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Abstract

One major problem with frozen fruits is a loss of texture. Therefore this study investigated the effects of the freezing
process on the freezing profiles, texture, and drip loss of apple, mango, cantaloupe, and pineapple fruit samples. All frozen-
thawed fruits varied in these three properties because of diversity in the fresh fruits. Mango had the highest total soluble
solids content and the lowest freezing point, whereas pineapple showed the highest freezing rate. The highest firmness and
crunchy texture were found in fresh apple, and these properties were absent in the other fresh fruits. The firmness of all
frozen fruits significantly decreased by different percentages as compared to those of the fresh fruits. The drip loss of each
fruit type was also significantly different with apple samples having the highest firmness decrease and drip loss. This study
shows that freezing characteristics and frozen fruit properties depend on type of fruit.
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1. Introduction

The use of the freezing process to increase the length
of fruit viability has gained widespread attention since the
reduction of available water due to ice crystal formation and
subzero temperatures provides an environment which favors
reduced chemical reactions leading to increased storage
stability (Zaritzky, 2006). However, freezing is not a perfect
method of preservation since even at low temperatures food
quality deterioration may still occur. The formation of ice can
result in textural changes and disruption of cell compartments
causing the release of chemically reactive components (Lim
etal.,2004).

Due to the high water content of many fruit types,
fruits are one of the most difficult of all food products to
freeze without causing changes in appearance, texture,
flavor, and color of the freeze-thawed product. In particular,
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one major effect of fruit freezing is a loss of tissue firmness
(Coggins and Chamul, 2004), but the related loss of water
holding capacity can also be a problem for many types of
frozen fruit. Fruit samples which exhibit excessive drip loss
on thawing may lack the proper juiciness when chewed lead-
ing to a perceived reduction in fruit quality (Kerr, 2004).

The effects of the freezing process on many fruit
types have already been reported. For example, Marin et al.
(1992) examined the chemical and biochemical changes in
mango after air blast freezing at -40°C and during storage at
-18°C for a 4 month period. They found that freezing mango
slices did not lead to changes in moisture content or soluble
solids content, however, the titratable acidity of the slices
decreased due to the freezing process. Bartolomé et al.
(1996) studied the sugar content and composition of pine-
apple after being frozen and stored in a cold room at -18°C for
a 12 month period. They reported that freezing the pineapple
fruit slices led to minimal changes in soluble solids and sugar
content (fructose, glucose and sucrose) after 1 year of frozen
storage. Simandjuntak et al. (1996) studied changes in the
composition, drip loss and color of cantaloupe and honey
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dew melon stored for 5 and 10 months at -23°C. They
reported a negative correlation between drip loss and total
neutral sugar content and a positive correlation between drip
loss and the pectin fraction yield as storage time increased.
Jie et al. (2003 ) measured the freezing points (during freezing
at -30°C) and soluble solids of 11 types of fruit. They found
a high negative correlation between soluble solids and
freezing point. Chassagne-Berces ef al. (2009) reported the
effects of three different freezing protocols (at -20°C, -80°C
and -196°C) on the mechanical properties of apple cylinders.
They found that freezing at -20°C and being immersed in
liquid nitrogen were the protocols which most affected the
fruit texture. Studies on the effect of the freezing process on
the quality of strawberry (Delgado and Rubiolo, 2005;
Modise, 2008), muskmelon (Maestrelli et al., 2001), raspberry
(Antonio, 2003), and kiwi (Talens et al., 2003) have also been
reported. These diverse studies show that the freezing
process has both chemical and physical effects on the
properties of frozen fruits. However, most previous research
studies examined only one type of fruit. Consequently, the
comparison of results between the different research projects
is complicated because of the variation in preparation and
analytical methods of each research.

Therefore, the objective of the present work was to
consistently investigate the freezing point and freezing rate
of several fruits (apple, mango, cantaloupe, and pineapple)
and the effect of the freezing process on the texture of these
frozen fruits.

2. Materials and Methods
2.1 Raw materials

Apples (cv. Fuji), mangoes (cv. Nam Dok Mai),
cantaloupes (cv. Sunlady), and pineapples (cv. Smooth
Cayenne) were purchased from the Si Mum Muang central
market in Bangkok, Thailand, during February to March 2010.
The fruits were selected for uniformity in size, maturity based
on the peel and flesh color, and total soluble solids content.
The measured total soluble solids contents at 25°C were in
the ranges of 11-14 °Brix for apples, 16-19 °Brix for
mangoes, 9-11 °Brix for cantaloupes, and 13—15 °Brix for
pineapples.

2.2 Sample preparation

Twenty percent of the total fruit length from the stem
and blossom ends of each fruit was discarded since these
segments are known to have highly diverse fruit properties,
particularly the firmness and sweetness. Only the central
segments of the fruit samples were used to help minimize
variation within the samples. All of the fruit samples were
washed, peeled, cut into 1.5 cm cubes and packed in plastic
bags.
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2.3 Freezing and thawing process

Thermocouples (K type, Omega engineering, USA.)
were inserted into the center of the fruit cubes and adhesive
tape was used to fix the thermocouples. All of the fruit cubes
were frozen at -40°C in a cryogenic freezer (Minibatch 1000L,
Bangkok Industrial Gas Co., Thailand), which allowed the
flow rate of liquid nitrogen to be adjusted, until the central
temperature of the samples reached -25°C. The frozen
samples were then stored at -18°C in a chest freezer (Sanyo
refrigerator, model SF-C1497, Japan) for 30 days before being
thawed at 8°C in a low temperature incubator (Low Tempera-
ture Incubator, IPP400, Memmert, Germany) prior to the
analysis of the frozen-thawed samples. The central tempera-
ture of the fruit cubes during the freezing and thawing
process were recorded every 1 min using the thermocouples
and a data logger (Presica 2002). The central temperatures,
which were the sample’s warmest point, were recorded for
two sample cubes in each replication. The experiments were
repeated twice.

The approximate initial freezing points for all of the
fruit samples were estimated from the freezing profile, using
the first obviously observed change in slope. The freezing
rate of the samples was expressed as the rate of temperature
decrease from the initial temperature (25°C) to -18°C per
minute (°C/min) (adapted from Chassagne-Berces et al.,
2010).

2.4 Moisture content and total soluble solids content

The moisture contents of all of the fresh fruit samples
were analyzed by drying the samples in a vacuum oven at
70°C until the samples reached a constant weight (AOAC.,
1999). For the total soluble solids content, the fresh fruits
were first blended and then crushed through cheesecloth.
The total soluble solids were then measured from the result-
ing fruit juices using a hand refractometer (Digital Hand-held
Pocket Refractometer, PAL-1, Atago, Japan). The measure-
ments were done in triplicate for each treatment.

2.5 Texture

The texture of the fresh and frozen-thawed samples
was determined using a Texture Analyzer (TA.XT2, Stable
Micro Systems, UK) with a 36 mm cylindrical flat head probe
(P36). The firmness was measured using a compression of
50% strain and a compression rate of | mm/s. The maximum
peak force was expressed as a firmness value in Newton. Ten
pieces of fruit were tested for each treatment. The firmness
decrease was calculated using the following equation:

Firmness decrease (%) = (F.—F)x 100 /F,

where F is the firmness of the fresh fruit cubes, and Fis the
firmness of the frozen-thawed fruit cubes.
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2.6 Drip loss

The drip loss of the frozen samples was measured
using the method outlined by Lowithun and Charoenrein
(2009). Four frozen sample cubes were laid over absorbent
paper and placed into a double layered zip lock plastic bag
to eliminate evaporation during thawing. Then the samples
were thawed at 8°C. The drip loss was measured by periodi-
cally weighing the absorbent paper until a constant value
was reached. The measurements were done in triplicate for
each treatment and the results were calculated using the
following equation:

Driploss (%)= (W W) x 100/ W_

where W is the weight of the absorbent paper prior to thaw-
ing, W, is the weight of the absorbent paper after thawing
and W _is the weight of the sample.

2.7 Statistical analysis

The collected data were analyzed using a one-way
analysis of variance with SPSS for Windows. Duncan’s
multiple range test was used to compare the means (p<0.05).

3. Result and Discussion
3.1 Freezing point and freezing profile

The temperature of each fruit sample was recorded
during the freezing process at -40°C. The freezing profiles of
the four types of fruit are shown in Figure 1. The approxi-
mate initial freezing points of all of the fruits were estimated
from the freezing profile, where the first clear change in slope
was observed. The initial freezing points of all of the fruit
samples were in the range of -1.6 to -3.0°C (Table 1). Some
previous reports on the initial freezing point of fruits found
values between -2.20 to -2.32°C for apple (Jie et al., 2003) and
-1.4t0-2.0°C for pineapple (Hayes, 1987). These values were

—— Apple

—e—Mango

50 —e—Cantaloupe

——Pineapple

Sample temperature ("C)

Time (min)

Figure 1. Freezing profile of fruit samples frozen at -40°C. The
temperature of two sample cubes was recorded for each
replication. The data were averaged from 2 replications.
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slightly different from our freezing point results (-1.6 and
-2.1°C for apple and pineapple, respectively). These slight
differences are most likely due to diversity in fruit varieties
or environmental differences in fruit cultivation which could
affect the chemical composition of fruits especially the total
soluble solids content.

For these four fruits, mango displayed the lowest
initial freezing point (-3.0°C) followed by pineapple (-2.1°C),
with the others showing a similar value (-1.6°C). The total
soluble solids of these four fruits were also significantly
different (p<<0.05). The highest total soluble solids value was
found in mango followed by pineapple, then apple, and
cantaloupe. Higher total soluble solids contents imply higher
sugar contents which result in a lower freezing point. From
these results, the initial freezing points seem to have a nega-
tive relation to the total soluble solids content of the fruit
samples. Similar findings were reported by Jie et al. (2003).
They reported a high negative correlation between the total
soluble solids of 11 fruits and the freezing point values. How-
ever, the differences in freezing points of the various fruits
may also be due to factors other than the total soluble solids
content including the type of sugar used, sugar content, and
acid content.

A correlation between freezing points and total
soluble solids content had previously been reported by
Chen et al. (1990) and Auleda et al. (2011). Chen et al. (1990)
studied the depression of the freezing points of mixed
solutions of sugar and acid at various concentrations (0—60
°Brix). Their results showed that the freezing points of these
solutions decreased as concentrations (°Brix) increased.
Most notably, the freezing point values decreased for con-
centrations higher than 30 °Brix. Auleda ef al. (2011) studied
the freezing point of apple juice, pear juice and peach juice
at various concentrations within the range of 10—40 °Brix.
Their results confirmed that the freezing point values of the
juices decreased with increasing concentrations. However,
their studies were carried out in fruit juice systems with the
addition of sugar and acid, while our study used four fresh
fruits.

3.2 Freezing rate

The freezing rates of the tested fruits are shown in
Table 1. These results show that pineapple had the highest
freezing rate (p<0.05) and cantaloupe had the lowest. The
compositions of the fruit initial moisture contents were
found to have a significant effect on the freezing rate. Pre-
viously it had been found that food products with higher
initial freezing points, lower initial water contents and higher
unfreezable water contents had shorter freezing times (Hsieh
etal., 1977). For that reason, the higher moisture contents of
the cantaloupe samples were most likely what caused the
lower freezing rate (Table 1).

The apple and pineapple samples had similar moisture
content values but pineapple was found to have a signifi-
cantly higher freezing rate (p<0.05) than that of apple. Differ-
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Table 1. Properties, freezing rate, and initial freezing point of the apple, mango, cantaloupe

and pineapple samples.

Fruit Moisture content TSS Freezing rate Initial freezing point
(g/100g sample) (°Brix) (°C-min™) (°C)
Apple 86.54°+0.70 12.9%+0.03 1.3'+0.1 -1.6
Mango 82.43'+0.60 17.6+0.34 1.3'+0.2 3.0
Cantaloupe 91.64°+1.12 10.0’+£0.00 1.0°+0.1 -1.6
Pineapple 85.61°+0.87 13.9°40.04 1.9°+0.2 2.1

Data are recorded as the mean + standard deviation as measured from 2 replications. In each
column, values followed by different letters are significantly different (p<0.05).

ences in thermal conductivity are another explanation for the
different freezing rate values. Pineapples have been reported
to have higher thermal conductivity values than that of
apples at 28°C with a moisture content of 84.9% (Sweat,
1974). These data could possibly explain the slower decrease
in temperature of the apple cube samples as compared to the
pineapple cubes during the cooling above the initial freezing
point (Figure 1). Moreover, the lower density values of the
apple samples probably also further reduced the thermal
conductivity because of voids in the fruits (Sweat, 1974).

In comparison between mangoes and pineapples, the
freezing rate of mango samples was significantly lower (p<
0.05) than that of pineapples even though the mangoes had
a slightly lower moisture content. Laohasongkram et al.
(1995) reported that the thermal conductivity of mangoes
(for moisture contents in the range of 79-81%) at -18°C was
0.925 W/m-°C whereas the thermal conductivity of pineapple
(for moisture contents in the range of 80-85%) at -18°C was
1.11 W/m-°C (Chaiwanichsiri et al., 1996). The high thermal
conductivity of pineapples supports the difference in freez-
ing rate between these two types of fruit.

3.3 Firmness

The firmness of both the fresh and frozen-thawed
fruits was measured using a compression test (Table 2). This

compression test is a general measurement of the deform-
ability of the tissue taken as a whole (Bourne, 2002). In order
to better understand the texture of all four fruit types, the
texture profiles of both the fresh and frozen-thawed fruits
are shown in Figure 2.

The firmness values of all the fresh fruit samples were
significantly different (p<0.05) from each other. The fresh
apple samples had the highest firmness values, follow by
cantaloupe, pineapple, and the lowest firmness value was
found for mango. With respect to texture profiles, the fresh
apple and cantaloupe samples had the highest maximum peak
force which indicates that these fruits have a firm texture,
whereas the fresh mango profile showed a low maximum peak
force which indicates a soft texture. The texture profile of the
fresh apple samples also showed a large number of small
fracture peaks which indicates the samples had a rigid and
crunchy texture. These textural properties were not found in
the other fruits (Figure 2).

The firmness values of all of the frozen-thawed fruit
samples decreased with respect to that of the fresh fruit
samples (Table 2). During freezing, the water in the samples
partially formed ice crystals which negatively damaged the
cellular integrity of the cellular compartments reducing the
turgor pressure and firmness values of the samples.

The type of fruit also exhibited an effect on %firmness
decrease after the freezing and thawing process. For apple,

Table 2. Drip loss and firmness of both fresh and frozen-thawed apple, mango,

cantaloupe and pineapple cubes.

Fruit Firmness (N) Firmness Drip loss
Fresh Frozen-thawed decrease (%) (%)
Apple 68.81+1.41 11.10"+0.69 83.87°+0.66 44.04'+1.48
Mango 4.77°40.18 1.61%£0.24 66.3243.75 18.70°£2.16
Cantaloupe 27.6142.20 21.66+1.90 21.58+0.60 26.71°£1.33
Pineapple 18.37%+2.77 9.10°+0.27 49.97°+6.12 38.00°+1.51

Data are recorded as the mean + standard deviation from 2 replications. In each column,
values followed by different letters are significantly different (p<<0.05). Ten and four
sample cubes were used for the firmness and drip loss measurement, respectively.
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Figure 2. Texture profiles of both fresh and frozen-thawed (a) apple cubes, (b) mango cubes, (c) cantaloupe cubes, and (d) pineapple cubes,
respectively. Ten sample cubes were used for each measurement. The experiments were done in 2 replications.

the frozen-thawed samples showed the highest level of
%firmness decrease after freezing and thawing (p<0.05) in
spite of fresh apple having the highest firmness level. This
result is most likely due to the rigid structure, high firmness
value, and crunchiness of fresh apple in comparison with the
other fruits.

The freezing and thawing process affected both the
maximum peak forces and the texture profiles of all of the
fruit samples. For the frozen-thawed samples, the change in
texture profiles of the apple, cantaloupe, and pineapple
samples followed the same trend (Figure 2a, 2c, and 2d),
while a dissimilar texture profile was found for frozen-thawed
mangoes (Figure 2b). For the three similar texture profiles, the
force was found to increase with increasing time or distance
of compression and showed a maximum peak force at the end
of the compression process. This phenomenon implies that
there was no turgor force from tissue layers during the com-
pression of the probe on the fruit cubes. The maximum force
resulted from the compression of the damaged tissues caused
by the freezing and thawing process. In the case of the
frozen-thawed mango, the maximum peak force decreased in
comparison with that of fresh mango; however, the texture
profiles of both mango samples showed the same trend with
the maximum peak force in the middle of the compression
process. After that the force decreased and tended to be
rather constant through to the end of the compression. Most
likely some mango tissues were destroyed by the freezing

and thawing process, but some of the tissues still had turgor
pressure to resist the compression force from the probe. Our
results show that fresh fruits with firm textures tend to have
less resistance to deterioration by ice crystals during freez-
ing and thawing than fresh fruits with a soft texture.

These types of effects of the freezing process on fruit
texture have not been previously reported. However, reduc-
tions in firmness values subsequent to freezing and thawing
of apple, mango, melon, and pineapple have been reported.
The study of Maestrelli et al. (2001) also reported on the
effect of freezing using an air blast freezer at -48°C on the
texture of muskmelon spheres. Their results showed that the
freezing process caused a 30% reduction of the maximum
forces of cultivar Rony, while it did not influence those of
cultivar Mirado. They confirmed that the effects of freezing
on texture of these two melon cultivars were quite different.
Ramallo and Mascheroni (2010) reported on the firmness and
turgor loss of pineapple induced by ice crystal formation
during freezing at -31.5°C. Chassagne-Berces et al. (2010)
studied the effect of freezing on the texture of frozen apple
and mango cylinders (1.2 cm in diameter and 2 cm in height).
They found that the impact of the freezing protocol (-20°C
vs -80°C, and immersion in liquid nitrogen) was much higher
for apple than for mango. They suggested that their results
could be related to differences in the textures of apple and
mango in the fresh state. This finding is similar to the texture
results for frozen apple and mango found in our study.
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3.4 Drip loss

The ice crystals which form during the freezing
process are known to damage fruit cells. Then during the
thawing process, liquid can leak from the interior to the
exterior of the cells resulting in drip loss. Different types of
fruit have different levels of drip loss with our results show-
ing that the drip loss after being frozen-thawed was not
related to the % firmness decrease after being frozen-thawed
(Table 2). Also the drip losses of all four fruit types were
significantly different (p<0.05) from each other. Subsequent
to freezing and thawing, apple showed the highest drip loss
and mango had the lowest value. The reason for this is most
likely due to the severe damage in the apple tissues after
freeze-thawing. The drip loss of the frozen-thawed mango
also showed a significantly lower value (p<0.05) than that of
cantaloupe and pineapple. These differences in drip loss
were most likely due to the high moisture content of
cantaloupe and the juicy texture of pineapple in comparison
with mango.

Drip loss is typically attributed to three main factors:
high internal pressure in the product, formation of ice
crystals in the product and the irreversibility of water
removal from cells (Jul, 1984). However, Jul (1984) claimed
that none of these factors completely explained the pheno-
menon of drip loss. Simandjuntak et al. (1996) proposed that
an increase in drip loss indicated a greater loss of liquid
cellular components and may be caused by either mecha-
nical or enzyme-catalyzed disruption of cell walls and
membranes during frozen storage. In addition, the ice crystal
growth which may occur during frozen storage could lead
to crystal formation which might also cause mechanical
damage by physically rupturing cell walls.

Chassagne-Berces et al. (2010) reported a decrease in
water content after freezing and thawing of apple cylinders
whereas they found that no significant change in water
content occurred after freezing and thawing of mango cylin-
ders. These results are in agreement with the results of Marin
et al. (1992) on other mango varieties. All of these reports
correspond well to our finding that apple had the highest
drip loss while mango had the lowest drip loss.

4. Conclusion

Among the four fruits studied in this research, mango
showed the highest total soluble solids and the lowest freez-
ing point, whereas, pineapple showed the highest freezing
rate. In the case of apple, frozen apple had the highest value
for both %firmness decrease and drip loss after thawing, in
spite of the fact that fresh apple exhibits the highest firmness
and crunchy texture which was not found in our mango,
cantaloupe, and pineapple samples. Our results show that
the properties of fresh fruit (moisture content, total soluble
solids content, and texture) have a considerable effect on the
freezing characteristics, drip loss and firmness values of
frozen-thawed fruits.
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