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Abstract

Several methods for measuring the freeze–thaw stability of starch gels can lead to inaccurate and imprecise estimates of syneresis due
to partial reabsorption of separated water by spongy starch gels. This study evaluates a method that combines centrifugation with simul-
taneous separation of released water through a separator and filter paper. The evaluation procedure used low- and high-amylose rice
flour gels treated to 5 freeze–thaw cycles. The traditional centrifugation method was unable to detect significant increases in syneresis
(p < .05) of medium-amylose gel after 4 freeze–thaw cycles due to formation of a water reabsorbing spongy structure in 4–5 cycles.
For high-amylose flour gel, which forms a spongy structure after the first freeze–thaw cycle, the traditional method did not detect sig-
nificant change in syneresis values in any of the freeze–thaw cycles. In contrast, the centrifugation–filtration method, which actively
separated released water and prevented its reabsorption, detected significant increases (p < .05) in syneresis with each cycle for med-
ium-amylose flour gels. When using this method with high-amylose flour gel, we detected high syneresis values after the first cycle which
stayed similar through 2–5 cycles indicating a progressive reduction in freeze–thaw stability of the samples which is consistent with the
fact that high-amylose rice flour gels have less freeze–thaw stability than do gels made from medium-amylose flour. In conclusion, this
study demonstrated that the centrifugation–filtration method measures syneresis with increased accuracy and precision. The authors
recommend adoption of this method for determination of freeze–thaw stability in starch gels.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Syneresis; Freeze–thaw; Stability; Starch; Gels

1. Introduction

As demand for ready-to-eat food products increases, a
variety of frozen foods are continually launched into world
markets. Upon freezing, however, water in the foods trans-
forms into ice, often resulting in physical stress to the food
matrix. When a frozen food is thawed for consumption, the
moisture is readily separated from the matrix and it causes
softening of the texture, drip loss, and often deterioration
of overall quality (Rahman, 1999).

In the freezing process, when starch pastes or gels are
frozen, phase separation occurs upon formation of ice crys-
tals. Upon thawing, a phenomenon known as syneresis

occurs with starch pastes and gels because the water can
be easily expressed from the dense network (Karim, Norz-
iah, & Seow, 2000). Repeating the cycle of freezing and
thawing enforces the phase separation and ice growth
(Eliasson & Kim, 1992). As the ice crystals become larger,
the syneresis and sponge formation occur more readily.
Syneresis in freeze-thawed gel is due to the increase of
molecular association between starch chains, in particular
retrogradation of amylose (Morris, 1990), expelling water
from gel structure (Saartratra, Puttanlekb, Rungsard-
thong, & Uttapap, 2005). Thus the amount of syneresis is
a useful indicator for the tendency of starch to retrograde
(Karim et al., 2000).

Freeze–thaw stability is an important property that is
used to evaluate the ability of starch to withstand the unde-
sirable physical changes occurring during freezing and

0144-8617/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbpol.2007.11.012

* Corresponding author. Tel.: +66 2 562 5027; fax: +66 2 562 5021.
E-mail address: fagisscr@ku.ac.th (S. Charoenrein).

www.elsevier.com/locate/carbpol

Available online at www.sciencedirect.com

Carbohydrate Polymers 73 (2008) 143–147

41



thawing. This property may be simply evaluated by gravi-
metric measurement of the water of syneresis that separates
from starch pastes or gels (Schoch, 1968; Wu & Seib, 1990).
Repeated freeze–thaw cycles that involve subjecting sam-
ples to repeated freezing and intermittent thawing to room
temperature over a period of 2–4 h are known to drastically
accelerate retrogradation and syneresis (Radley, 1976).

Several syneresis based measures for determination of
the freeze–thaw stability of starches have been reported.
However, the procedures for these methods have not been
standardized. In general, methods for measuring syneresis
fall into four groups. The most widely used group uses cen-
trifugation (Lee, Kim, Park, & Lee, 2006; Schoch, 1968;
Varavinit, Shobsngob, Varanyanond, Chinachoti, & Nai-
vikul, 2002; Yeh & Yeh, 1993; Yuan & Thompson,
1998). In this method, the weight of water extruded by cen-
trifugation at 1000–8000g is used to measure syneresis as
the percent reduction of the original gel mass (Yeh &
Yeh, 1993). However, the result of syneresis measurement
taken after a fixed number of freeze–thaw cycles may lead
to improper or misleading conclusions since some starch
pastes subjected to several freeze–thaw cycles may partially
reabsorb separated liquid upon standing for a short time at
room temperature.

The second group uses vacuum filtration of the freeze–
thaw gel samples through the filter paper with a constant
weight placed upon the sample during filtration. The extent
of syneresis is calculated as weight percent of water loss
based on the initial water content in the gel (Lee, Baek,
Cha, Park, & Lim, 2002).

The third group uses gravimetric drip of expelled water
from the thawed gels. In this method the thawed starch gel
was placed into a glass funnel, allowing the water to drip
out for 2 h by gravity (Chen, Schols, & Voragen, 2003).

The fourth group uses themeasurement of diameter of the
released water front on the filter paper from contacting the
freeze–thaw sample with controlled time. The extent of syn-
eresis is calculated as difference in diameter of released water
front of the freeze–thaw sample and unfrozen sample after a
controlled time as compared with the diameter at the initial
contact time (Ferrero, Martino, & Zaritzky, 1994).

The second, third, and fourth methods could partially
prevent or eliminate the problem of re-absorption of
extruded water; however, these methods either consist of
complicated steps or require a long time to perform. More-
over, if the measurement conditions are not properly con-
trolled, the results will lack precision.

In this paper, we present an alternative approach to sep-
arate the released water by combined method of low force
centrifugation with simultaneous separation of the
extruded water through a drilled hole separator and filter
paper. Two types of rice flour with medium- and high-amy-
lose content were used to verify our proposed techniques.
Both rice flour pastes exhibited different frozen structure
after being subjected to repeated freeze–thaw cycles. The
traditional and widely used method with centrifugation
was selected to compare with our proposed method. These

two methods measure the released water after freeze–thaw
starch gel was subjected to a centrifugal force.

2. Materials and methods

2.1. Materials

Two varieties of Thai rice Khao Dok Mali 105-
KDML105 and Luang 11-L11 from the Kalasin province
were selected for the study. The crude rice was stored for
six months prior to milling in Karasin Rung Rueng Rice
Mill Factory. Rice was wet milled and then dried at
45 �C for 5 h. Resulting flours were then ground in a ham-
mer mill and passed through a 100 mesh sieve. The granule
size of KDML 105 was 2.8–5.1 lm with mean diameter of
3.8 ± .7 lm and L11 was 2.3–5.6 lm with mean diameter
of 3.9 ± .9 lm. KDML 105 and L11 rice flour contained
7.68 and 10.59% moisture and 17.58 and 32.48% amylose
contents, respectively (AACC, 2000).

2.2. Flour gel preparation

Rice flour suspensions (9% total solid w/w wet basis)
were prepared by mixing the starch in distilled water and
stirring continuously at 250 rpm for 1 h followed by
200 rpm at 85 �C for 25 min. The suspensions were then
loaded into 10 ml syringes (20 mm in diameter) and
steamed for 9 min. Finally, the samples were placed in an
incubator at 25 �C for 2 h.

2.3. Freezing and thawing

Flour gel samples were frozen in chest freezer at �18 �C
for 22 h and then thawed at room temperature for 2 h. This
freeze–thaw cycle was repeated for up to 5 cycles.

2.4. Syneresis measurement

Two methods for measuring syneresis were compared.
For method 1, thawed flour gel samples were removed
from the syringes and put in centrifuge tubes with closed
screw caps. Samples were centrifuged at 8000g for
15 min. The supernatant was decanted and the residue
was weighed. The percentage of syneresis was then calcu-
lated as follows:

%Syneresis ¼ Weight of separated liquid from gel

Total wt: of gel before centrifuging
� 100

For method 2, the syneresis was determined in the cylin-
drical plastic tube with filter paper (Whatman No. 41) on
the drilled holes (.7 mm diameter, 13 holes) at the bottom.
The cylindrical plastic tube was placed in centrifuge tubes
as shown in Fig. 1. Centrifuge tube (28 · 104 mm) was
weighed (wt0). A single piece of Whatman No. 41 filter
paper (24 mm diameter) was placed at the bottom of the
cylindrical plastic tube with cover, after which the tube
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set was weighed (wt1). Thawed flour gels were added to
each tube set (added into cylindrical plastic tube with
cover) and the tube set with sample was weighed (wt2)
again. The tube was then centrifuged at 100g (centrifuge
DAMON/IEC division) for 15 min. The cylindrical plastic
tube with cover was pulled from centrifuge tube, before
final weighing (wt3). The liquid separated from starch gel
was weighed and the syneresis percentage calculated as
method 1. The data were reported as averages of five
measurements.

2.5. Frozen structure by scanning electron microscope

(SEM)

The freeze–thaw samples were cut and gradually dehy-
drated in 50, 70, 90%, and absolute ethanol at room tem-
perature for 24 h at each concentration and finally
dehydrated using a critical point dryer. The cut surface
samples were mounted on the stub, coated with gold, and

observed with a JSM-5600LV microscope (JEOL, Eng-
land). The accelerating voltage and the magnification are
shown on the micrographs.

2.6. Statistical analysis

We used a completely randomized design. The difference
between means was determined using the Duncan’s new
multiple range test. All statistical analyses were performed
using SPSS 12.0 for Windows.

3. Results and discussion

3.1. Structure of freeze–thaw gels

To elucidate the relationship between the syneresis and
the structure of rice flour gels, the microstructure of
freeze-thawed gels was examined using SEM. Specimen
images are shown in Fig. 2. There were clear differences
in microstructure in KDML105 and L11 flour gels after
1–3 freeze–thaw cycles. The freezing and thawing processes
resulted in pores in the gels. However, for KDML 105,
medium-amylose, flour gel treated with 1–3 freeze–thaw
cycles appeared to have less well-defined pores embedded
in a weak matrix and a texture that was similar in appear-
ance to mashed wet tissue paper (Fig. 2a). In contrast, after
4–5 cycles, the texture of the flour gels changed to a
sponge-like structure (Fig. 2b). The pores resulting from
ice crystal formation and thawing were more clearly seen
and the matrix surrounded pores were stronger due to
increasing retrogradation of the starch matrix from
repeated freeze–thaw cycles.

Filter paper (φ 24 mm) 
on the bottom with φ 0.7 
mm drilled-holes

Centrifuge tube 
(28 × 104 mm) 

Cylindrical plastic tube 
With cover (25 × 50 mm) 

Fig. 1. Apparatus for centrifugation–filtration of gels (tube set).

Fig. 2. SEM images of freeze–thaw rice flour gels. (a) KDML 105 after 3 cycles, (b) KDML 105 after 5 cycles, (c) L11 after 3 cycles, and (d) L11 after 5
cycles.
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Freeze-thawed L11, high-amylose, flour gels behaved
differently. The well-defined spongy structure with termite
gallery-like pores appeared after 1 freeze–thaw cycle, and
there were no additional significant changes in frozen struc-
ture during 4 more cycles. The frozen structure of L11 flour
gel cycles 3 and 5 is shown in Fig. 2c and d. The matrix sur-
rounding the pores was thick and strong due to retrograda-
tion of amylose.

3.2. Syneresis

Method 1 and method 2 show that both rice flour gels
synerese after 1–5 freeze–thaw cycles. However, the results
from each method differed (Table 1). Moreover, the stan-
dard deviations for results clearly show that method 1
results had much larger variation for both rice flour gels.
This indicates that method 1 is less precise than method 2.

For KDML 105, medium-amylose rice flour, method 1
and method 2 resulted in similar syneresis after 1 freeze–
thaw cycle. However, the results after 2–5 cycles using both
methods were different. Method 1 resulted in significant
increase of syneresis values (p < .05) from freeze–thaw
cycles 1–3. However, after fourth and fifth freeze–thaw
cycles the percentage of syneresis decreased. This decrease
was likely from the changes in gel structure to sponge-like
structure (Fig. 2b). This structure easily reabsorbed most of
the extruded water if the water separation was too slow.
Chen et al. (2003) state that the spongy structure made it
difficult to measure the excluded water because, after cen-
trifugation the sponge-like gel reabsorbed most of the sep-
arated liquid, which led to misleading results. Similarly,
Yuan and Thompson (1998) also encountered the same
problem in their research. Since the flour gel directly con-
tacted the released water, separation of the water was dif-
ficult to control, leading to results with high standard
deviations. In contrast, method 2 exhibited a continuous
significant increase (p < .05) in the syneresis values with
increasing freeze–thaw cycles. The flour gel with spongy
structure from 4 to 5 freeze–thaw cycles could not reabsorb
the extruded water back into the gel matrix since the
extruded water was readily separated out from the gel
and was collected at the bottom of the centrifuge tube. This
result is reflected in the changes in gel structure from cycles
3 to 4 and 5 as shown in Fig. 2a and b.

For L11, high-amylose rice flour, method 1 resulted in
nonsignificantly low syneresis values in all freeze–thaw
cycles. This could be misleading. These rice flour gels
showed a sponge-like structure since passing after the first
freeze–thaw cycle and through the fifth freeze–thaw cycle
(Fig. 2c and d). Again, method 1 could not separate
extruded water fast enough before it was reabsorbed into
the spongy gels. The large variation in results of each cycle
was noticeable. On the other hand, method 2 resulted in
high syneresis values after the first cycle and changed little
through 2–5 freeze–thaw cycles. This indicates a reduction
in freeze–thaw stability of the samples, which correlates to
the fact that high-amylose rice flour gels are of less freeze–
thaw stability than medium-amylose rice flour gels. Using
method 1 could not clearly show this fact.

Another advantage of method 2 is that it used low cen-
trifugal force of 100g which would not cause severe distor-
tion to the freeze–thaw gel.

4. Conclusion

This study reported on the advantages of using a combi-
nation of centrifugation and filtration method for measur-
ing syneresis in rice starch gels. This method has proved to
be successful in determination of syneresis in freeze–thaw
rice flour gels and offers important advantages over centri-
fugation method. The results obtained from medium- and
high-amylose rice flour gels correlated well to the structure
of freeze–thaw gels by SEM. Moreover, the results had less
variation than those of traditional centrifugation method
due to simultaneous separation of the released water.
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a b s t r a c t

Rice starch gels subjected to repeated freezing and thawing tend to decrease in quality. This study inves-
tigated how the addition of sucrose to rice starch gels affects factors commonly used to measure quality.
Rice starch gels containing 0–20% sucrose were treated to 5 freeze–thaw cycles. The result showed that
sucrose effectively reduced the % syneresis. Scanning electron micrographs of freeze–thaw gels showed
that smaller pore size and a thicker surrounding matrix corresponded with increasing sucrose concentra-
tion. Furthermore, the amount of freezable water in starch systems decreased with increasing sucrose
concentrations, which also corresponded with gel microstructure. These results suggest that re-associa-
tion of starch chains (retrogradation) induced by freeze–thaw treatment is retarded by sucrose. This
study showed that sucrose is an effective agent for preserving the quality of freeze–thawed rice starch
gels.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

New and innovative frozen food products are continually being
launched into world markets as a result of lifestyle changes by con-
sumers. Upon freezing, however, water in these foods transforms
into ice, often resulting in physical stress to the food matrix. When
a frozen food is thawed for consumption, the moisture is readily
separated from the matrix and it causes softening of the texture,
drip loss, and often lead to deterioration of overall product quality
(Rahman, 1999).

In the freezing process, when starch pastes or gels are frozen,
phase separation occurs upon formation of ice crystals. Upon thaw-
ing, a phenomenon known as syneresis occurs with starch pastes
and gels because the water can be easily expressed from the dense
network (Karim, Norziah, & Seow, 2000). Repeating the cycle of
freezing and thawing enforces the phase separation and ice growth
(Eliasson & Kim, 1992). As the ice crystals become larger, the syn-
eresis and sponge formation occurs more readily. Syneresis in
freeze–thawed gel is due to the increase of molecular association
between starch chains, in particular retrogradation of amylose
(Morris, 1990), expelling water from gel structure (Saartratra, Putt-
anlekb, Rungsardthong, & Uttapap, 2005). Thus the amount of syn-
eresis is a useful indicator for the tendency of starch to retrograde
(Karim et al., 2000).

Freeze–thaw stability is an important property that is used to
evaluate the ability of starch to withstand the undesirable physical

changes that may occur during freezing and thawing. This property
may be simply evaluated by gravimetric measurement of the water
of syneresis that separates from starch pastes or gels (Schoch,
1968; Wu & Seib, 1990). Multiple freeze–thaw cycles that involve
subjecting samples to repeated freezing and intermittent thawing
to room temperature over a period of 2–4 h are known to drasti-
cally accelerate retrogradation and syneresis (Radley, 1976; Yuan
& Thompson, 1998).

The effect of starch modification on freeze–thaw stability of dif-
ferent starch gels has been investigated in numerous studies (Hung
&Morita, 2005; Kaur, Singh, & Singh, 2004; Pal, Singhal, & Kulkarni,
2002; Reddy & Seib, 2000). However, few studies have investigated
the role of food ingredients on freeze–thaw stability in starch gels.
Sucrose is one of the major food ingredients and about 108 tonnes
are produced annually (Izydorezyk, 2005). It is a common ingredi-
ent in baked and processed foods. Research on the effects of su-
crose upon the retrogradation of starch gels has been conflicting
and inclusive. Sugars have been shown to retard retrogradation.
I’Anson et al. (1990) and Chang and Liu (1991) found that sugars
reduced crystallinity in retrogradated wheat starch gels. Kohyama
and Nishinari (1991) found that sugars decreased retrogradation in
sweet potato starch pastes. Katsuta, Nishimura, and Miura (1992)
reported that sugars inhibited retrogradation of rice starch gels.
Lii, Lai, and Liu (1998) reported that sugars showed marked sup-
pression effects on retrogradation of rice starch gel. Baker and
Rayas-Duarte (1998) found that adding sugars to amaranth starch
gels had varying results, but for the most part, sugars showed sim-
ilar or increased stability when compared with a control freeze–
thaw. Other researchers have found accelerated retrogradation
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with sugars. An increased rate of retrogradation was reported with
the addition of sugars to corn and rice starch gels (Chang & Liu,
1991; Germani, Ciacco, & Rodrigues-Amaya, 1983). Maxwell and
Zoble (1978) reported increased rate of crystallization in wheat
starch gels with the addition of sugar. The majority of their
research used differential scanning calorimetry technique to mea-
sure the extent of retrogradation due to amylopectin reorganiza-
tion. This may not correlated well with the freeze–thaw stability
of starch gels, which is mainly due to amylose re-association. Only
two studies investigation the effect of sucrose on the freeze–thaw
stability of starch gels have been reported in the literature (Ahmad
& Williams, 1999; Baker & Rayas-Duarte, 1998).

In the present study, change in % syneresis (reflective freeze–
thaw stability) of sucrose added rice starch gels were correlated
with concomitant changes in microstructure observed by scanning
electron microscopy. Freezable water of sucrose added to rice
starch gels were determined and used to elucidate these results.

2. Materials and methods

2.1. Materials

Rice starch was supplied by Cho Heng Rice Vermicelli Factory
Co., Ltd. (Nakorn Prathom, Thailand). The amylose content of the
rice starch was 31.60% as determined by the method of Juliano
(1971). Food-grade sucrose (Mitr Phol Sugar Co., Ltd., Supanburi,
Thailand) was purchased from a local supermarket.

2.2. Starch gel preparation

The preparation of starch gel followed the method of Charoen-
rein, Tatirat, and Muadklay (2008). Rice starch suspensions (8% to-
tal solid w/w wet basis) containing 0%, 10% and 20% w/w sucrose
were heated to 80, 82.5 and 87 �C for 25 min, respectively. The sus-
pensions were then loaded into 10 ml syringes (20 mm in diame-
ter) and steamed for 9 min. Finally, the samples were placed in
an incubator at 25 �C for 2 h.

2.3. Freezing and thawing

Starch gel samples were frozen in a chest freezer (Sanyo refrig-
erator, model SF-C1497) at �18 �C for 22 h and then thawed at
room temperature for 2 h. This freeze–thaw cycle was repeated
for up to 5 cycles.

2.4. Syneresis measurement

Syneresis measurement was modified from methods of Cha-
roenrein et al. (2008) and Baker and Rayas-Duarte (1998). The
thawed starch gel samples were removed from syringes and put
in the cylindrical plastic tube with filter paper (Whatman No.
41). The cylindrical plastic tube was placed in centrifuge tubes.
The tube was then centrifuged at 100g (centrifuge CN-1050, MRC
Ltd., Holon, Israel) for 15 min. The amount of liquid separated from
the gel was measured in a burette. The percentage of syneresis was
then calculated as the ratio of the amount of liquid separated (ml)
to the total weight (g) of the gel before centrifugation and multi-
plied by 100. The data were reported as averages of three
measurements.

2.5. Frozen structure by scanning electron microscope (SEM)

The freeze–thaw samples were cut and gradually dehydrated in
50%, 70%, 90% and absolute ethanol at room temperature for 24 h
at each concentration and finally dehydrated using a critical point

dryer. The cut surface samples were mounted on the stub, coated
with gold and observed with a JSM-5600LV microscope (JEOL, Eng-
land). The accelerating voltage and the magnification are shown on
the micrographs.

2.6. Determination of freezable water

Freezable water is defined as water that can phase separate
within the sample matrix and, when sufficiently cooled, from ice
crystals detectable by DSC (Reid & Kerr, 1993). A differential scan-
ning calorimetry (Pyris-1, Perkin Elmer, Norwalk, CT, USA) with
PyrisTM operation software was used for determination of the
amount of freezable water in starch systems. The instrument was
calibrated with indium. The weight ratio between dry solids of
starch and water remained constant (1:2.3), whereas the sucrose
addition was either 1:2.7 or 2.25:2.7, based on the dry weight of
starch. Rice starch (5.4 mg, dry basis) and sucrose (0, 2 or
4.5 mg) were placed in a stainless steel pan, and then a microsy-
ringe was used to add distilled water (12.6 mg) until the starch–su-
gar mixture was fully wet. The water was allowed to evaporate on
a balance, until the ratio between starch and water reached exactly
1:2.3, and then the pan was hermetically sealed. Using an empty
pan as reference, the sample pan was cooled to �60 �C at 30 �C/
min, and then held at that temperature for 20 min. Then heated
to 160 �C at 10 �C/min. The sample was then cooled to �60 �C
and held for 20 min once more, before heating to 160 �C at 10 �C/
min again. Based on the known heat of fusion of ice of 334 J/g,
freezable water (g water/g solids) was calculated from the area un-
der the ice melting endotherm of the second scan. All measure-
ments were done in duplicate.

2.7. Statistical analysis

We used a completely randomized design. The difference be-
tween means was determined using the Duncan’s new multiple
range test. All statistical analyses were performed using SPSS
12.0 for Windows.

3. Results and discussion

3.1. Syneresis

Freeze–thaw stabilities of starch gels were assessed by measur-
ing liquid separated after freezing/thawing 1–5 cycles. The effect of
sucrose on the amount of syneresis in rice starch gels is presented
in Table 1.

In the first to fifth cycles, the analysis of variance shows that
rice starch gels without sucrose and rice starch gels containing
10% and 20% sucrose significantly (p 6 0.05) affects the percentage
of syneresis of rice starch gels. Freeze–thawed rice starch gels no
containing added sucrose had a high syneresis value (55%) after
the first cycle and showed little change through subsequent
freeze–thaw cycles. On the other hand, freeze–thaw rice starch
gel with sucrose showed markedly lower in % syneresis and be-
haved differently from that of without sucrose addition. Starch gels
containing 10% sucrose which had 14.84% syneresis in the first cy-
cle, showed an obvious increase in syneresis value to 25.37 after 2
freeze–thaw cycle. After that the syneresis values changed slightly
through 3–5 cycles. Starch gels containing 20% sucrose which had
only 1.25% syneresis in the first cycle, showed a progressive in-
crease in syneresis values, 4.64–25.20%, through 1–3 cycles. How-
ever, after fourth and fifth freeze–thaw cycles, the percentage of
syneresis slightly increased. Our finding agreed with Baker and
Rayas-Duarte (1998) who found that 10% and 20% sucrose addition
into amaranth starch gels significantly improved the stability of

T. Arunyanart, S. Charoenrein / Carbohydrate Polymers 74 (2008) 514–518 515



Author's personal copy

the starch gels after 2 cycles. However, after more repeated freeze–
thaw cycles, they observe no significant differences in freeze–thaw
stability between sugar added amaranth starch gels and control
samples. The observed difference between Baker & Rayas-Duarte’s

results and ours is probably due to measurement method and
starch types used in each experiment.

It is well known that when a starch gel is frozen, starch-rich re-
gions are created in the matrix, where water remains partially un-
frozen. High solid concentration in the regions facilitates the starch
chains to associate forming thick filaments, whereas water mole-
cules coagulate into ice crystals forming a separated phase. These
effects contribute to spongy structure and released liquid or syner-
esis (Ferrero, Martino, & Zaritzky, 1993; Lee, Baek, Cha, Park, & Lim,
2002), which can be reduced by adding sucrose (Fig. 1). However,
after increasing freeze–thaw cycles, starch gel containing sucrose
increasing syneresis values. This indicates that acceleration of
starch chain association and progressive larger ice crystals forma-
tion by repeated freezing and thawing reduce the influence of su-
crose on freeze–thaw stability of starch gels.

Table 1
Percentage of liquid separated (syneresis) of rice starch gels (8% w/w) containing sucrose 0%, 10% and 20% at each freeze–thaw cycle

Sample Syneresis (%)*

1 cycle 2 cycle 3 cycle 4 cycle 5 cycle

Rice starch 55.02 ± 0.57aAB 57.25 ± 0.39aC 55.41 ± 0.41aB 55.62 ± 0.39aB 54.54 ± 0.27aA

Rice starch + 10% sucrose 14.84 ± 2.16bA 25.37 ± 1.53bB 28.34 ± 2.70bBC 31.05 ± 6.28bBC 34.47 ± 5.25bC

Rice starch + 20% sucrose 1.25 ± 0.36cA 4.64 ± 1.20cB 25.20 ± 2.54bC 28.57 ± 1.41bD 32.54 ± 1.80bE

a–cMean values in each column with different superscripts are significantly different (p 6 0.05).
A–EMean values in each row with different superscripts are significantly different (p 6 0.05).

* The values reported as means ± standard deviation.

Table 2
The amount of freezable water in starch systems

Sample Amount of freezable water
(g water/g solids) in starch systems (gelled)*

Rice starch 1.638 ± 0.008a

Rice starch + 10% sucrose 1.157 ± 0.005b

Rice starch + 20% sucrose 0.842 ± 0.006c

a–cMean values in each column with different superscripts are significantly different
(p 6 0.05).

* The values reported as means ± standard deviation.

Fig. 1. SEM images of rice starch gels (8% w/w) containing sucrose (0%, 10% and 20%) after freeze–thaw for 1, 3 and 5 cycles (100�, Bar = 100 lm).
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3.2. Structure of freeze–thaw starch gels

To elucidate the relationship between the syneresis and the
microstructure of rice starch gels, the microstructure of freeze–
thawed gels was examined using SEM. Images of treated speci-
mens are shown in Fig. 1. Clear differences were observed in the
microstructure of rice starch gels after 1–5 freeze–thaw cycles
for both gels with and without added sucrose. All freeze–thaw
treated starch gels developed a spongy structure which can be
attributed to amylose retrogradation and ice crystal formation.
Along with syneresis, a thick fibrillar network of starch gel was
formed in the spongy structure during the repeated freeze–thaw
cycles; similar findings were reported by Ferrero et al. (1993). In
rice starch gel with no sugar added, the microstructure after the
first freeze–thaw cycle produced pores in the gel (Fig. 1a). After
the third and fifth freeze–thaw cycle, the starch gels had slightly
larger pores but the matrix surrounding pores showed similar
thickness (Fig. 1b and c). These structural findings correlate well
with insignificant changes in syneresis values found after 1–5
freeze–thaw cycles of rice starch gel with no sucrose addition.
After 1 freeze–thaw cycle, the starch gels containing 10% sucrose
appeared to have smaller pores but have thicker matrix sur-
rounded the pores (Fig. 1d). After 3 and 5 freeze–thaw cycles, pore
size increased while matrix thickness decreased (Fig. 1e and f). In
20% sucrose systems after 1 freeze–thaw cycle, the matrix sur-
rounded the pores was thickest and the pores were smallest
(Fig. 1g–i). However, with succeeding freeze–thaw cycles, the ma-
trix surrounding pores in the starch gels became thinner and more
compact and the pores became larger (Fig. 1h and i). In the rice
starch gels containing added sucrose and treated to multiple
freeze–thaw cycles change in microstructure corresponded closely
with increased percent syneresis.

The specimen images showed that sucrose effectively stabilized
the microstructure of rice starch gels because sucrose could main-
tain the matrix surrounding pores in the starch gels. We speculate
that increasing the concentration of sucrose in starch gels may re-
tard amylose retrogradation by a mechanism that slows amylose–
amylose re-association.

3.3. DSC studies of freezable water in starch systems

The amount of freezable water in starch systems significantly
decreased (p6 0.05) with increasing sucrose concentration (Table 2).

The results show that sucrose hydrated water in starch systems
leads to lower amounts of freezable water. Thus, pores size re-
sulted from ice crystals formation were smaller and the matrix sur-
rounded pores were thicker.

Simple linear regression of freezable water on syneresis pro-
duced very high model fit (r2 = 0.975) suggesting a linear relation-
ship between the amount of freezable water and % syneresis after 1
freeze–thaw cycle (Fig. 2).

It can be noted that starch based frozen foods containing su-
crose would show a low syneresis value after the first freeze–thaw
cycle. However, if production, distribution, storage and consumer
handling conducted without proper care and allowed the foods
subjected to more than 2 freeze–thaw cycles, increase in syneresis
as well as spongy structure can be noticeable.

4. Conclusions

The addition of sucrose was shown to be an effective agent for
the reduction of syneresis in rice starch gels subjected to repeated
freeze–thaw cycles. In this work, sucrose was most effective in
enhancing freeze–thaw stability of starch gels at 20%. Therefore,
sucrose could retard changes in the texture in rice starch gel to
spongy structure during repeated freeze–thawing. Moreover, the
amount of freezable water in starch systems was decreased with
increasing sucrose concentrations, which correlated to gel micro-
structure and % syneresis. This research shows that sucrose can
be a useful additive for preservation of the quality of frozen food
products.
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a b s t r a c t

It is well accepted that high undercooling or supercooling usually produces numerous small ice crys-
tals. This paper shows that if heat transfer is not rapid enough, high undercooling causes non-homog-
enous sized ice crystals. Three freezing regimes (i.e. fast, slow and slow with undercooling) were used
in this study. Fast freezing produced numerous homogeneously small ice crystals embedded in a thin
rice starch gel matrix. This microstructure caused low % syneresis and hardness versus slow freezing’s
rather homogenous distribution of fewer large ice crystals embedded in a thicker gel matrix resulting
in high % syneresis and hardness. However, slow freezing with undercooling produced non-homoge-
nous clusters involving small and large ice crystals embedded in a very thick gel matrix. Starch retro-
gradation before ice formation played an important role in this frozen structure. The information
gained from this study enhances understanding of the behavior of starch-based food during freezing
and storage.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Freezing has been recognized as an excellent and fairly wide-
spread method of preserving food products, especially ready to
eat meals which increasingly play an important role in today’s
lifestyle. The freezing process involves removing sensible and
latent heat in order to lower product temperature generally to
�18 �C or below (Delgado and Sun, 2001). During freezing, nucle-
ation of ice occurs when the temperature of a food is lowered to
the initial freezing point and this is followed by ice crystal
growth.

Undercooling, sometimes called supercooling, is the phenom-
enon where the temperature of a solution or material is reduced
below its freezing point without ice crystallization occurring (IIR,
2006). Undercooling is a non-equilibrium, metastable state,
which is analogous to an activation energy necessary for nucle-
ation process (Fernández et al., 2006). It is well accepted that
the number of nuclei formed is directly proportional to the
extent of undercooling reached in the sample before nucleation
occurs (Burke et al., 1975; Gilpin, 1977). There are several inves-
tigations showing that a higher extent of undercooling causes
smaller ice crystal formation in pressure shift freezing (Fernán-
dez et al., 2007; Fuchigami et al., 2002; Kalichevsky-Dong

et al., 2000) and in conventional freezing (Miyawaki, 2001;
Petzold and Aguilera, 2009). However, there has been no pub-
lished data on undercooling induced by slow freezing and its
impact on ice crystal size and the properties of starch gels.

The rate of freezing is also known to affect the retrogradation
rate of starch gels. Slower freezing rates increase both starch
molecular associations and precipitation (Jacobson and BeMiller,
1998) and result in a harder rice starch gel (Varavinit et al.,
2002) and a harder texture in cooked pasta (Olivera and Salva-
dori, 2009) as well as high syneresis in tapioca starch gel
(Muadklay and Charoenrein, 2008). The beneficial effects of fas-
ter freezing can be attributed to the prevention or retardation of
the formation of retrogradation nuclei due to the rapid transition
through the rubbery state during which both nucleation and the
propagation of starch chain association occur (Ferrero et al.,
1994).

In this study, we were able to consistently create an undercool-
ing condition associated with slow freezing rice starch gels and
then to compare the ice crystal size, microstructure, syneresis
and texture of this frozen gel with fast and slow frozen gels. Syn-
eresis and changes in texture are two of the most important prop-
erties of frozen starch-based foods which affect acceptability by
consumers. The outcome of this research would be a benefit in
gaining a greater understanding of the freezing process and its
behavior in a model system as well as in frozen cooked rice or
starch-based products.
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2. Materials and methods

2.1. Materials

Rice starch was supplied by Thai Flour Industry Co., Ltd. (Bang-
kok, Thailand). The amylose content of the rice starch was 37.50%
as determined by the method of Hoover and Ratnayake (2001).

2.2. Starch gel preparation

The preparation of starch gel followed the method of Charoen-
rein et al. (2008). Rice starch suspension (8% total solid w/w wet
basis) was heated to 80 �C for 25 min. The suspension was then
loaded into 10 ml syringes (20 mm in diameter) and steamed for
9 min. Finally, the samples were placed in an incubator at 25 �C
for 2 h.

2.3. Freezing and thawing

Starch gel samples were frozen using three systems. Systems (i)
and (ii) used a cryogenic cabinet freezer (Minibatch 1000 L; Bang-
kok Industrial Gas Co., Bangkok, Thailand) which allowed the flow
rate of liquid nitrogen to be adjusted creating a cold atmosphere of
�80 �C and�20 �C respectively and (iii) used a chest freezer (Sanyo
refrigerator, model SF-C1497) at �20 �C. The temperature inside
this freezer after sample loading was around 10–12 �C before the
freezer door was closed. During freezing, sample temperatures
were recorded using thermocouples placed in the sample cylinders
at surface and center positions. The temperature inside the freezer
was also recorded. Temperature measurements for (i) and (ii) were
recorded every 30 and 60 s respectively and every 10 min for (iii)
using a data acquisition system. Each experiment was repeated
twice. The frozen samples were first kept in a chest freezer at
�20 �C for 24 h and were then thawed at room temperature
(25 ± 2 �C) for 120 min. After thawing, they were removed from
the syringes prior to performing the following tests.

2.4. Determination of frozen structure with scanning electron
microscopy (SEM)

The freeze–thaw samples were cut and gradually dehydrated in
50%, 70%, 90% and absolute ethanol at room temperature for 24 h
at each concentration and finally dehydrated using a critical point
dryer. The cut surface samples were mounted on a stub, coated
with gold and observed using a JSM-5600LV microscope (JEOL,
England). The accelerating voltage and the magnification are
shown on the micrographs.

2.5. Syneresis measurement

Syneresis measurement followed the method of Charoenrein
et al. (2008). The thawed starch gel samples were removed from
their syringes and put in a cylindrical plastic tube with a perforated
bottom which was covered with filter paper (Whatman No. 41).
These tubes were then placed in centrifuge tubes and centrifuged
at 100g (centrifuge CN-1050, MRC Ltd., Holon, Israel) for 15 min.
The cylindrical plastic tube with cover was removed from the cen-
trifuge tube, and the liquid which had separated from the starch
gel was weighed. The percentage of syneresis was then calculated
as the ratio of the weight of liquid separated from the gel to the to-
tal weight of the gel before centrifugation and multiplied by 100.
The data were reported as the average of five measurements.

2.6. Texture measurement

The thawed rice starch gel was transferred from the syringe into
a rectangular mold (about 150 � 40 mm and 30 mm deep which
had a gap for sample cutting) and the middle of the gel was cut into
a sample 20 mm in length. The texture was determined using the
Texture Profile Analysis method (five replicates per treatment)
with a Stable Micro System (TA-XT plus) Texture Analyzer. Sam-
ples were compressed with a 100-mm diameter probe at a test
speed of 0.5 mm/s. The deformation level was 40% of the original
sample height and the gels were compressed twice. Hardness
was expressed as the maximum force exerted during the first com-
pression cycle.

2.7. Statistical analysis

A completely randomized design was used. The difference be-
tween means was determined using the Duncan’s new multiple
range test. All statistical analyses were performed using SPSS
12.0 for Windows.

3. Results and discussion

Rice starch gel was used as a model system in this investigation
because it is a common ingredient in foods. In addition to showing
sensitivity to freezing rate (Jacobson and BeMiller, 1998; Ferrero
et al., 1994; Muadklay and Charoenrein, 2008), it is semi-solid
and hence eliminates the possibility of convective heat transfer.
Thus, a relatively uniform distribution of ice crystals is produced.
Moreover, the frozen structure of a starch gel can be easily illus-
trated (Charoenrein et al., 2008).

3.1. Freezing of rice starch gel

Fig. 1a–c shows the temperature–time freezing curves obtained
experimentally for freezing rice starch gel under different freezing
regimes. Fast freezing i.e. freezing at �80 �C in a cryogenic freezer
lowered the sample temperature from 20 to �20 �C within 11 min
(Fig. 1a). A small but noticeable freezing plateau (around 6 min)
was observed after the sample reached the freezing point; how-
ever, no undercooling was observed. Fig. 1b shows the freezing
curve for slow freezing at �20 �C in a cryogenic freezer with a
freezing time of 59 min. It should be noted that the temperature
inside the freezer was lowered to �20 �C in only 10 min due to
the high efficiency of the freezer. A clear appreciable freezing pla-
teau (around 30 min) was observed; however no noticeable und-
ercooling was detected at this freezing rate. Fig. 1c shows a
freezing curve for slow freezing at �20 �C in a chest freezer with
a long freezing time of 307 min. It can be noted that the tempera-
ture inside the freezer after closing the freezer door was approxi-
mately 10 �C. This is due to the considerable length of time the
chest freezer was open during sample loading and the lower effi-
ciency of the chest freezer (as compared to the cryogenic freezer).
The time required for the chest freezer temperature to reach
�20 �C was about 100 min. In this freezing regime, clearly notice-
able undercooling was observed before the freezing plateau was
reached (at around 90 min). Our two separate experiments involv-
ing this freezing regime showed the same freezing curve pattern.
The average gel surface temperature was lowered to about
�7.5 �C before instantaneous ice formation took place. The surface
temperature lowered slightly faster than the center temperature.
After nucleation was initiated at the surface, a temperature
increasing appeared due to the released latent heat into the still
unfrozen gel from the frozen surface. Therefore a slightly higher
undercooling temperature at the center was noticed. Freezing
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profiles involving fast and slow freezing using the cryogenic free-
zer did not show undercooling and this might be because of the
conditions under which these samples were frozen and the rate
of heat transfer from the samples.

3.2. Frozen structure

The SEM images of frozen rice starch gels are shown in Fig. 2a–c.
Ice crystals were visualized as holes left in the matrix. Fast freezing
in the cryogenic freezer (�80 �C) produced, as expected, a large

number of small ice crystals and each crystal was surrounded by
a thin gelmatrix (Fig. 2a). The shape of the ice crystals was spherical
or oval and theywere uniformly distributed throughout the sample.
In contrast, slow frozen samples without undercooling contained a
few large ice crystals embedded in a thicker gel matrix (Fig. 2b). A
well-defined spongy structure with termite gallery – like pores
was evident in this sample. It is surprising that the structure of sam-
ples that were slow frozen with undercooling in a chest freezer
(Fig. 2c) was significantly different from that of fast and slow frozen
gels. A less homogenous frozen structure was observed in this sam-
ple. It was expected, based on Fig. 1c, that high undercooling would
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Fig. 1. Freezing curves of rice starch gels (8% w/w) at (a) �80 �C in cryogenic
freezer, (b) �20 �C in cryogenic freezer, and (c) �20 �C in chest freezer.

Fig. 2. SEM images of rice starch gels (8% w/w) after one freeze–thaw cycle (a)
frozen at �80 �C in a cryogenic freezer, (b) frozen at �20 �C in a cryogenic freezer,
and (c) frozen at �20 �C in a chest freezer (250�, bar = 100 lm).
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result in numerous small ice crystals in the frozen gel. However, the
SEM micrograph showed otherwise. A cluster of small spherical ice
crystals was surrounded by a few irregularly shaped large crystals
within a very thick gel matrix. This frozen structure can be ex-
plained by its freezing profile (Fig. 1c). First, during cooling and
undercooling which range in this sample from 10 to �7.5 �C, the
gel temperature fell slowly (0.3 �C/min) which allowed amylose
chains to retrograde to the highest extent as revealed by the pres-
ence of the thickest matrix around the ice crystals. In fact, several
investigations have reported that low temperature accelerates ret-
rogradation of starch gels or starch-based foods (Lin and Chein,
1995; Czuchajowska et al., 1998; Satmalee and Charoenrein,
2009). Second, although high undercooling is usually associated
with a high nucleation rate (Reid, 1983) and consequently results
in numerous small ice crystals (Miyawaki, 2001; Petzold and Aguil-
era, 2009), this phenomenon was not observed in this experiment.
We understood that although a high nucleation rate was induced,
with this slow freezing rate, the rate of heat removal was not suffi-
ciently rapid to facilitate the growth of all nuclei into ice crystals.
Instead, some ice nuclei might have melted due to the temperature
increasing after releasing latent heat of ice crystallization while
those remaining grew and became ice crystals. This explains the
occurrence of non-uniform ice crystals surrounded by a very thick
gel matrix.

3.3. % Syneresis

The determination of % syneresis from freeze–thaw starch gels
is used to evaluate the ability of starch to withstand the undesir-
able physical changes which occur during freezing and thawing.
Syneresis in a freeze–thawed gel is due to the increase in molecular
associations between starch chains, in particular the retrograda-
tion of amylose (Morris, 1990) which results in the expulsion of
water from the gel structure (Saartratra et al., 2005). Thus the
amount of water released due to syneresis is a useful indicator of
the tendency of starch to retrograde (Karim et al., 2000).

Our previous study showed that medium-amylose rice flour
(17.58%) gels had a significantly lower % syneresis after the first
freeze–thaw cycle than did high-amylose rice flour (32.47%) gels
(Charoenrein et al., 2008). This result implies that amylose plays
an important role in the retrogradation associated with freezing
and thawing.

Several studies on the effect of freezing rate on syneresis of
freeze–thaw starch gels have been reported. Fast freezing was
shown to result in lower syneresis (Muadklay and Charoenrein,
2008) or lower retrogradation (Jacobson and BeMiller, 1998; Ferre-
ro et al., 1994) than slow freezing. The beneficial effects of fast
freezing can be attributed to the prevention of starch retrograda-
tion nuclei formation due to the rapid transition through the rub-
bery state during which both nucleation and propagation occur
(Ferrero et al., 1994). In this study, we also found the same trend,
that is, the fast frozen rice starch gel had a significantly lower %
syneresis (18.02%) than the slow frozen starch gel (38.14%) as
shown in Table 1. It was expected that the starch gel frozen at a
slow freezing rate with undercooling freeze–thaw starch gel would

have the highest % syneresis. However, this starch gel had the low-
est % syneresis (1.92%) even though it retrograded to the greatest
extent. This apparent contradiction could be due to the fact that
the thawed water, especially that in the small pores surrounded
with big pores, (Fig. 2c) was trapped in the thick matrix. In this
study, we used a combination of centrifugation and filtration to
simultaneously separate the released water from the freeze–thaw
gels and to use this water as a measure of syneresis (Charoenrein
et al., 2008). A low centrifugation force (100g) was used to mini-
mize the impact of structural changes caused by high centrifuga-
tion force. However, the low centrifugation force applied in this
study might not be sufficient to expel the water present in the
thick matrix. When we removed these samples after centrifuging
them and pressed them between our fingers, a large amount of
water was released.

3.4. Texture

The textural properties of rice starch gels were studied after
freezing and thawing. Table 2 shows that starch gels that were fast
frozen and thawed were not as hard as were the slow frozen and
thawed gels. Fast freezing took the starchy foods through the tem-
perature zone for maximum staling faster than slow freezing (Kock
et al., 1995; Muadklay and Charoenrein, 2008); therefore, much
more starch retrogradation occurred during the slow freezing pro-
cess which consequently resulted in the higher hardness values for
the thawed gels. These results are consistent with the findings of
Ferrero et al. (1994) which showed that increasing the freezing rate
of 10% corn starch pastes decreased retrogradation. However, und-
ercooling associated with slow freezing resulted in the highest
hardness for the starch gels. The temperature range of this sample
(10 to �7.5 �C) was lowered slowly (0.3 �C/min) which allowed
amylose chains to retrograde to the greatest extent as revealed
by the thickest matrix around the ice crystals in these samples.
Several investigations have revealed that a temperature which is
low but is above the glass transition temperature accelerates retro-
gradation or an increase in the hardness of starch gels and starch-
based foods (Czuchajowska et al., 1998; Lin and Chein, 1995; Slade
and Levine, 1986). This thick matrix caused a high hardness in the
starch gel.

4. Conclusion

High undercooling can be achieved in rice starch gels using slow
freezing in a chest freezer. However, in this study, with a low rate
of heat transfer, a large number of the ice nuclei which formed sub-
sequently melted and this resulted in a non-homogenous frozen
structure. Clusters of relatively small ice crystals with some large
ice crystals embedded in a very thick gel matrix resulted due to
the large extent of retrogradation which occurred during the long
cooling and undercooling period. This frozen structure caused a
low % syneresis and high hardness which is different from starch
gel properties seen in normal fast and slow freezing. However, fur-
ther work on syneresis measurement with higher centrifugal force
needs to be conducted to elucidate the relationship between

Table 1
Percent of water separated (syneresis) of rice starch gel at 8% (db) with different
freezing rate. The samples were subjected to one freeze–thaw cycle.

Freezing rate Syneresis (%)

Fast freezing (cryo �80 �C) 18.02 ± 1.49b

Slow freezing (cryo �20 �C) 38.14 ± 0.69a

Slow freezing (chest �20 �C) 1.92 ± 0.36c

Mean values followed by the different letter are significantly different (p < 0.05).

Table 2
Hardness of rice starch gels with different freezing rate after subjecting to one freeze–
thaw cycle.

Freezing rate Hardness (N)

Fast freezing (cryo �80 �C) 3.92 ± 0.17c

Slow freezing (cryo �20 �C) 5.95 ± 0.14b

Slow freezing (chest �20 �C) 7.54 ± 1.98a

Mean values followed by the different letter are significantly different (p < 0.05).
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syneresis and microstructure of slow frozen rice gel with underco-
oling. This overall finding will assist in the understanding of
changes in starch-based food during freezing and storage.
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