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Abstract
Molecular dynamics for pastes of two normal and one waxy potato starches and their binary mixtures with either arabic, guar or
xanthan gum was determined. Spin–lattice and spin–spin relaxation times were measured by 1HNMR pulse spectrometer. Then,
for water molecules the mean correlation time rotational mobility. Was calculated and analyzed. The measurements were taken
after 2 h, and then after 1, 10, 30 and 90 days of storing at 5 °C. It was found that the susceptibility of pastes of potato starch to
retrogradation was controlled, first of all, by the content of amylose. Amylose favored retrogradation. On the initial period of
storing the length of the amylose chains played an essential role promoting retrogradation. Non-starchy polysaccharide hydro-
colloids applied for blending potato starches influenced molecular properties of water in the pastes, particularly on long-term
retrogradation. Generally, these components retarded that process.
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Introduction

Starch gels being originally amorphous gradually crystal-
lize. That process is known as retrogradation [1–6].
Retrogradation rate and degree is associated with the bo-
tanical origin of starch [7, 8] that is, among others with
the fine structure of amylose and amylopectin [7, 9–11],
the amylose/amylopectin ratio [10, 12–14].

Retrogradation influences the texture, stability, quality, di-
gestibility and functionality of starch pastes and starch

containing products [15]. Usually its results are considered
negative [16] but sometimes, for instance, in a low-energy
food production retrogradation is considered beneficial as it
delivers resistant starch (RS) [17–19].

Retrogradation proceeds in two short- and long-term steps,
respectively. In the short-term step amylose crystallizes and
that step of retrogradation begins already within first few
hours since starch gelation and it can last up to two days.
The long-term retrogradation is associated with recrystalliza-
tion of the outer branches of amylopectin. Compared to retro-
gradation of amylose the latter is considerably slower [20, 21].
The changes of retrogradations were observed in chemically
modified starches [17, 22]. Recently, a number of papers was
published on blends of starches with various non-starchy
polysaccharides, particularly with natural and synthetic gums.
They attracted attention as novel materials for food technolo-
gy, for instance, texturizing agents, packaging foils and other
biodegradable materials [20, 23–27]. Their applicability de-
pends, among others, on their stability against retrogradation.
It was shown that retrogradation rate and degree are sensitive
to various hydrocolloids [28–30].

Progress of starch retrogradation can be monitored involv-
ing several techniques.

Among them also NMR spectrometry appeared useful. 13C
CPMASS NMRwas used when the retrogradation in the solid
state was investigated [31]. Considerable attention was paid to
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the observation of the fate of the water molecules on retrogra-
dation. In such case the spin-lattice and spin-spin relaxation
times were observed based on 17O NMR [32] and 1H NMR
[33–35] studies. In the latter case the studies involved a rule
that in the systems with a considerable mobility of molecules
are characterized with longer spin-spin relaxation times. A
decrease in the mobility of such molecules is reflected by
shortening of those relaxation times. As the viscosity of those
systems increases, the rate of the spin-spin relaxation in-
creases, that is, the spin-spin relaxation time decreases. It is
generally accepted that spin-lattice, T1, and spin-spin, T2, re-
laxation times qualitatively and quantitatively describe bind-
ing water in the system.( [36]. Molecular dynamics can be
determined based on average correlation time, τc, which is a
microscopic parameter [37]. Relaxation times in biological
systems including pastes and gels provide an information on
a mode of binding water to macromolecular polymeric sys-
tems and reorientation of the water molecules evoked by big
polymeric molecules.

The aim of study was analyze the short and long term of
retrogradation process in starch and starch-hydrocolloids mix-
tures from molecular point of view.

Materials and Methods

Materials

Normal potato starches NPS1 and NPS2 and waxy potato
starch WPS containing estimated according to Morrison and
Laignelet [38] 29.93%, 26.72% and 9.27% amylose, respec-
tively were studied. NPS1 was isolated in Department of
Carbohydrate Technology of the University of Agriculture in
Cracow from the planted in 2013 Tajfun variety purchased
from Stacja Doświadczalna Oceny Odmian (Węgrzce,
Poland). NPS2 was purchased from Przedsiębiorstwo
Przemysłu Ziemniaczanego Bronisław Sp. z o.o. (Strzelno,
Polska). WPS, commercial Eliane 100, was manufactured by
AVEBE FOOD (Veendam, the Netherlands). Non-starchy
polysaccharide hydrocolloids: Arabic gum (AG), xanthan
gum (XG) and guar gum (GG) were purchased from Sigma
Aldrich (St. Louis, USA).

Sample Preparation

The study were perform on the 5 w% starch paste samples
or samples composed of 4.8w% starch 0.2w% hydrocol-
loid added. The sols of starch and their blends with par-
ticular hydrocolloids were heated on a gentle stirring for
30 min. at 90 °C. Resulting hot pastes (0.2 cm3) were
passed into measurement viols, closed with parafilm and
allowed to stand for cooling to room temperature. So

thermally equilibrated samples in the measurement viols
were cooled to 5 °C in an ice shrank.

Relaxation Time Measurements

Relaxation times were taken after 2 h, and then after 1, 10, 30
and 90 days of storing at 5 °C. The measurements of spin–
lattice (T1) and spin–spin (T2) relaxation times were conduct-
ed by the use of PS15T pulse 1H NMR spectrometer (ELLAB,
Poznań, Poland), at 15 MHz, equipped with integral temper-
ature control system. Prior to the experiments, samples placed
in the spectrometer were allowed to reach 20 °C.

The inversion-recovery (π-t-π/2) impulse sequence [36]
was applied for measurements of the T1 relaxation times.
Distances (t) between RF pulses were changed within the
range from 100 to 1000 ms and the repetition time was from
20 s. Each time, 32 FID signals and 119 points from each FID
signal were collected.

Calculations of the spin-lattice relaxation time values
were performed with the assistance of the CracSpin soft-
ware [39]. That software provided calculating relaxation
parameters from experimental data using “spin grouping”
approach. Marquardt’s method of minimization has been
applied for fitting multiexponential decays. The accuracy
of the relaxation parameters was estimated and the stan-
dard deviations were given. Time changes of the current
value of the FID signal amplitude in the employed frequen-
cy of impulses were described by the following formula:

Mz tð Þ ¼ M 0 1−2e
−t
T1

� �
ð1Þ

where: Mz(t) - is the actual magnetisation value, M0 - is the
equilibrium magnetisation value, t - is the distance between
impulses and T1 - is the spin-lattice relaxation time.

Measurements of the T2 spin-spin relaxation times were
taken using the pulse train of the Carr-Purcell-Meiboom-Gill
spin echoes (π/2-τ/2-(π)n) [36]. The distance (t) between π
impulses amounted to 2 ms. The repetition time was 15 s. The
number of spin echoes (n) amounted to 100. Tree accumula-
tion signals were employed.

To calculate the spin-spin relaxation time values, the au-
thors applied the adjustment of values of the echo amplitudes
to the Eq. (2):

Mx;y tð Þ ¼ M 0e
−t
T2 ð2Þ

where: Mx,y (t) - is the echo amplitude;Mo – is the equilibrium
amplitude; t – is the distance between π; impulses; T2 is the
spin-spin relaxation time.

The calculations were performed with the dedicated
software involving non-linear least-square algorithm.
The accuracy of the relaxation parameters has been esti-
mated with the standard deviations.
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Results and Discussion

Table 1 collects the spin-lattice, T1, and spin-spin, T2, relaxa-
tion times for 5% (g/g) starch pastes without and with admix-
ture of non-starchy polysaccharide hydrocolloids measured
after 2 h, and 1, 10, 30 and 90 days storing.

For all NPS pastes regardless the period of their storage in
an ice shrank up to 90 days only one spin-lattice (T1) and one
spin-spin (T2) relaxation time could be observed. It was char-
acteristic for biopolymers pastes [35, 40]. It suggested that in
spite of progressing retrogradation of starches there was a fast
chemical exchange, that is, the within the time necessary for
the energy transfer from spin into environment as well as into
to another spin, molecules of water could migrate from one
fraction of water into another.

Already after the 2 h storage some differences in spin-
lattice (T1) and spin-spin (T2) relaxation times for particular
NPSs could be noted (Table 1) suggesting some differences in
the formation of the paste networks on cooling. NPS1 paste
after 2 h showed higher T1 and T2, than these for NPS2. That
observation rationalized an assumption that NPS1 paste after
2 h storing in spite of higher amylose content were less rigid
than pastes of NPS2 and WPS and, in consequence, water
molecules in the NPS1 paste could more freely rotate [41].
On storing the NPS2 and WPS pastes for 2 h the relaxation
times, particularly T1 only slightly changed. The NPS2 paste
showed the lowest T1 whereas the WPS paste had the lowest
T2. Thus, on could assume that T2 decreased with amylose
content in starch (Table 1). Relationships between T1 for

particular pastes under study were close to the values of rela-
tive degree of crystallinity calculated involving diffractome-
try. The calculations for results collected for the pastes after
2 h storage gave DoCw declining from NPS1 to NPS2 [42].

Observed values for the relaxation times were typical
for those collected when low frequency electromagnetic
waves were applied [41, 43, 44]. These values varied with
the time of storage of the pastes. In the first day, T1 for the
NPS1 pastes declined suggesting reducing mobility of the
water molecules due to a reconstruction of the paste net-
work whereas at the same storage period T1 for the NPS2
and WPS increased. The NPS1 contain the most amylose.
This biopolymer bound water molecules in this short time
during storage. Moreover, both T1 and T2 taken at that
storage period for WPS were considerably lower than these
for NPS2 pointing to a different network structure of both
those pastes. This explain main role of amylose in network
forming. These changes in T1, dependent on the starch
variety, followed changes in DoCw for those starches [42].

Relaxation times significantly changed on extension of the
storage period to 90 days. The NPS1 pastes showed the lon-
gest relaxation times compared to the pasts of the other
starches. It suggested that the NPS1 paste formed structures
richer in the free water fraction, that is, structures containing
particular water molecules surrounded with a coats of other
water molecules [45]. Small declining T1 was not accompa-
nied with any changes of T2 what could mean that on
prolonged storage in the gel formed within first 1 day, dynam-
ics of the water molecules did not changed anymore.

Table 1 Spin-lattice, T1, and
spin-spin, T2, relaxation times for
5% (g/g) starch pastes without
and with admixture of non-
starchy polysaccharide hydrocol-
loids after 2 h, and 1, 10, 30 and
90 days storing at 5o C

Storage time T1 [ms] T2 [ms] T1 [ms] T2 [ms] T1 [ms] T2 [ms] T1 [ms] T2 [ms]

NPS1 NPS1+ XG NPS1 +GG NPS1 +AG

2 h 1691 ± 4 1070 ± 8 1574 ± 3 871 ± 9 1692 ± 3 808 ± 7 1725 ± 4 946 ± 1

1 d 1567 ± 4 1142 ± 6 1597 ± 4 877 ± 5 1533 ± 4 624 ± 5 1621 ± 4 727 ± 9

10 d 1542 ± 4 1023 ± 8 1616 ± 8 865 ± 3 1523 ± 4 678 ± 9 1640 ± 4 602 ± 9

30 d 1573 ± 3 988 ± 9 1577 ± 3 842 ± 6 1493 ± 3 955 ± 9 1595 ± 4 977 ± 1

90 d 1336 ± 3 893 ± 5 1582 ± 4 653 ± 9 1297 ± 4 959 ± 3 1434 ± 4 823 ± 2

NPS2 NPS2 +XG NPS2 +GG NPS2 +AG

2 h 1426 ± 3 872 ± 3 1602 ± 4 865 ± 2 1515 ± 4 914 ± 2 1433 ± 4 820 ± 11

1 d 1500 ± 5 726 ± 5 1477 ± 3 743 ± 8 1418 ± 8 724 ± 10 1453 ± 5 736 ± 5

10 d 1460 ± 4 545 ± 2 1464 ± 4 674 ± 5 1416 ± 3 657 ± 9 1419 ± 4 566 ± 6

30 d 1240 ± 8 575 ± 6 1414 ± 4 646 ± 9 1336 ± 4 547 ± 6 1297 ± 3 555 ± 9

90 d 910 ± 6 98 ± 7 1374 ± 3 576 ± 4 1277 ± 4 586 ± 1 1383 ± 4 503 ± 8

WPS WPS+XG WPS+GG WPS +AG

2 h 1466 ± 8 726 ± 1 1534 ± 4 790 ± 12 1585 ± 6 808 ± 10 1623 ± 4 929 ± 10

1 d 1471 ± 4 700 ± 4 1544 ± 4 797 ± 18 1528 ± 4 802 ± 16 1517 ± 4 900 ± 5

10 d 1302 ± 3 680 ± 4 1514 ± 3 750 ± 7 1432 ± 4 708 ± 6 1453 ± 3 827 ± 7

30 d 1315 ± 2 660 ± 4 1519 ± 3 689 ± 4 1437 ± 3 658 ± 5 1450 ± 3 799 ± 8

90 d 1285 ± 4 603 ± 5 1416 ± 3 672 ± 3 1372 ± 4 600 ± 7 1351 ± 4 783 ± 8

The mean values ± SD
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This was not a case for the NPS2 pastes. On their storage
up to 90 days T1 and T2 declined perhaps due to a loss free
water as the result of limiting mobility being a consequence of
binding water in the paste network. In the WPS pastes relax-
ation times changed within the 30 days storage and then they
stabilized delivering an evidence for the stabilization of the
paste network structure. Comparison of the values of the re-
laxation times after 90 days storage led to a conclusion that in
every paste water was evacuated from the polymer network
nodes forming the fraction of free water. Additionally, large
differences in the relaxation times for particular pastes pointed
to differences in the modes of interactions between water and
starch and between starch chains. Thus, on could state that
long-term changes in particular pastes differed from one an-
other. Variation of the relaxation times provided quantitative
analysis of changes resulting from binding water and dynam-
ics of the water molecules. The relaxation times collected
employing low-field NMR allow an insight into rotational
modes of the water molecules in the system.

In binary pastes of NPS1 with non-starchy hydrocolloids the
mobility of the water molecules was substantially limited.
Simultaneously, quantitative changes in the free and boundwater
molecules could be observed solely in the NPS1 – XG pastes
(Fig. 2). In this case the monotonical increase of mean correla-
tion times was observed. It suggested that considerable number
of water molecules participated in the network formation.
Shorter relaxation times compared to those in the pastes free of
the non-starchy hydrocolloids likely resulted from the interven-
tion of hydrogen bonds in building nodes of the paste networks.

Binary NPS2 – non-starchy hydrocolloid systems showed
higher T1 values than these for pure NPS2 pastes. T2 for the
binary paste of that starch with GG also increased whereas it
remained unchanged in case of the corresponding gels with
XG and AG. That finding might be an evidence for a weak
starch – GG interactions as well as for a higher content of free
water in that binary system as compared to the NPS2 paste. In
the binary pastes of that starch with XG and AG dynamic
properties of water in the paste did not change.

In WPS binary pastes both relaxation times measured after
2 h storage increased as compared to the pastes free of hydro-
colloids. It delivered an argument that WPS did not interact
with those hydrocolloids (Table 1).

Changes of T1 and T2 on storage of NPS1 – XG binary
pastes were relatively small. It could be rationalized in terms
of a high stability of the network and its resistance to retrogra-
dation. In contrast to the behavior of T1 and T2 in these binary
pastes, these parameters for the pastes with both remained hy-
drocolloids considerably changed on prolonged storage. T1 for
the binary pastes of NPS1 with GG and AG decreased pointing
to decreasing amount of free water in the pastes on prolonged
time of their storage. The NPS1 binary paste with AG held
more such water than the NPS1 – GG paste. Changes of T2
reflecting changes of molecular dynamics showed that after

1 day storage of binary pastes of NPS1 with GG and AG was
significantly reduced. After 30 days storage T2 rose as a conse-
quence of an increase in the mobility of the water molecules,
that is, of increased syneresis. After the 90 days storage in the
NPS1 binary paste with GG dynamics of the water molecules
remained constant whereas in the relevant binary paste with AG
the limitation of the water moleculesmobility progressed. Thus,
one could state that XG most efficiently limited retrogradation
of starch and AGwas least efficient in that respect. T1 and T2 of
binary pastes of NPS2 with non-starch hydrocolloids declined
on the storage showing that the water was successively arrested
inside the paste network. Significant shortening of both relaxa-
tion times was observed just after 30 days what meant that in
that period retrogradation progressed efficiently. These changes
were least dynamic in the binary paste with XG manifesting
that this paste wasmost stable on the storage, that is, it wasmost
resistant to retrogradation. In the paste of NPS2 with AG T1
rose up to 90th day as a result of the change of the proportion of
free and bound water. On storage, relevant T1and T2 monoto-
nously declined with the storage time. Like in binary NPS2
pastes, these parameters for the WPS – XG binary pastes
changed to a least extent. Likely that behavior was associated
with binding water by XG rather than retarding retrogradation.

The rate of the relaxation processes in biological systems is
controlled to a great extent by molecular mobility. Depending
on the environment of water, in the biopolymer network
which is formed its binding may involve either hydrogen or
ionic bonds. Such binding allows free rotation of the water
molecules around such bonds. It is also known that in such
structures some water molecules are arrested in the nodes of
the polymeric network. It significantly limits their dynamics.

In such biological systems as biopolymeric pastes including
starch pastes of the concentration up to approximately 15%,
usually one component of both relaxation times can be ob-
served. It means that between molecules of water bound to
macromolecule and free water a fast chemical exchange takes
place. In such cases a mean time of the correlation can be deter-
mined. That parameter allows determination of the possibility of
free rotation of the water molecules and its limited dynamics in
the polymeric networks [46]. Mean correlation times, τc, can be
derived from the relaxation times, T1 and T2 involving the sys-
tem of the BPP equations (Eqs. 3 and 4) [47, 48]. This BPP
relaxation rates 1/T1 and 1/T2 concern spin pair of protons.

1

T1
¼ 3

10

μ2
0

16π2

γ4ℏ2

r60

τ c
1þ ϖτ cð Þ2 þ

4τc
1þ 2ϖτ cð Þ2

" #
ð3Þ
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¼ 3
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16π2
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1þ ϖτ cð Þ2 þ
2τ c

1þ 2ϖτcð Þ2
" #

ð4Þ

where: μ0 is the magnetic permittivity in vacuum [m kg s−2

A−2], γ is a hygrometric coefficient [s−1 T−1], ℏ is the Planck
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constant divided by 2π [m2 kg s−1], and r0 is a distance be-
tween water protons [m].

The time-dependent changes of mean correlation times
in analyzed starch pastes are presented in Fig. 1. Mean
correlation times for stored samples showed that studied
pastes distinguished from one another in molecular dy-
namics. NPS1 pastes were characterized with the shortest
relaxation times indicating that in these pastes the water
molecules had the best opportunity for rotation and that
these pastes contained the most free water. It could be
associated with the highest amylose content in that starch.
It facilitated retrogradation of those pastes. Moreover, in
the stored pastes the mean correlation times declined
pointing to a successive release of the water molecules
from the network. NPS2 formed polymeric structures for
whose the mean correlation times significantly increased
from the 10th day storage. Such behavior could result
from obscuring molecular movements by a formation of
stable solid state structures. In the WPS pastes dynamics

of water molecules remained stable in time pointing to the
stability of the relevant molecular systems.

Figures 2, 3 and 4 present variation of the mean correlation
times in pastes of starches and their binary systems with non-
starchy hydrocolloids.

Insight in the mean correlation times for binary NPS1
– hydrocolloid systems (Fig. 2) revealed that after the
1 day storing the admixture of non-starchy hydrocolloids
increased that parameter in respect to that for the paste of
NPS1 free of the admixture. It could point to binding
water in the relevant pastes in the initial stage of the
formation of the networks. After 30 days the mean cor-
relation times in the pastes rose above those found for
the paste free of hydrocolloids. It could mean that every
hydrocolloid inhibited removal of the water molecules
from the polymeric structures limiting their mobility.
Such phenomenon could result from the formation of
more compact structures within the pastes which resem-
bled solid state structures.

Fig. 1 Changes of the mean
correlation time in 5% (m/m)
starch pastes after 2 h (0.12 day)
and after 1, 10, 30 and 90 days
storage at 5o C

Fig. 2 Changes of the mean
correlation time in 5% (m/m)
NPS1 pastes without and with the
admixture of non-starchy hydro-
colloids after 2 h (0.12 day) and
after 1, 30 and 90 days storing at
5o C
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In that system, XG limited rotation of the water molecules
in time whereas AG substantially decreased direct values of
the mean correlation time. It suggested that compared to the
paste of NPS1 free of that hydrocolloid, AG added fluidity to
the paste decreasing its viscosity.

In binary NPS2 pastes with hydrocolloids (Fig. 3) differ-
ences of the mean correlation time and associated with them
differences of molecular dynamics of the water molecules in
pastes could be observed just after the 30 day cool storing.
After 90 days pastes of NPS2 with AG had the highest mean
correlation time among those with XG, GG and free of hydro-
colloid. Thus, the paste with AG bound most water. After
90 days, binary systems with XG and GG formed pastes of
similar dynamics of the water molecules. However, it should
be emphasized that on the prolonged storage, XG stabilized
molecular movements to a highest extent.

Blending WPS with hydrocolloids influenced the mean
correlation time of the corresponding pastes to a various
extent (Fig. 4). In the WPS binary pastes with GG the
mean correlation time rose fast with the storage time
pointing to a successive building structures of the solid
state character. Pastes of WPS with XG behaved similarly,
however, after the 90 day storage their mean correlation
time decreased providing an evidence for a weakening the
structure caused by progressing retrogradation. Moreover,
one could suppose that after 30 days, in the pastes with
GG and after 90 days in the pastes with XG and GG their
structure was stronger than that of the WPS paste free of
hydrocolloids. The mean relaxation time for the paste of
WPS with AG was always lower than that for the paste
free of hydrocolloid suggesting that it was more fluidal
and disposed with lower viscosity.

Fig. 3 Changes of the mean
correlation time in 5% (m/m)
NPS2 pastes without and with the
admixture of non-starchy hydro-
colloids after 2 h (0.12 day) and
after 1, 30 and 90 days storing at
5o C

Fig. 4 Changes of the mean
correlation time in 5% (m/m)
WPS pastes without and with the
admixture of non-starchy hydro-
colloids after 2 h (0.12 day) and
after 1, 30 and 90 days storing at
5o C
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Conclusion

Susceptibility of pastes of potato starch to retrogradation was
controlled, first of all, by the content of amylose. Amylose
favored retrogradation. On the initial period of storing the
length of the amylose chains played an essential role promot-
ing retrogradation. Apart fromNPS1 containingmost amylose
also WPS containing amylose of lower molecular weight
readily retrograded.

Non-starchy polysaccharide hydrocolloids applied for
blending potato starches influenced molecular properties
of water in the pastes, particularly on long-term retrogra-
dation. Admixture of Arabic gum to both normal potato
starches inhibited rotation of the water molecules within
first 10 days of storing, however, on the prolonged stor-
age the water molecules within those systems reached the
highest mobility. Admixture of that hydrocolloid to waxy
potato starch resulted in an essential reduction of the
mean correlation time what was associated with an inten-
sification of the mobility of the water molecules due to
considerable interactions of that hydrocolloid with short
amylopectin chains. In the blends of waxy starch with
guar and xanthan gums inhibition of rotational move-
ments of the water molecules was observed after 10 days
of storage. Since in hydrocolloid free pastes of waxy
starch mobility of water did not change in time the result
might suggest that both hydrocolloids bound water. In
case of both normal potato starches xanthan gum deter-
mined long-term changes of the mobility of the water
molecules and that effect was observed in the system of
the highest, 30%, content of amylose. In such system
after the 30 days storing arresting water molecules in
the paste structure played a principal role in limiting their
rotation. That effect was not observed in the pastes of
lower amylose content because the way of binding water
in starch significantly limited rotation of the water
molecules.
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