4) by using a 10 °C/min heating
rate (Tester and Sommerville 2001), which is close to the
61.2 °C (±1.3) for the present SW-50 sample.

The onset temperature of the first transition (P1) was
57.2 °C (±1.0) on average, while the conclusion temper-
ature of the second transition (P2) was 110.2 °C (±1.0),
107.7 °C (±1.0), 104.5 °C (±4.0), 99.8 °C (±0.5), and
98.1 °C (±0.9) for SW-35, SW-40, SW-42, SW-45, and
SW-50 samples, respectively (Table 4). These results are
in agreement with those of Jankowski and Rha who

Table 4 The onset To, peaks Tp(P1) and Tp(P2), conclusion temperature Tc, temperature range ΔT = Tc(P2)–To(P1), and enthalpies of gelatinizationΔH
of wheat starch powder SP-11 and wheat starch–water samples SW-35 to SW-50, given as mean ± standard deviation

Sample To(°C) Tp(°C) Tp(°C) Tc(°C) ΔT = Tc–To(°C) ΔH = (J/g) ΔH(J/g)
Endotherm P1 P1 P2 P2 P1 + P2 P1 P2

SP-11 49.9 ± 0.2 61.9 ± 0.3 – – – 0.9 ± 0.2 –

SW-35 57.6 ± 0.3 62.4 ± 0.4 104.8 ± 2.0 110.2 ± 1.0 52.6 ± 1.0 1.5 ± 0.1 3.6 ± 0.1

SW-40 57.4 ± 0.4 62.1 ± 0.4 92.7 ± 0.8 107.7 ± 1.0 50.3 ± 1.0 2.1 ± 0.2 3.1 ± 0.1

SW-42 58.6 ± 1.5 63.1 ± 1.2 86.6 ± 5.0 104.5 ± 4.0 45.9 ± 5.0 2.5 ± 0.2 3.1 ± 0.5

SW-45 56.4 ± 0.1 61.4 ± 0.2 85.1 ± 0.3 99.8 ±0 .5 43.4 ± 0.6 3.0 ± 0.2 2.1 ± 0.6

SW-50 56.2 ± 1.0 61.2 ± 1.3 84.1 ± 0.9 98.1 ± 0.9 41.8 ± 2.0 3.6 ± 0.1 2.2 ± 0.6
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reported 57.0 °C as To and 108.0, 102.0, and 92.0 °C as Tc
for wheat starch–water samples containing 36.2, 43.3, and
48.8% of water (wb), respectively (Jankowski and Rha
1986). Obviously, the higher the water content, the lower
the final temperature of disruption of crystalline regions.
This is consistent with previous results showing that for
limited water systems the temperature must be increased
to achieve complete gelatinization (Eliasson and Larsson
1993).

The enthalpy change ΔH during the first and second tran-
sitions was highly dependent on the level of hydration, as
shown in Fig. 6. The enthalpy changes for the overall gelati-
nization transition ΔH(P1 + P2) were found to be 5.8 (±0.7) J/
g (dry basis (db)) for SW-50 and thus slightly higher than the
value of 4.3 (±0.3) J/g (db) determined by Tester and
Sommerville (2001). The area of gelatinization endotherms
is indeed highly dependent on the amount of available water
in wheat starch–water mixtures. Our results confirmed previ-
ous findings that the area of the P1 endotherm decreased when
the water content was reduced, while the P2 endotherm
moved to progressively higher temperatures, as shown in
Table 4 and discussed in the next section (Eliasson 1980;
Jankowski and Rha 1986; Tester and Sommerville 2001).
Several models have been proposed in the literature to inter-
pret the P1 and P2 thermal events; however, no model has
been generally or universally accepted until now
(Karapantsios et al. 2002). There are four main models de-
scribing the nature of the two-step endotherm in limited water
conditions in which all the authors suggest that the enthalpy
associated with gelatinization is the result of multiple thermal
processes occurring within the same time frame (Donovan
1979; Evans and Haisman 1982; Slade and Levine 1988;
Waigh et al. 2000). The influence of the amorphous starch

regions on the enthalpy change has rarely been explained in
any of these studies.

According to Donovan, the first peak (P1) is considered to
be induced by the swelling and dissolution of the amorphous
regions, including a process of Bstripping^ of starch chains
from the surface of crystallites, whereas the remaining crys-
tallites are melted at higher temperatures which results in the
P2 endotherm (Donovan 1979). Evans and Haisman argued
that the successive endothermic peaks emerged due to melting
transitions of crystalline materials with different stability, un-
derlying the crystal imperfections and heterogeneous distribu-
tion of water within the sample (Evans and Haisman 1982).
Granules with the least perfect crystallites gelatinize coopera-
tively, and consequently, the effective water concentration
available for the remaining ungelatinized granules is reduced
due to interactions between water and disordered polysaccha-
ride chains. Slade and Levine reported that the most appropri-
ate model for gelatinization includes a glass transition at P1
due to the plasticizing effect of water on the amorphous re-
gions, and including the disordering of double helices associ-
ated with short-range order and a second phase transitions, P2,
assigned to the disordering of amylopectin crystallites (Slade
and Levine 1988). The fourth hypothesis was proposed by
Waigh et al. and is close to the previous one, since the crys-
talline phase transitions (smectic to isotropic/nematic) are
combined with plasticization of amorphous backbone regions
(Waigh et al. 2000). They considered different levels of water
content, a limiting water case for water content less than
28.6% (wb) corresponding to 40% on dry basis and a case
of excess of water for water content greater than 28.6%
(wb). In these conditions, they proposed that the P1 endo-
therm could be assigned to dissociation of double helices,
while P2 may correspond to further helix–coil transitions,

Fig. 6 Enthalpy changes for the
first (P1) and the second (P2)
endotherms of wheat starch–
water SW-35 to SW-50 samples
as a function of their water
content
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taking into account the possible reversibility of changes when
samples were cooled down.

Correlations between NMR and DSC

A combined DSC and NMR approach has rarely been applied
to wheat starch–water mixtures. Some of these studies inves-
tigated the effects of salts or sucrose on water mobility and
starch gelatinization and showed complex patterns, depending
on the constituent concentration (Chiotelli et al. 2002;
Chinachoti et al. 1991). In other papers with joint observation
of these two methods, the NMR results did not significantly
improve the interpretation of thermal transitions observed by
DSC. However, in a study on starches with different amylo-
pectin content, Bosmans et al. showed a good correlation be-
tween the amplitude of the first NMR component and the DSC
enthalpy of gelatinization (Bosmans et al. 2012). In the study
reported here, the relaxation behavior of water and starch pro-
tons was studied at temperatures not higher than 90 °C to
avoid water evaporation that would be critical from a quanti-
tative point of view. By comparison, DSC experiments en-
abled us to study starch–water behavior over a wider temper-
ature range, with a maximum temperature of 130 °C, thus
allowing scanning of the gelatinization as a complete process.
The DSC method also has the advantage of showing a contin-
uous profile which can be used to determine the initial and the
final temperature of transition, but with a lower time resolu-
tion and less quantitative information than NMR. It should be
noted that the heating rate had no influence on the NMR
results, as shown for SW-45 and SW-50 samples (Figs. 4
and 9 in Appendix, respectively). The T2 relaxation times
measured by NMR could thus be related to the DSC results.
An example of the dependence of the DSC and NMR results
on the heating regime is the study by Gonera and Cornillon, in
which it was argued that the gelatinization range in the NMR
measurements was narrower than in DSC (5 °C/min, linear
change of temperature) due to stepwise change of temperature
(0.1 °C/min) (Gonera and Cornillon 2002). However, they
investigated highly hydrated samples (66.7% wb), and they
started heating the samples only from 45 °C, so that they did
not observe the initial swelling phase, which is an important
step for gelatinization phenomena. We, therefore, consider
that this statement is not applicable to our study, since the
experimental conditions were not comparable.

Although the swelling of granules had already occurred at
room temperature, more pronounced swelling took place with
the heat uptake, coinciding with the onset temperature of ge-
latinization measured by DSC at about 56.2–57.6 °C, well
below the peak temperature Tp(P1) at about 62 °C. With re-
gard to the NMR solid signal in FID, calculation of the loss of
solid content (ΔSC) between 20 and 55 °C revealed that, on
average, 12.3% (±0.7) of solid material was lost in this tem-
perature range for SW-35 to SW-45, whereas a greater SC loss

(16.3% (±2.0) on average) was found for the SW-50 sample
(Table 3). As shown before, in the same temperature range, the
contribution of the first component to the total NMR solid
signalC(1) decreased by 10% for all samples. In the literature,
crystallinity is exclusively associated with amylopectin
(Ratnayake and Jackson 2008). However, the solid content
is also dependent on the amylose content and this was clearly
demonstrated by NMR measurements. Since the crystallinity
is thought to be retained even when amylose is leached from
the granule (D. French 1984), the decrease inC(1) up to 50 °C
was assumed to originate from amylose transfer to the amor-
phous regions of granules concomitantly with the amylose
leaching from the amorphous part and/or the crystallite sur-
face into the extra-granular water phase (Rondeau-Mouro
et al. 2015). This interpretation is in line with the hypothesis
of Donovan who explained the first DSC endotherm by a
process of stripping of the amorphous component initially
present on the crystallite surface (Donovan 1979), which
was also evidenced by Jenkins and Donald using a small angle
neutron scattering (SANS) technique (Jenkins and Donald
1998). Moreover, Cooke and Gidley emphasized the impor-
tance of loss of molecular (double helical) order during
heating observed concurrently with the loss of crystalline or-
der (Cooke and Gidley 1992). In fact, this phenomenon could
be related to the reversible swelling process of starch granules
below 55 °C. All these previous studies support our results in
which NMR helped to predict the extent of the release of
amylose fragments (around 11.3–16.3% depending on the wa-
ter content) before the beginning of the P1 transition. Table 3
demonstrates that for the most highly hydrated sample
(SW-50), the amylose leaching was more effective than for
the other samples. Since the volume outside the granules for
SW-35 to SW-45 samples was smaller than that of the SW-50
sample, the latter showed a lower effect of close packing of
starch granules, thus favoring the leaching of amylose frag-
ments out of granules (Hermansson and Svegmark 1996).
Moreover, the fact that this process was more significant for
SW-50 can explain why even at 20 °C, we measured the long
T2(5) component. The latter can, therefore, be attributed to an
additional water phase with low interaction with leached am-
ylose. Although the onset temperature of P1 has often been
discussed as the beginning of gelatinization, distinct from the
melting process during P2, our NMR results demonstrated
that polymer melting occurred during the first transition
(P1), i.e., melting of amylopectin double helices and probably
the helices made with amylose. Obviously, the more hydrated
the sample, the greater the SC loss. Unlike the SW-35 sample,
the SW-50 sample was characterized by the greater loss of
solid content. Similarly, SW-50 displayed the highest
ΔH(P1) value, whereas that of SW-35 starch was the lowest
(Table 4). As shown in Fig. 7a, the enthalpy changes during
the P1 transition presented the same trend as the loss of solid
content between 55 and 70 °C, calculated using NMR results.
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The two straight lines ran almost parallel, thus suggesting that
both amorphous and crystalline regions should be considered
when discussing the occurrence of the first transition peak. In
the 55–70 °C temperature range, melting of starch crystallites
occurred as a result of heat uptake in the presence of sufficient
water, and for the same reasons, the amylose leaching was
enhanced. By extrapolation, the straight lines of the enthalpy
ΔH(P1) and SC loss to zero meant that the minimum water
content required to initiate gelatinization could be estimated.
According to Fig. 7a, this value was 24.5% from DSC results
and 23.7% from the NMR results, which is in good agreement
with the 25% water content (wb) proposed by Lund and
Wirakartakusumah (1984). The same result was suggested
by Eliasson (1980) and Wootton and Bumunuarachchi
(1979), who found 24.8% (33%, db) and 24.2% (32%, db)
as the minimum water content (wb), respectively. Since the

water should be in sufficient quantity to provide adequate
hydration for gelatinization (Biliaderis 1992), it was proposed
that at water concentrations lower than 61% (wb), the com-
pletion of hydration-assisted dissociation of double helices
would not be possible. Moreover, Spigno and De Faveri
showed that activation energy for gelatinization decreased
with the increase in water content and stabilized at about
60% (wb) of water content (Spigno and De Faveri 2004).
Considering the water content range in our study (35–50%
wb), it is clear that starch granules in all samples were only
partially gelatinized, which was confirmed by further but still
partial loss of solid content in samples between 55 and 70 °C,
calculated using NMR results (Table 3). Figure 7b demon-
strates the good correlation between the enthalpy changes of
P1 endotherm (ΔH(P1)) and the loss of solid content (ΔSC) for
each sample during the first transition P1 (55–70 °C). Highly
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Fig. 7 a Enthalpy changes of P1
endotherm ΔH(P1) and loss of
solid content ΔSC during the first
transition P1 (55–70 °C) and b
linear correlation between
ΔH(P1) and ΔSC of wheat starch–
water SW-35 to SW-50 samples
as a function of their water
content
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significant Pearson’s correlation coefficients were calculated
at +0.9833 with a probability of 0.0054.

The NMR results in the present study thus agreed with the
interpretations of DSC endotherms postulated byWaigh et al. in
the case of limitedwater content, wherein twoDSC endotherms
were measured because of the two-step process, i.e., smectic to
isotropic transitions at lower temperature followed at higher
temperatures by the helix–coil transitions. Moreover, going
from SW-50 to SW-35, the ΔH(P1) transition decreased, be-
cause of the reduction of water, in contrast to P2 transition
(Fig. 6). This opposite trend of the P1 and P2 enthalpy transi-
tions has already been reported by some authors (Donovan
1979; Tananuwong and Reid 2004) and should be taken into
account when discussing the occurrence of bimodal transitions
during gelatinization. It can be supposed that this thermal bi-
modality is related to bimodal distribution of granules, as the A-
and B-type granules differed both in composition and in prop-
erties (Soulaka and Morrison 1985). Small granules of wheat
starch tend to bemore crystalline than large granules; unlike the
latter, the former have greater swelling capacities probably be-
cause of their lower amount of lipids (Wong and Lelievre
1982). Additionally, the starch granules of cereals (such as
maize, wheat, and rice) are characterized by compact A-type
crystallites and thus should have better thermal stability
(Ambigaipalan et al. 2014; Donovan et al. 1983), as opposed
to B-type crystallites, characteristic of tubers, fruits, and stem
starches (such as potato, banana, and sago starches). Indeed, A-
and B-type starches have shorter and longer amylopectin heli-
ces, respectively, and changes in the lamellar structure, which
consists of alternating regions of crystalline and amorphous
material, should correspond to a two-step process (Waigh
et al. 2000). With an increase in temperature, the mobility of
the amylopectin double helices is increased and a smectic to
isotropic phase (A-type starches) or smectic to nematic (B-type
starches) transition occurs. Further heating leads to the helix–
coil transition by the unwinding of helices. As proposed by
Waigh et al., the two DSC endotherms could thus be ascribed
to these two transitions (Waigh et al. 2000). Since the first
transition P1 was highly correlated with the crystallite melting
measured by NMR, Donovan’s model proposing that crystal-
lites melt at higher temperatures into the P2 transition seemed
not to be applicable to explain our results (Donovan 1979). On
the other hand, the two-step models of gelatinization proposed
by Evans and Haisman, who considered successive endother-
mic peaks as melting transitions of crystalline materials show-
ing various imperfections and heterogeneous distribution of
water, do fit with our results (Evans and Haisman 1982).
However, the TD-NMR method cannot help to distinguish be-
tween perfect and imperfect crystallites in order to analyze this
hypothesis but, instead, allow monitoring of the water distribu-
tion and starch transformations under heating.

The third interpretation which takes into account the glass
transition of starch and two phase transitions within

amylopectin crystallites (Slade and Levine 1988) was difficult
to analyze with our NMR experimental setup, i.e., temperature
range from 20 to 90 °C, and starch–water mixture using low to
intermediate hydration levels (Fig. 8). In our experimental
conditions, only the starch powder (SP-11) could not gelati-
nize due to the insufficient water level (11% wb) but, instead,
showed a single endothermic transition at 61.9 °C (±0.3)
(Fig. 5), which was characterized by a ΔH of 0.9 (±0.2) J/g
and appeared probably due to enthalpy relaxation phenomena,
which had already been observed in the range 50–64 °C for
low hydrated starch powder from corn (Shogren 1992) or for
starch lintners from potato (Le Bail et al. 1993).

If we take into account the second P2 transition and previous
interpretations, the crystallinity in gelatinized granules should
be totally lost close to the conclusion temperature Tc(P2).
However, in the present study, no comparison of the P2 transi-
tion with NMR results was possible, as the temperature range
between 70 and 90 °C did not cover the whole P2 phase tran-
sition, especially for samples with a low hydration level.

Conclusion

In this study, we investigated how the water content (11–50%
wb) in starch affected the water distribution and interactions
with starch during its swelling and gelatinization. NMR mea-
surements showed that, despite temperature changes, the wa-
ter content is of major importance for the understanding of the
proton transfer mechanisms between each constituent. The T2
results between 20 and 55 °C revealed that the SW-50 sample
leached out more amylose fragments than less hydrated
samples. The more pronounced leaching can explain the lon-
gest T2 component, T2(5), already found at 20 °C, which was
attributed to an additional water phase with low interaction
with leached amylose.

This study also addressed the value of combining multiple
analytical techniques, whereby NMR was used in combina-
tion with DSC to improve understanding of starch gelatiniza-
tion. The DSC analysis confirmed that the gelatinization
mechanisms depend on water availability. To date, enthalpy
changes have been used as an indicator of the amount of
crystallinity of the sample being analyzed (enthalpy of fusion).
The combined approach used in the present study indicated
that the degree to which the protons of starch–water mixtures
were transferred from the solid to the liquid phase fitted well
with the enthalpy changes that the sample had undergone dur-
ing the first phase transition. This relationship helped to ex-
plain the existence of the first gelatinization endotherm, as we
showed that the solid loss from both crystalline and amor-
phous regions should be considered. At the same time, we
emphasized the importance of the reversible swelling of starch
granules and the leaching of amylose fragments, thus
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Fig. 8 T2 (ms) distributions at
20 °C (black diamond) and 60 °C
(white diamond) of SW-45
(logarithmic scale)

Fig. 9 Effects of heating regime
on a A(1) to A(4 + 5) and b T2(1)
to T2(4 + 5) as a function of
temperature of wheat starch–
water SW-50 sample (logarithmic
scale). Dashed line denotes fast
heating regime (3 °C/min), and
solid line denotes slow heating
regime (0.2 °C/min)
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supporting the concept that the amorphous phase in starch
granules has an important role in gelatinization mechanisms.
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