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ABSTRACT

Project Code: RSA 5480020
Project Title: Improving Thai frozen fruits to resist freeze-thaw process
Investigator:  Associate Professor Dr. Sanguansri Charoenrein
Department of Food Science and Technology, Faculty of Agro-Industry
Kasetsart University
E-mail Address: fagisscr@ku.ac.th
Project Period: 3 years (15 June 2011 — 14 July 2014)

The objective of this research was to investigate the effect of freezing and thawing on
textural properties of Thai fruits at tissue (determination of texture), cellular (viewing by
microscope) and molecular (determination cell wall composition and its molecular mass
distribution) levels. Mango and papaya were selected as representatives of Thai fruits. Both
fruits gave similar results. Ripening stages and cultivars affected fruit texture. During ripening,
firmness significantly decreased. Frozen-thawed mango and papaya exhibited lower firmness
which corresponding to changes of cellular and cell wall investigated using light and
transmission electron microscopy. Frozen-thawed mango and papaya exhibited a swelling and
folding of the cell wall as well as loss of cell wall materials in the middle lamella. These changes
were more obvious with increasing ripen stage and freeze-thaw cycles. Changes at molecular
level as determined by high performance size exclusion chromatography showed that there was
a decrease in the molecular mass of pectic and hemicellulose polymers in frozen-thawed fruits
which indicated that these molecules were subjected to depolymerization. Determination of cell
wall degrading enzyme activity in frozen-thawed mango and papaya disclosed that these
enzymes were reactive again after thawing. It can be concluded that the cause of changes in
texture of frozen-thawed fruits were (1) ice crystal formation during freezing which damaged the
fruit cells. As the cells were unable to hold the liquid inside, the cells and tissues irreversibly lost
its turgor and were softening, and (2) cell wall degrading enzyme activity during and after
thawing. Using this information, the experiment for improving the texture of frozen mango was
designed. The results showed that using mango at ripening stage of partially ripe with
immersion in 50% sucrose and 1% calcium lactate solution for 1 hr before freezing would

reduce the softening of the frozen-thawed mango.

Keywords: mango, papaya, freezing, texture, cell wall
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n’lwﬁ 1 Change in mango peel and pulp color during ripening; (A-B) Nam Dok Mai; (C-D) Chok Anan.



M13191 1 Changes in mango peel and pulp color during ripening. (NDM; Nam Dok Mai and CA; Chok Anan)

Ripening stage

Color Cultivar
Mature green Partially ripe Ripe Fully ripe

Peel
L* NDM 69.60" + 140 7040™+1.12 7030 +042 7142"+1.23
CA 55.49" + 045 69.03" +094 7033 +102 7007 %069
a* NDM —4.09™ + 057 1.06°+036  6.08" £0.60 779 £ 0.12
CA —724® +0.13 6.02” 078 1104 +020 1243+ 049
b* NDM 28737+ 047 30817 +148 3474 +067 35727 +092
CA 2333 +017 4318 +032 4534 +039  48.08" + 069

Pulp
L* NDM 83567 +052 74717019 7120"+041 6858 " +1.17
CA 83.807 +030 71337 +135 67.31°+074 64.06" +085
a* NDM -0.96"+0.13 709" 134 1054 +181 13407+ 0.38
CA —204® +0.18 781" +143 1228 +017 14667 +077
b* NDM 2207"+029 50617 +082 4838° +091 50.18" 084
CA 2183 +107 54457°+089 51437 +104 5433 +4.20

Mean values in the same row followed by different letters (a—d) are significantly different (DMRT'’s test: P < 0.05).
Mean values in the same column in each attribute followed by different letters (A—B) are significantly different

(ANOVA test: P < 0.05).



A13191N 2 Changes in fruit properties of two mango cultivars during ripening. (NDM; Nam Dok Mai and CA; Chok

Anan)
Ripening stage
Properties Cultivar
Mature green Partially ripe Ripe Fully ripe
%TA (as malic acid) ~ NDM 267"+ 028 110" :028 053":018 019" +0.05
CA 257"+ 039 092"+021 0267 +003 0217+ 001
TSS (°Brix) NDM 867"+ 025 1553":012 16477 :035 1653 £0.12
CA 7377+ 015 1487":047 1560°+040 17.20"+ 0.50
Moisture (%) NDM 83750+ 022 8325 +011 8381 +023 8458 +045
CA 8444+ 020 81.827£066 8250 +028 82.00" +0.81
Firmness (N) NDM 153.94° + 881 10477 +071 8927 +058 5207 +0.42
CA 27748+ 1865 1447"°:076 855 +032  7.33 0.4
AR (mg g dry
basis) NDM 513.01 £ 11.27  109.70" £+ 8.69 98.40°" +2.83  93.37" +0.93
CA 640.32"" £ 26.13  125.78"'+2.84 125.40"" +2.63 120.76"" +2.93
TP (ugmg " AIR) NDM 3465 + 3.08 117.08° +468 133217 +222 130.81" +273
CA 56.75" +12.50 126.05" +2.70 133.00" +1.47 131.55" +4.39
WSP (ug mg AIR)  NDM 764"+ 017  71.90% £128 10561 £216 119.94" + 154
CA 800"+ 034 9609”646 117.3¢" +3.11 123.93" +3.88

Mean values in the same row followed by different letters (a—d) are significantly different (DMRT’s test: P < 0.05).
Mean values in the same column in each attribute followed by different letters (A—B) are significantly different

(ANOVA test: P < 0.05).
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Inwﬁ 2 Changes in frozen-thawed mango drip loss (A) and fruit firmness (B) of Nam Dok Mai and Chok Anan at
various ripening stages. Means with the different letters (a-c) are significantly different (DMRT's test: P < 0.05)
between ripening stages. Mean with the different letters (A-B) are significantly different (ANOVA test: P < 0.05)

between cultivars.



131971 3 Mean sensory scores of two different cultivars of frozen-thawed mangoes at various ripening stages.

(NDM; Nam Dok Mai, CA; Chok Anan)

Sensory Ripening stage
Cultivar
attributes Partially ripe Ripe Fully ripe
Appearance NDM 718" + 1.42 6.72"" + 1.41 567" +1.53
CA 6.95" +1.26 6.03" + 1.16 5.22% +1.35
Color NDM 6.88"" + 1.67 6.93" + 1.11 587" + 1.45
CA 6.59°" + 1.44 6.32°° + 1.20 524" + 137
Texture NDM 6.63" + 1.58 6.03" + 1.40 427" + 157
CA 590" + 1.45 532" + 1.71 4.03" + 159
Flavor NDM 578" + 1.63 6.17" + 1.43 557" +1.19
CA 553" + 1.50 568"+ 1.37 537" + 1.44
Taste NDM 534" + 1.07 6.23" + 1.51 568" + 1.36
CA 544" + 1.48 5.60" + 1.35 5157 + 1.47
Overall NDM 6.26" + 1.55 6.33" + 1.26 5.20" + 1.34
acceptability CA 6.16" +1.37 555" +1.48 478" + 1.48

Mean values in the same row followed by different letters (a—c) are significantly different (DMRT's test: P < 0.05).
Mean values in the same column in each attribute followed by different letters (A—B) are significantly different

(ANOVA test: P < 0.05).

@A1519% 4 Alcohol insoluble residue (AIR), water soluble pectin (WSP) and total pectin (TP) of frozen-thawed

mangoes. (NDM; Nam Dok Mai, CA; Chok Anan)

Ripening stage

Frozen-thawed sample Cultivar
Partially ripe Ripe Fully ripe
AR (mg g dry basis) NDM 109.26™ + 2.18 89.60" + 0.39 87.15" + 2.56
CA 122.37" £ 0.28 118.68™ + 0.46 117.16™ £ 0.17
TP (ug mg ' AIR) NDM 118.75" + 0.23 131.12"+ 1.74 139.42" + 1.27
CA 127.06™ + 0.29 130.78"" + 1.49 131.17% + 1.11
WSP (ug mg ' AIR) NDM 76.99% + 0.84 107.39" + 0.45 128.43" + 1.74
CA 97.84”" + 0.85 118.72™" + 0.52 125.66™ + 1.95

Mean values in the same row followed by different letters (a—c) are significantly different (DMRT’s test: P < 0.05).
Mean values in the same column in each attribute followed by different letters (A—B) are significantly different

(ANOVA test: P < 0.05).
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NN 3 Light microscopy images of fresh and frozen mangoes. (A) Fresh Nam Dok Mai, (B) Fresh Chok Anan, (C)
Frozen Nam Dok Mai and (D) Frozen Chok Anan. (1) Partially ripe, (2) Ripe and (3) Fully ripe stage. Arrows indicate

the swelling of cell walls caused by freezing damage. T = torn cell wall. Bar = 50 pm.
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NN 4 TEM images of two cultivars of fresh and frozen mangoes. (A) Fresh Nam Dok Mai, (B) Fresh Chok Anan,
(C) Frozen Nam Dok Mai and (D) Frozen Chok Anan. (1) Partially ripe, (2) Ripe and (3) Fully ripe stage. Arrows
indicate the swelling and folding of cell walls caused by freezing damage. CW = cell wall, ML = middle lamella, ICS

= intercellular space. Bar = 1ym (C-3 image bar = 2um).
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AN 5 Molecular mass distribution profiles of water soluble pectin from fresh and frozen-thawed mango.

A319N 5 Changes in cell wall-degrading enzyme activities (PG, PME and B-Gal; umole-min'1mg-protein'1, CEL;

nmole-min'1mg protein'1) of fresh mango compared with frozen-thawed mango

Sample PG PME B-c CEL

Fresh 27.99+2.01 8.41+0.37 16.91+0.43 12.47+0.23
FT 1 19.90+0.83 7.78+0.80 14.25+0.38 10.35+0.38
FT 3 17.81+0.39 6.39+0.52 11.24+0.90 9.43+0.31

Data are shown as mean = standard deviation. Means with different superscript letters in the same column indicate
they are significantly different (Duncan’s new multiple ranges test, P<0.05). PG = polygalacturonase, PME = pectin

methylesterase, B-Gal = B-galactosidase, CEL = cellulase, FT 1 = freeze-thaw cycle 1, FT 3 = freeze-thaw cycle 3
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NN 6 Papaya used in the experiment.
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ANN 7 Firmness analyzed by texture analyzer of fresh and frozen-thawed Hawaii, Holland and Kaegdum papaya
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f13197 6 Mean scores of sensory attribute test of frozen-thawed Hawaii, Holland and Kaegdum papaya.

Frozen storage (days)

Attribute Variety = Before freezing
4-7 30

Color Hawaii 2.88°° + 0.88 343"+ 1.26 2.91% + 1.21
Holland  3.00" +0.72 3.60™" + 0.96 3.66"" + 0.89
Kaegdum  1.95" +0.75 258"+ 0.84 2.36" + 0.84
Firmness Hawaii 243"+ 0.78 223"+ 0.86 2.13"%+ 0.68
Holland  3.44™+0.83 3.19"%+0.75 2.84°°+0.95
Kaegdum  1.95% % 0.72 153 £ 0.55 1,557 + 0.46
Sweetness Hawaii 3.78"+ 0.70 3.33"° + 0.04 3.34° + 0.74
Holland  2.96 +0.89 299"+ 0.65 255 +0.72
Kaegdum  2.29%+0.55 1.85% + 0.62 155 + 0.51

Mean values in the same row followed by different letters (A—C) are significantly different (P < 0.05).

Mean values in the same column followed by different letters (a—c) are significantly different (P < 0.05).

@13197 7 Mean scores of sensory preference test of frozen-thawed Hawaii, Holland and Kaegdum papaya.

Frozen storage (days)

Attribute Variety Before freezing
4-7 30

Color Hawaii 6.24" + 1.30 589" + 1.31 6.09" + 1.48
Holland 745"+ 1.26 7.20°%+ 122 6.91"°+ 1.42

Kaegdum 563" +1.23 550" + 1.36 578" + 1.46

Firmness Hawaii 473"+ 177 3.98™ + 1.80 451"+ 1.41
Holland 6.33" + 1.37 573"+ 157 5.16" + 1.52

Kaegdum  5.95" % 1.50 2,607 + 1.22 310+ 1.43

Taste Hawaii 6.53"" + 1.63 530" + 1.74 6.05° + 1.66
Holland 6.36" + 1.45 6.08" + 1.25 538" + 1.53

Kaegdum  5.35° +1.42 3.88% + 1.45 355" + 1.52
Overall acceptability Hawaii 6.05" + 1.52 513" + 1.54 563" + 1.37
Holland 6.65" + 1.14 6.26" + 1.19 5.69° + 1.24

Kaegdum  5.93”'+1.07 3.48°+ 122 4.05" +1.30

Mean sensory scores ranged from “1 = dislike extremely” to “9 = like extremely”

Mean values in the same row followed by different letters (A—C) are significantly different (P < 0.05).

Mean values in the same column followed by different letters (a—c) are significantly different (P < 0.05).
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under ripe (stage 9) ripe (stage 8) over ripe (stage 7)

AN 8 Papaya fruit and pulp color at three ripening stages.

A13719N 8 Moisture, total soluble solid (TSS) and firmness of under ripe, ripe and over ripe papaya dices before and

after frozen storage times

a, b, ..

stage
ABC..

times

Maturities Moisture (%) TSS (°Brix) Firmness (N)
stage
Unfrozen Under ripe 90.17°+0.64 9.57°40.03 90.83"£0.37
Ripe 89.447°+0.40 10.38°°40.11 14.90”"+0.95
Over ripe 88.57""°+1.61 11.45°+0.07 8.36”40.40
Frozen 1 month Under ripe 90.57°+0.11 9.5840.11 16.88"+2.98
Ripe 89.36°+0.02 10.53"°+0.32 4.62°°+0.43
Over ripe 87.12°°40.50 11.68"+0.39 1.80°+0.08
Frozen 3 month Under ripe 90.03+0.03 10.30"+0.57 152342 17
Ripe 89.18+0.02 10.85£0.07 3.27°+0.86
Over ripe 89.64"+0.04 11.3041.41 1.31%+0.68
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" means with the same letter indicate there is no significant difference (DMRT's test: P<0.05) between ripening

" means with the same letter indicate there is no significant difference (DMRT's test: P<0.05) between storage
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(P > 0.05)

A1519N 9 AIS and pectin fractions of under ripe, ripe and over ripe papaya dices before and after freezing (1 and

3 month of frozen storage times)

Maturities stage

Condition

Pectin fractions

Under ripe

Ripe

Over ripe

Unfrozen

Frozen 1 month

Frozen 3 month

AIS (mg g dry fresh sample)
WSP (mg g dry AIS)

CSP (mg g dry AIS)

Total pectin (mg g dry AIS)
AIS (mg g dry fresh sample)
WSP (mg g dry AIS)

CSP (mg g'1 dry AIS)

Total pectin (mg g'1 dry AIS)
AIS (mg g dry fresh sample)
WSP (mg g dry AIS)

CSP (mg g'1 dry AIS)

Total pectin (mg g dry AIS)

158.88"'+3.29
222.04°40.69
42.65"+0.27
512.29"'+2.33
152.93"°+3.60
228.10"'+1.72
51.847+0.72
499.70°°+4.51
151.33"°£0.59
228.88"'41.33
51.58”'+0.99
492.82°+7.52

130.62”'£1.40
248.92°40.63
54.26" +0.64
509.717+3.71
125.25°°42.67
251.53°+2.52
58.87"+1.13
476.58"°46.05
123.98"°+1.99
250.80°+1.38
60.20""+1.55
472.36" +4.44

119.36"'+3.91
256.87" +2.71
58.99"°+2.33
494.43"+7 50
106.99"42.27
288.37"'+4.49
67.83"41.14
440.79+5 54
100.32°°£0.55
290.62""+2.70
67.41741.34
438.495.63

*"© Means with different letter indicate there is significant difference (P<0.05) between maturities stage

A2 Means with different letter indicate there is significant difference (P<0.05) between storage times
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13199 10 Effect of freezing and thawing on firmness and % drip loss of papaya tissues

Sample Firmness (N) % Drip loss
Fresh 12.00°+0.28 -

FT 1 7.63°0.20 17.01°£0.68
FT 3 2.89°£0.12 36.85°40.75
FT 5 0.48°+0.03 47.24°+0.89

Data are shown as mean + standard deviation. Means with different superscript letters in the same column indicate

they are significantly different (Duncan’s multiple range test, (P<0.05). FW = Fresh weight, FT 1 = Freeze-thaw cycle

1, FT 3 = Freeze-thaw cycle 3, FT 5 = Freeze-thaw cycle 5

13197 11 Effect of freezing and thawing on alcohol-insoluble solids, uronic acid contents in pectin fractions and

neutral sugar contents in hemicellulose fractions of papaya tissues

Sample AlS WSF ESF NSF 4KSF 24KSF
(mg.g” FW) (ug.mg" AIS) (ug.mg” AIS) (ug.mg”’AIS) (ug.mg” AIS) (ug.mg” AIS)
Fresh 157.42°40.99  143.92°41.81 4944°+2.89  18.77°:0.42  121.70°42.40  369.80°+9.51
FT 1 153.68°£1.30 163.98°41.79  57.59°+0.87  17.12°:0.23  132.88°+1.77  340.38°+1.59
FT 3 144.66°+0.67 174.34°:0.73  63.32°:0.93  1531°40.80  137.18°40.37  340.18'+1.19
FT 5 137.91°:0.87 181.85°+2.56 71.73°+2.02  12.39°:0.58  147.47°+117  309.59°+9.95

Data are shown as mean + standard deviation. Means with different superscript letters in the same column indicate
there are significantly different (Duncan’s multiple range test, (P<0.05). FT 1 = Freeze-thaw cycle 1, FT 3 = Freeze-
thaw cycle 3, FT 5 = Freeze-thaw cycle 5, AlIS = Alcohol-insoluble solids, WSF = Water-soluble pectin, ESF =
EDTA-soluble fraction and NSF = Na,COj-soluble fraction, 4KSF = 4%KOH-soluble fraction and 24KSF = 24%KOH-

soluble fraction
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(D)
AN 9 Light microscopic images of fresh papaya and frozen-thawed papaya tissue stained with toluidine blue (1.5

Wm thickness) (A) Fresh papaya tissue, (B) Freeze-thaw cycle 1, (C) Freeze-thaw cycle 3, and (D) Freeze-thaw
cycle 5. CW = Cell wall, IS = Intercellular spaces, VC = Vacuoles, P = protoplast.

23



Fresh Freeze-thaw cycle 1 —
80.0kV  x8000 80.0 kV x8000 1 pm

(B)

Freeze-thaw cycle 3 — Freeze-thaw cycle 5 —
80.0 kV x8000 1 pm ©) 80.0 kV x8000 1 pm

(D) (E)

NINN 10 Transmission electron microscopic images of fresh papaya and frozen-thawed papaya tissue stained with
uranyl acetate and lead citrate (70 nm thickness) (A) Fresh papaya tissue, (B) Freeze-thaw cycle 1, (C) Freeze-thaw
cycle 3, and (D) Freeze-thaw cycle 5 (x8000) (E) Freeze-thaw cycle 5 (x20,000). CW = Cell wall and ML = Middle

lamella
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Water-soluble pectin (WSF)

EDTA-soluble pectin (ESF)

Na,CO;-soluble pectin (NSF)
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AINN 11 Molecular mass distribution profiles of water-, chelating agent- and Na,CO;-soluble pectin fractions from

fresh papaya and frozen-thawed papaya
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4%KOH-soluble matrix glycan (4KSF) 24%KOH-soluble matrix glycan (24K SF)
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AINN 12 Molecular mass distribution profiles of 4%KOH- and 24%KOH-soluble hemicellulose fractions from fresh

papaya and frozen-thawed papaya

A1319N 12 Changes in cell wall-degrading enzyme activities (PG, PME and ,B—Gal; ],Lmole-min'1-mg protein_1, CEL;

nmole-min'1-mg protein'1) of fresh papaya comparing with frozen-thawed papaya tissues

Samples PG PME [-Gal CEL

Fresh 23.16°+1.77 17.95°+1.03 30.67°+0.81 11.60°+0.41
FT 1 21.15"£1.05 17.48°40.65 29.88°+1.08 10.48°£0.51
FT 3 20.01°0.36 17.58°40.42 27.60°£0.26 9.98°40.59

Data are shown as mean + standard deviation. Means with different superscript letters in the same column indicate
they are significantly different (P<0.05). PG = polygalacturonase, PME = pectin methylesterase, ﬂ-GaI = ,B—

galactosidase, CEL = cellulase, FT1 = Freeze-thaw cycle 1 and FT 5 = Freeze-thaw cycle 5.
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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.

Keywords: freezing, fruit, freezing rate, texture, drip loss

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,

* Corresponding author.
Email address: fagisscr@ku.ac.th

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 ef 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.

A. Sirijariyawat & S. Charoenrein / Songklanakarin J. Sci. Technol. 34 (5), 517-523,2012

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 I 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.



A. Sirijariyawat & S. Charoenrein / Songklanakarin J. Sci. Technol. 34 (5), 517-523,2012

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

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 ef 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
et al., 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 66.32°43.75 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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EFFECT OF CULTIVAR AND RIPENING STAGE
ON QUALITY AND MICROSTRUCTURE OF FROZEN
MANGOES (MANGIFERA INDICA LINN.)
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The aim of this work was to investigate the quality and microstructure of different frozen
mango cultivars. Since freezing can cause severe textural damage to fruit, the proper selec-
tion of a ripening stage and cultivar can reduce such damage. Two mango cultivars (Nam
Dok Mai and Chok Anan) were allowed to ripen for four ripening stages. During ripen-
ing, titratable acidity, alcohol-insoluble residues, and firmness significantly decreased while
total soluble solids, total pectin, and water-soluble pectin levelsincreased. Mangoes from the
three final ripening stages were frozen until the temperature of the samples reached —25°C.
After thawing, the partially ripe mango samples exhibited the highest firmness, lowest drip
loss, lowest water-soluble pectin, and the highest sensory firmness scores. The microstructure
found using light microscopy and transmission electron microscopy showed that all frozen-
thawed mangoes exhibited a swelling and folding of the cell wall due to freezing damage.
The cell walls of fully ripe mangoes were dramatically damaged, which explained the low
firmness values. Tissue and cell wall damage in Nam Dok Mai were the greatest, which con-
tributed to thelarge drip loss. The cheaper Chok Anan cultivar was moreresistant to freezing
damage than Nam Dok Mai.

Keywords: Freezing, Mango, Ripening, Cultivar, Texture, Microstructure.

INTRODUCTION

Mango is an important fruit from the tropics and subtropical regions. It is a good
source of nutrients, particularly rich in vitamin A and contains reasonable amounts of
vitamins B and C and dietary fiber.['] Many mango cultivars are commercially grown in
Thailand. Nam Dok Mai cultivar is a famous export mango of Thailand.[? It is a fiber-
less mango with smooth flesh and a deliciously unique flavor. In contrast to most mango
cultivars, the Chok Anan cultivar has the ability to produce off-season flowering without
chemical induction.[]] This generates additional income for farmers by reducing the labor
peak at harvest.

The ripening process of the mango fruit involves both physical and biochemi-
cal changes, which alters respiration, ethylene production, flavor, texture, aroma, and
nutritional values.[l The change in color during the ripening process is caused by the

Received 19 February 2012; accepted 25 May 2012.
Address correspondence to Sanguansri Charoenrein, Department of Food Science and Technology, Faculty
of Agro-Industry, Kasetsart University, Bangkok 10900, Thailand. E-mail: fagisscr@ku.ac.th

1093



Downloaded by [Kasetsart University] at 00:25 18 January 2014

1094 RIMKEEREE AND CHAROENREIN

degradation of chlorophyll and the accumulation of carotenoids. Medlicott et al.[] observed
a rapid destruction of chlorophyll in the Tommy Atkins cultivar. Carotenoid levels increased
during ripening whereas anthocyanin levels gradually decreased. Also, carbohydrates and
starch converted into sugars, resulting in an increase in sweetness. Increases in the total
soluble solids and total soluble sugars have also been reported in ripening Alphonso
mangoes,[®] which correlated with a similar observation in ripening Keitt mangoes.l”! The
cells in the pulp of the fruit are large and can lose their integrity due to cell wall hydrol-
ysis during fruit ripening. The most common changes in the cell wall structure during
ripening are related to pectins, which are the major components of primary cell wall and
middle lamella. Softening of the fruit observed during ripening is due to the hydrolytic
change of protopectin to pectin. The enzymatic demethylation and depolymerization of
protopectin, such as pectin methylesterases and polygalacturonase, lead to the formation of
low molecular weight compound with less methoxyl groups.!8! For some tropical fruits, the
alcohol-insoluble residue (AIR) and texture declined rapidly during ripening.[®! It is known
that fruit softening generally is accompanied by a decrease in the content of insoluble pec-
tic substances with a concomitant increase in soluble polyuronides.[®] The increase in total
pectin, reported for ripe mangoes, was a consequence of higher free carboxylic groups due
to de-esterification of pectins.[®] In raspberries, although the proportion of total pectin in the
AIR measurements did not change dramatically during ripening, there were modifications
in the relative solubility of the pectin polymers. The water-soluble pectin (WSP) increased
as the fruit ripening progressed.[*°]

Mango is a highly perishable fruit that possesses a limited shelf life. Mangoes can be
stored without perishing for 4 to 8 days at room temperature and 2—3 weeks in cold storage
at 13°C and 85-90% relative humidity.[**] This short shelf life seriously limits the ability to
commercially transport this fruit long distances. Therefore, preservation of the fruit could
help to extend shelf life and support the growing popularity of off-season consumption.

Freezing is one of the most commonly used processes for preserving a wide range of
foods both commercially and domestically. It delays spoilage and keeps foods safe by pre-
venting microorganisms from growing and by slowing down enzyme activity. However,
this process can cause texture degradation by causing freezing injuries to cell tissues.
This tissue damage can be due to the presence of large amounts of water in fresh fruits,
which turn into ice crystals after freezing. Freezing has been shown to induce significant
changes in the texture, color, and soluble solids of mango and apple. The values of the
studied texture parameters also decreased significantly after freezing.[?! To limit these
problems, some research projects have attempted to improve the texture quality of frozen
mango by using various pre-treatments. One previous research indicated that initially less
ripe mangoes could be softened somewhat by osmotic treatment, with firmness and cohe-
siveness maintained through frozen storage.l*®! Recently, Sriwimon and Boonsupthiptt#]
reported that the use of partially ripe mango with impregnation of mango juice and sugar
were better able to tolerate freezing damage than in ripe mangoes. Partially ripe man-
goes better resisted the texture damage caused by ice crystals as a result of a stronger
structure.

Microscopy is increasingly being used to study the influence of processing condi-
tions and ingredients on food structure and structural research on some fruits affected
by the freezing process has been reported in many studies. Shomer et al.l'3] observed
ultrastructural injuries in both the exocarp and the mesocarp cells of thawed Madjhoul
dates as viewed by transmission electron microscopy (TEM). The damaged cell walls
appeared torn or crushed resulting in the formation of intracell-wall spaces. Fava et al.[¢]
also found ultrastructural cell changes in blueberries during processing. These results from
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light microscopy (LM) and TEM demonstrate that folding and compression of the cell wall
of the epicarp can occur during the freeze-thaw process. Furthermore, frozen-thawed apple
slices presented the highest microstructure damage as compared to unfrozen and the other
pre-treatments studied. LM results showed that the apple cells appeared irregular in shape
and tissue distortion was observed due to the growing of ice crystals with cell separation.[*’]
Otero et al.l'®] also found major damage in mango tissues due to the formation of ice crys-
tals. Their LM micrographs indicated that there was also damage in the surface zone of the
samples, which presented as broken cells.

Although several studies have focused on the ultrastructural changes in fruit tissues as
a result of the freezing process and some researchers have attempted to improve the texture
quality of frozen fruits by using various ripening processes, there have been no combina-
tion studies on how cultivar type, ripening stage, and freezing affect the microstructure and
textural changes of mango tissues. Therefore, the objective of this study was to investi-
gate the effect of cultivar and ripening stage on the quality and microstructure of frozen
mangoes. Cell wall damage was examined using complementary microscopic techniques,
i.e., LM and TEM. In this study, two cultivars (Nam Dok Mai and Chok Anan) and three
ripening stages of mango were used to determine the conditions most resistant to freezing
damage.

EXPERIMENTAL
Material

Two mango (Mangifera indica Linn.) cultivars Nam Dok Mai #4 and Chok Anan
were purchased from a commercial orchard in Nakorn Ratchasima and Suphan Buri
province, respectively. Mangoes were harvested at 16 weeks after fruit set. The experi-
ment was carried out in March—April of 2011. The fruits were immediately transported to
the laboratory at Kasetsart University, Bangkok, Thailand. The fruit weight ranges were
400-450 g (cv. Nam Dok Mai) and 290-340 g (cv. Chok Anan). Nam Dok Mai was
19-20 cm in length and 9-10 cm in width, while Chok Anan was 14-15 cm in length and
9-10 cm in width. The uniform maturity index was tested by floating mangoes in a NaCl
solution. The mangoes, which sank in 10 g Kg~* NaCl solution and floated in 30 g Kg~*
NaCl solution, were allowed to ripen at room temperature (32 4+ 2°C, 70-75% relative
humidity). The characteristics of mango fruit were observed after 0, 3, 4, and 5 days of
ripening and 10-15 fruits were randomly sampled. The ripening stage was divided into
four stages by visual characteristics, which were mature green (newly harvested, 100%
green), partially ripe (30-60% yellow), ripe (60-99% yellow), and fully ripe (100% yel-
low) stages. Ranges of visual color index were based on peel color of six fruits at each
ripening stage. The color was measured at the surface of the peel and pulp of mangoes
in terms of L* (lightness), a* (greenness—redness), and b* (blueness—yellowness) using an
UltraScan XE (HunterLab, Reston, VA, USA) based on the CIELAB color system. The L*,
a*, and b* values were measured on six fruits at three different positions (stem, equatorial,
and blossom end) of each fruit.

Total Soluble Solids (TSS) and Total Titratable Acidity (TA)

Total soluble solids (°Brix) were measured using a pocket digital refractometer (Type
PAL-1, Atago, Tokyo, Japan). Total titratable acidity was determined according to the
AOAC methods.[*°]
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Freezing and Thawing

Mangoes at three different ripening stages (partially ripe, ripe, and fully ripe) were
used in the freezing process. Approximately 20% from both the stem and the blossom end
of the fruit were discarded, since those parts tend to be highly diverse in terms of fruit prop-
erties. Only the central parts (60%) of the fruits were used to minimize any variations within
the samples. The samples were then washed, peeled, and cut into cubes of 1.5 cm in length.
Eight cubes were then packed and sealed in each plastic pouch (NY/LLDPE, 70 um, 100 x
150 mm). The weight of samples in each pouch was 28-30 g. The initial temperature of the
samples was controlled at 23 4= 2°C. Samples were frozen at —40°C in a cryogenic freezer
(Minibatch 1000L, Bangkok Industrial Gas Co., Thailand) until the temperature of the sam-
ples reached —25°C. In this study, the approximate freezing time of frozen mango was
30 min. Frozen mangoes were kept at —18°C in a chest freezer (Sanyo refrigerator, model
SF-C1497, Sanyo Electric Co., Ltd., Osaka, Japan) for 15 days. Thawing was performed
at 4°C after 5 h in a low-temperature incubator (Memmert, model IPP 400, Germany). The
experiments were done in two trials.

Instrumental Textural Analysis

The firmness of fresh and frozen—thawed mango cubes was measured using a com-
pression test Texture Analyzer (TA.XT. plus, Stable Micro Systems, UK). Firmness was
performed using a cylindrical probe of 36 mm diameter with a 50 Kg load cell and 50%
strain. The speed of the pre-test, test, and post-test were 1.5, 1.5, and 10 mm s~1, respec-
tively. Firmness was determined by the maximum peak force. At least 12 mango cubes
were measured for each stage analyzed.

Alcohol-Insoluble Residue and Cell Wall Fractions

The alcohol-insoluble residue (AIR) was extracted from approximately 30 g of fresh
and frozen tissue (mesocarp) using 95% ethanol, 70% ethanol and acetone, respectively.[?]
The AIR was dried overnight at 40°C and weighed. Ten milligrams of AIR was solubilized
in H,SO,4 and then were assayed colorimetrically for total pectin (TP).[2] Absorbance
readings were evaluated against a standard curve of galacturonic acid. The results were
expressed as micrograms of galacturonic acid per milligram of AIR.

Approximately 50 mg of AIR from each sample was suspended in 25 mL of water
and stirred at room temperature for 30 min. The samples were then centrifuged at 7000x g
and 4°C for 15 min, the supernatant was filtered through Whatman no. 1 filter paper. The
procedure was repeated three times. The filtrate was designated the water-soluble fraction
and assayed for water-soluble pectin (WSP) as described above.

Drip Loss

Frozen samples were placed over absorbent paper in zip-lock plastic bags and thawed
at 4°C for 5 h. Drip loss was determined by a method adapted from Lowithun and
Charoenrein.[??]

Microstructure

For light and transmission electron microscopy observations. Sections of
fresh and frozen mango mesocarp (1 x 1 x 2 mm) were obtained from the inner part of the
fruit at a distance of ~1.5 cm from the center of the seed with a razor blade. Samples were



Downloaded by [Kasetsart University] at 00:25 18 January 2014

EFFECT OF CULTIVAR AND RIPENING ON QUALITY OF FROZEN MANGO 1097

prefixed with 2.5% glutaraldehyde in a 0.1 M phosphate buffer (pH 7.2) overnight at 4°C.
After washing with a phosphate buffer, the samples were then postfixed with 2% osmium
tetroxide for 2 h at room temperature. The fixed tissues were washed three times with
distilled water and dehydrated stepwise with an ethanol series (30-100%) and propylene
oxide. The dehydrated tissues were infiltrated with propylene oxide: Spurr’s resin (2:1,
1:1 and 1:2) and 100% Spurr’s resin, each for overnight, respectively. Then tissues were
polymerized in Spurr’s resin for 7 h at 80°C.

Sections were cut using an ultramicrotome (Leica Ultracut UCT, Vienna, Austria) at
a 1.5 wm thickness and stained with 1% toluidine blue for observation under a light micro-
scope (Leica DME, Leica Microsystems Inc., NY, USA). For the transmission electron
microscope, ultra-thin sections (60 nm) were obtained using an ultramicrotome, stained
with uranyl acetate and lead citrate, and examined using a JEOL—JEM—1220 TEM (Tokyo,
Japan) at 80 kV. Five specimens from each ripening stage of the two cultivars were exam-
ined. At least 500 cells of each sample were viewed under a light microscope. Mean cell
size in length and diameter were measured on 50 cells of partially ripe mango in both
cultivars. During TEM examination, six cells were randomly chosen to measure the thick-
ness of cell walls for each ripening stage of both cultivars. The thickness of cell walls was
measured from the outer part of cell to cell using three points. The average thickness was
calculated as the average value of three points measurement divided by two.

Sensory Evaluation

Sensory attributes were evaluated using a liking score (appearance, color, flavor, taste,
texture, and overall acceptability) on a 9-point hedonic scale (1 = dislike extremely, 5 =
neither like nor dislike, and 9 = like extremely) by 30 untrained panelists.

Statistical Analysis

A completely randomized design was used in this experiment. Analysis of vari-
ance (ANOVA) and Duncan’s new multiple range test were used to determine statistically
significant differences (P < 0.05) of the mean values.

RESULTS AND DISCUSSION
Mango Ripening Characteristic

The four ripening stages of the two cultivars (Nam Dok Mai and Chok Anan) were
categorized using a visual characteristic and color measurement as mature green, partially
ripe, ripe, and fully ripe stage (Fig. 1). The visual skin color of the two different cultivars
changed noticeably during fruit ripening. The peel color changed from green to yellow
due to the degradation of chlorophyll and the presence of carotenoids.[®! The pulp color
changed from a light white-green to yellow or orange due to carotenoids synthesis. Color
changes in the peel and pulp are presented as L*, a*, and b* values. The data are shown in
Table 1. During the peel color development of both cultivars, the peel a* and b* values were
found to increase from mature green to fully ripe stage. The L* value of Chok Anan was
revealed to increase from mature green to partially ripe stage, with no increase afterward.
In contrast, the L* value of Nam Dok Mai was not significantly different (P > 0.05) between
ripening stages. Chok Anan cultivar had higher peel a* and b* values than that of Nam Dok
Mai cultivar throughout ripening, whereas the peel L* value was not significantly different
(P > 0.05) between cultivars.
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Figure 1 Change in mango peel and pulp color during ripening: (a and b) Nam Dok Mai; (c and d) Chok Anan.
(Color figure available online.)

In both cultivars, the L* value of mango pulp was found to decrease slightly during
mango ripening, while the a* and b* value of mango pulp increased (Table 1). There was a
gradual increase in the a* value through the ripening process, while the b* value revealed a
rapid increase from mature green to partially ripe stage with no increase afterward. These
results indicated that the mango pulp potentially developed a full yellow color during the
early stages of ripening, however continued to accumulate red pigments (carotenoids) until
the full ripe stage is attained, as indicated by the deep orange color of the mango pulp.®!
The increases in the a* and b* values appeared to correlate well with the visual color devel-
opment as shown in Fig. 1. In addition, Chok Anan had a lower L* value and higher b* value
of mango pulp than Nam Dok Mai during ripening, while the a* value was not significant
difference (P > 0.05) between cultivars.

The amount of %TA significantly decreased although the TSS increased during the
fruit ripening process (Table 2). In both cultivars, fruit firmness decreased with each ripen-
ing stage. Similar results were found in different mango cultivars during fruit ripening.[?!
Chok Anan had a significantly higher firmness value than Nam Dok Mai at all ripening
stages except the ripe stage (P < 0.05). In addition, Jarimopas and Kitthaweel?*] also found
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Table 1 Changes in mango peel and pulp color during ripening.

Ripening stage

Color Cultivar Mature green Partially ripe Ripe Fully ripe
Peel
L* NDM 69.60%A + 1.40 70.40%A +1.12 70.30%A + 0.42 71.428A +1.23
CA 55.49°8 + 0.45 69.03%A +0.94 70.33%A 4+ 1.02 70.07%A 4+ 0.69
a* NDM —4.099 4 0.57 1.06°® +0.36 6.08"8 4+ 0.60 7.79%8 +0.12
CA —7.24%8 +0.13 6.02°A +0.78 11.04°A £0.20 12.43%A 4 0.49
b* NDM 28.73%A +0.47 30.81°B +1.48 34.74%8 +0.67 35.7288 4 0.92
CA 23.33%8 +0.17 43.18°A +0.32 45.34°A 1+ 0.39 48.08% +0.69
Pulp
L* NDM 83.56°A + 0.52 74.71°A +0.19 71.29°A 4 0.41 68.580A +1.17
CA 83.89%A 4+ 0.30 71.33°B +1.35 67.318 +£0.74 64.0698 +0.85
a* NDM —0.96% +0.13 7.09°A +1.34 10.54°A +1.81 13.40%A £+ 0.38
CA —2.94% +0.18 7.81°A +1.43 12.28°A +0.17 14.66%A 4+ 0.77
b* NDM 22.97°A +0.29 50.6128 + 0.82 48.38"B +0.91 50.18%A + 0.84
CA 21.83%A +1.07 54.45%A 4+ 0.89 51.43%A +1.04 54.33%A 4+ 4.29

Mean values in the same row followed by different letters (a—d) are significantly different (DMRT’s test: P
< 0.05). Mean values in the same column in each attribute followed by different letters (A-B) are significantly
different (ANOVA test: P < 0.05).

NDM: Nam Dok Mai; CA: Chok Anan.

Table2 Changes in fruit properties of two mango cultivars during ripening.

Ripening stage

Properties Cultivar Mature green Partially ripe Ripe Fully ripe
%TA (as malic acid) NDM 2,67 +0.28 1.10°PA+£028 0534 +018  0.19°A +£0.05
CA 2.57%A +0.39 0.92°A +021  0.26°A 4+ 0.03 0.21°A +0.01
TSS (°Brix) NDM 8.67°A+025  1553°A+0.12 1647%A+0.35 16.53%A +0.12
CA 7.37°8 £ 015  14.87PA 4+ 047 15.60°® +0.40  17.20*A +0.50
Moisture (%) NDM  83.75"B £022  8325°A+0.11 8381°A+0.23 8458 +045
CA 84.44%A £020  81.82°2+0.66 82.50°®+0.28  82.00°® +0.81
Firmness (N) NDM 1539438 +881  1047°B £0.71  8.92°A+058  5.20°® +0.42
CA  277.48A +1865 1447°A+076 8554 4+0.32 7.33°A +0.14
AIR (mg g~t dry basis)  NDM 513.0188 4+ 11.27 109.70°® +8.69 98.40P°B +2.83 93.37°B +0.93
CA  640.32%A+£26.13 125.78°A +2.84 12540 +2.63 120.76°A +2.93
TP (ug mg—t AIR) NDM  34.65%8 +308 117.08°® +4.68 133.210A +222 139.81%A +2.73
CA 56.75PA + 12,50 126.05%A +2.70 133.00%A 4+ 1.47 131.55% + 4.39
WSP (g mg~t AIR) NDM 7.64%A +£0.17  71.90°8 +1.28 105.61°B +2.16 119.94%A 4154
CA 8.09°A +0.34  96.09°A +6.46 117.34%A +3.11 123.93%A 4 3.88

Mean values in the same row followed by different letters (a—d) are significantly different (DMRT’s test:
P < 0.05). Mean values in the same column in each attribute followed by different letters (A-B) are significantly

different (ANOVA test: P < 0.05).

NDM: Nam Dok Mai; CA: Chok Anan.

that the Chok Anan cultivar was firmer than the Nam Dok Mai throughout the develop-
ment period. Although fruit firmness can be affected by several factors, predominantly fruit
textural changes are thought to be a consequence of changes in the composition of the cell

wall.[12]
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To determine the changes in cell wall composition, the AIR, WSP, and TP values
were analyzed (Table 2). The AIR values decreased markedly from the mature green to the
fully ripe stage of Nam Dok Mai and Chok Anan from 513.01 to 93.37 and 640.32 to
120.76 mg g~! dry basis, respectively. These values may indicate that large alcohol-
insoluble polymers are being degraded to shorter alcohol-soluble polymers during fruit
ripening. In addition, the decrease in AIR may be due to the conversion of starch to soluble
sugars and conversion of fiber to alcohol-soluble solids.[®] The degradation of starch dur-
ing ripening Keitt mangoes involved with enzymes, such as a—amylase and p—-amylase.
The soluble sugars found in the fruit are glucose and fructose, but in lower amounts
than sucrose.[?>] An apparent decrease in AIR during fruit ripening was also reported in
the Dashehari mango,[?6] Zebda and Baladi mango,!®! and the Tommy Atkins and Keitt
mangoes.[?’] In this study, we also found that the softening of mangoes during ripen-
ing (Table 2) was accompanied by a rapid decrease in AIR. Accordingly, a recent study
on the blueberry reported that fruit firmness and AIR decreased as blueberry ripening
progressed.l?8] TP increased markedly from the mature green to fully ripe stage in both
mango cultivars, while the fruit firmness decreased. Pectin is the major carbohydrate of ripe
fruits, whereas starch constituted the bulk of the AIR of mature green fruits. The increase
in pectin content with ripening was a consequence of the generation of a higher proportion
of free carboxylic groups due to de-esterification of pectins.[®] A clear increase in WSP
fraction was observed in the Nam Dok Mai and Chok Anan cultivars through the different
ripening stages. A similar observation in the ripening of Alphonso mangoes showed that
WSP had undergone a drastic depolymerization during mango ripening, which contributed
to the tissue softening and textural changes.!’! However, Chok Anan retained a signifi-
cantly higher firmness than Nam Dok Mai at all ripening stages, except the ripe stage.
These textural differences between the two cultivars may be the result of differences in cell
wall composition and a greater amount of the AIR in the Chok Anan variety.

Quality of Frozen Mangoes

In this study, the freezing rate by cryogenic freezer was approximately 1.5°C min—.
The drip loss of the frozen-thawed Nam Dok Mai and Chok Anan samples increased with
increasing ripening stage (Fig. 2a). The fully ripe mango samples had a lower firmness
value than the ripe and partially ripe samples, which likely contributed to the increased
drip loss. Similar results have also been found in the thawing process of thornless blackber-
ries for which drip loss is more extensive in fully ripe than in slightly under-ripe fruit.[2°]
Wenzel et al.[3] also reported that drip losses of thawing strawberries increased in riper
fruits. Furthermore, Sistrunk[31 observed greater drip losses with over-ripe than with ripe
strawberries, which he attributed to the release of pectic enzymes in the over-ripe fruit.
However, the Nam Dok Mai cultivar had a higher drip loss than the Chok Anan at all ripen-
ing stages. At the fully ripe stage, which has the highest drip loss, many of the thawed
mango pieces had collapsed, giving these samples an unattractive appearance. This result
could be due to tissue damages during freezing as a result of the higher moisture content and
lower firmness value of fresh Nam Dok Mai. These results are supported by microstructure
results in which Nam Dok Mai appeared to have more cell wall damage than in the Chok
Anan samples after thawing.

A texture measurement of the frozen-thawed mangoes showed that the firmness value
decreased with the increasing ripening stage (Fig. 2b). The firmness value of both cultivars
at the fully ripe stage was extremely low. These results suggest that partially ripe mangoes
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Figure 2 Changes in frozen-thawed mango drip loss (a) and fruit firmness (b) of Nam Dok Mai and Chok
Anan at various ripening stages. Means with the different letters (a—c) are significantly different (DMRT’s test:
P < 0.05) between ripening stages. Mean with the different letters (A-B) are significantly different (ANOVA test:
P < 0.05) between cultivars.
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can maintain a higher firmness value for frozen-thawed samples than for any of the other
ripening stages. Although the firmness value of Nam Dok Mai and Chok Anan were rel-
atively similar between cultivars, drip losses were significantly different (P < 0.05) at all
ripening stages.

After freezing and thawing, the decrease in AIR of the ripe and fully ripe mangoes
was more pronounced than that of the partially ripe mangoes (Table 3). This suggests
that changes were taking place in the cell wall material during the frozen-thawed process.
The changes in AIR were also associated with a loss of firmness. It has been reported
in green beans, peaches, and strawberries that changes in pectic material was a conse-
quence of freezing and frozen storage.[®?] TP values were relatively similar in the fresh
samples for all ripening stages, whereas WSP values increased. This may indicate that no
changes occurred in TP content. However, this does not mean that there were no changes
in the cell wall composition. The increase in WSP contents of Nam Dok Mai at all ripening
stages were significantly different (P < 0.05) between fresh and frozen samples, while the
increase in WSP contents of Chok Anan mango were not significantly different (P > 0.05).
The increase in WSP may be due to the solubilization or depolymerization of the cell wall
composition caused by ice crystal formation during freezing and ice melting during the
thawing process. Frozen-thawed mango Nam Dok Mai and Chok Anan at the fully ripe
stage had the highest WSP values. These results correspond with the texture results, i.e.,
lower firmness values correlate with higher WSP values. Although, Chok Anan had higher
WSP values than Nam Dok Mai at the partially ripe and the ripe stage, the fruit firmness
of the frozen-thawed mangoes had no significant differences (P > 0.05) in either cultivar.
In frozen cherries, texture changes have been associated with the composition of the pectin
fractions and not with the quantity of pectin in the fruit.[33! Further study of the composition
of pectin fractions in frozen mango is in progress.

Microstructure of Fresh and Frozen Mangoes

The microstructure of frozen and unfrozen mango tissues was observed using LM
and TEM. The observation using LM showed that during the ripening of Nam Dok Mai
and Chok Anan mango, the initially round shaped cells became wavy (Figs. 3a and 3b) with
the fully ripe stage exhibiting the most wavy wall surface (Figs. 3a-3, 3b-3). The structural

Table 3 Alcohol insoluble residue (AIR), water soluble pectin (WSP), and total pectin (TP) of frozen-thawed
mangoes.

Ripening stage

Frozen-thawed sample Cultivar Partially ripe Ripe Fully ripe
AIR (mg g1 dry basis) NDM 109.26%8 +2.18 89.60°8 + 0.39 87.15°B + 2.56
CA 122.37% 4+ 0.28 118.68°A + 0.46 117.16%A £+ 0.17
TP (ng mg~t AIR) NDM 118.75%8 +0.23 131.129A +1.74 139.428A +1.27
CA 127.06°A £ 0.29 130.78%A £ 1.49 131.17%8 + 1.11
WSP (g mg~! AIR) NDM 76.99°B 4 0.84 107.39°8 4 0.45 128.43*A £ 1.74
CA 97.84°A £ 0.85 118.72°A +0.52 125.66%A + 1.95

Mean values in the same row followed by different letters (a—c) are significantly different (DMRT’s test:
P < 0.05). Mean values in the same column in each attribute followed by different letters (A-B) are significantly
different (ANOVA test: P < 0.05).

NDM: Nam Dok Mai; CA: Chok Anan.
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Figure 3 Light microscopy images of fresh and frozen mangoes. (a) Fresh Nam Dok Mai, (b) fresh Chok Anan,
(c) frozen Nam Dok Mai, and (d) frozen Chok Anan. (1) Partially ripe, (2) ripe, and (3) fully ripe stage. Arrows
indicate the swelling of cell walls caused by freezing damage. T = torn cell wall. Bar = 50 pm. (Color figure
available online.)

changes, which occurred in the middle lamella and primary cell wall during ripening, lead
to cell separation and softening of the tissues.[*] The mean cell sizes of Nam Dok Mai
were 141 + 26 um in length and 101 4 18 pwm in diameter while the mean cell sizes of
Chok Anan were 124 + 18 pum in length and 89 £ 16 wm in diameter. The cell sizes were
measured at the partially ripening stage in both cultivars. Chok Anan cultivar, which had
smaller cell sizes and cells that were relatively more compact than Nam Dok Mai cultivar,
also showed a higher firmness value.

After the freezing process, the swelling and folding of the cell wall appeared in
both mango cultivars (Figs. 3c and 3d). These irregular shapes can be observed by light
microscope in the frozen tissue. Chok Anan sample at the ripe and fully ripe stages showed
a larger swelling of the cell wall than in the Nam Dok Mai sample. This dramatic cell wall
damage (i.e., cell separation in the middle lamella and cell wall rupture) was found in the
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fully ripe stage of both frozen mango cultivars (Figs. 3c-3, 3d-3) resulting in a reduction
in the firmness values. This can be explained by the ice crystals that formed in the extra-
cellular medium propagating via the cytoplasm when the cell membrane lost permeability.
The decompartmentalization caused by these ice crystals prevented water from returning to
the intracellular medium during thawing, which caused a loss of turgidity and, hence, the
change in fruit texture.[3%]

TEM micrographs of the fresh and frozen mango samples are shown in Fig. 4. In the
unfrozen tissue, the cell wall and middle lamella are obviously intact (Figs. 4a and 4b).
However, after freezing, cell wall damage can be observed in both Nam Dok Mai and Chok
Anan samples (Figs. 4c and 4d). This cell wall damage can be explained by the dissolution
of middle lamella, which was caused by ice crystals. It was correlated with an increase in
WSP content of frozen mango. The dissolution of the middle lamella led to the loss of cell
adhesion and cell-to-cell contact, which resulted in the formation of intercellular spaces.
The swelling and folding of cell walls were observed in the frozen tissue, which were
possibly due to cell wall loosening and cell wall expansion. TEM observation revealed that
the cell wall thickness of fresh Nam Dok Mai and Chok Anan samples ranged from 0.5 to
1.0 and 0.8 to 1.6 wm, respectively. After freezing, the cell wall thickness of Nam Dok Mai
and Chok Anan was increased in the range from 1.0 to 2.0 and 1.0 to 3.0 im, respectively.
The cell walls at the partially ripe stage for both cultivars appeared less damaged than in
the other stages. Severe cell wall damage was found in the fully ripe stage of both cultivars
(Figs. 4c-3, 4d-3). Nam Dok Mai at all ripening stages seemed to have more cell wall
damage than Chok Anan. This result may relate to the higher drip loss in the Nam Dok Mai
cultivar (Fig. 2a) even though both cultivars had relatively similar moisture contents. From
the microstructure and textural results, it is clear that the loss in firmness in the mango
tissues after freezing and thawing can be attributed to changes in the middle lamella and
cell wall.

Sensory Evaluation

The sensory attributes of the frozen-thawed mangoes were evaluated by 30 untrained
panelists (Table 4). These results showed that Nam Dok Mai at the partially ripe and ripe
stages had improved appearance, color, and overall acceptability scores than for the fully
ripe stage. The flavor and taste scores of Nam Dok Mai were not significantly different
(P > 0.05) between any of the ripening stages. However, the partially ripe stage presented
the highest texture score. In Chok Anan, the partially ripe and ripe stage had higher color
scores than for the fully ripe stage. In addition, the flavor and taste scores for all ripening
stages of Chok Anan were not significantly different (P > 0.05). The partially ripe Chok
Anan samples had the highest appearance, texture, and overall acceptability scores. The
different ripening stages used in the freezing process affected the sensory attributes of both
mango cultivars. The sensory attributes at the partially ripe and fully ripe stage were not
significantly different between cultivars (P > 0.05). However, Nam Dok Mai at the ripe
stage had a higher appearance, color, and overall acceptability score than that found in
Chok Anan.

CONCLUSION

The ripening stage had a significant effect on the firmness values, drip loss, WSP,
microstructure, and sensory attributes of both frozen-thawed mango cultivars. The partially
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Figure 4 TEM images of two cultivars of fresh and frozen mangoes. (a) Fresh Nam Dok Mai, (b) fresh Chok
Anan, (c) frozen Nam Dok Mai, and (d) frozen Chok Anan. (1) Partially ripe, (2) ripe, and (3) fully ripe stage.
Arrows indicate the swelling and folding of cell walls caused by freezing damage. CW: cell wall; ML: middle
lamella; ICS: intercellular space. Bar = 1 um (C-3 image bar = 2 pm).
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Table4 Mean sensory scores of two different cultivars of frozen-thawed mangoes at various ripening stages.

Ripening stage

Sensory attributes Cultivar Partially ripe Ripe Fully ripe
Appearance NDM 7.18% 4+ 1.42 6.72% + 1.41 5.67°A 4+ 153
CA 6.95%A + 1.26 6.03° +1.16 5.22¢A +1.35
Color NDM 6.88%A + 1.67 6.93%A +1.11 5.87°A +1.45
CA 6.59% + 1.44 6.3238 4+ 1.20 5.24PA +1.37
Texture NDM 6.63% +1.58 6.03PA + 1.40 4.27°A £ 1,57
CA 5.90% + 1.45 5.32PA +1.71 4.03°A +1.59
Flavor NDM 5.78%A +1.63 6.17%A +1.43 5.57% +1.19
CA 5.53%A 4+ 1.50 5.68%A + 1.37 5.37°%A 4+ 1.44
Taste NDM 5.34%A 41,97 6.23%A £ 151 5.68%A 4 1.36
CA 5.443A +1.48 5.60% +1.35 5.15% +1.47
Overall acceptability NDM 6.26°A £ 1.55 6.33°A +1.26 5.20°A +1.34
CA 6.16%A +1.37 5.55PB +1.48 4.78°A +1.48

Mean values in the same row followed by different letters (a—c) are significantly different (DMRT’s test:
P < 0.05). Mean values in the same column in each attribute followed by different letters (A-B) are significantly
different (ANOVA test: P < 0.05).

NDM: Nam Dok Mai; CA: Chok Anan.

ripe stage exhibited a higher firmness value, higher sensory scores, and lower drip loss
than the other stages. This stage also appeared to have less cell wall damage caused by
the freezing and thawing process. The use of the partially ripe stage of mangoes can be
recommended in the freezing process to maintain higher texture quality. In addition, the
results found here were relatively similar for the two cultivars studied. However, Chok
Anan demonstrated a high resistance to freezing damage and had a very low drip loss and
less cell wall damage as compared to Nam Dok Mai.
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Effects of freezing and thawing on texture,
microstructure and cell wall composition
changes in papaya tissues

Suphatta Phothiset and Sanguansri Charoenrein*

Abstract

BACKGROUND: During storage, frozen fruit may be thawed and refrozen many times before consumption, which may be
extremely damaging to the texture of the frozen fruit and reverse the advantage of fast freezing. The effects of freezing and
thawing on texture, microstructure and cell wall composition changes in papaya tissues were investigated.

RESULTS: The frozen-thawed papayas had an increase in drip loss and a decrease in firmness with increasing number of
freeze-thaw cycles. Light microscopy showed irregular shapes and cell damage in parenchyma cells of frozen-thawed papayas,
whereas transmission electron microscopy showed loss of cell wall materials in middle lamella. Moreover, destruction of cell
wall was observed after being subjected to five freeze-thaw cycles. These changes related with a significant decrease in
alcohol-insoluble solids, Na,COs- and 24% KOH-soluble fractions and an increase in the water-, EDTA- and 4% KOH-soluble
fractions. This was due to a decrease in the molecular mass of pectic and hemicellulosic polymers in frozen-thawed papayas
using high-performance size-exclusion chromatography.

CONCLUSION: The freezing and thawing processes caused fine structural damage and cell wall composition changes which
contributed to a loss of drip volume and firmness of papaya tissues.
(© 2013 Society of Chemical Industry
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INTRODUCTION the frozen fruit and reverse the advantage of fast freezing. From
The freezing process has been considered to be one of the best ~ an extensive review of the literature, and with the exception of
10
methods available for preserving the quality characteristics of food ~ On€ report on mangoes, there has been no research done on
because it can delay spoilage and keep food safe by preventing  the effects of multiple freeze-thaw cycles on the textural and
microorganisms from growing and by slowing down chemical structural changes of frozen fruits and vegetables. Owcharoen and
:010
activity." Inaddition, it better preserves flavor, color and nutritional ~ Charoenrein™® only reported the effect of freeze—thaw cycles on
values of food? than canning or drying processes. Normally, fast thetexturaland pectin contentchanges of mangoes.Ingeneral, the
freezing better preserves food structure. It induces the production  textural properties of biological tissues depend on contributions
of alarge number of small ice crystals which leads to less breakage from the different levels of structure, i.e. at the molecular level, the
of cell walls, and also consequently less texture deterioration.3 cellular level and the organ level.* Therefore, to gain information

However, especially in the case of fruits, freezing process usually ~ @bout the physical and chemical changes taking place inside
results in textural changes leading to fruit softening. the fruit tissue after freezing in the freeze-thaw cycle to reduce

The textural properties of fruit tissue are also related to the the changes in texture in frozen-thawed fruits, the objective of
cell wall component.* Generally, fruit cell walls are composed of ~ the current study was to investigate the effect of freezing.a'nd
cellulose and hemicellulose embedded in a matrix of pectins. The ~ thawing on texture, microstructure and cell wall composition
solubilization and depolymerization of those components were changes in fruit tissues. In this study, .the effect of the freeze—th.aw
suggested to be responsible for fruit softening during ripening.? cycle repeated up to five cycles was investigated because, derlng
In frozen—thawed fruits, studies have shown that the degradation ~ Storage, frozen fruits may be thawed and refrozen many times,
and solubilization of those components contribute to reduced cell & Storage and transportation, repacking in a smaller retailer,
adhesion resulting in textural changes which lead to fruit softening ~ "etail display and repeated storage by consumers. This study used
in apple,® strawberry,” muskmelon® and sweet berry.® When fruits
are frozen, the quality loss of frozen fruits should be minimized e —
not only during the freezing step but also during frozen storage * Correspondence to: Sanguansri Charoenrein, Department of Food Science and
and thawing. Physical changes during subsequent frozen storage Tecf.)nology, Fqculty .of Agro-Industry, Kasetsart University, Bangkok 10900,
may result in textural changes in frozen fruits.2 Over time, frozen Thailand. £-mail: fagisscreku.ac.th
fruit may be thawed and refrozen many times before consumer Department of Food Science and Technology, Faculty of Agro-Industry,
consumption. This may be extremely damaging to the texture of Kasetsart University, Bangkok 10900, Thailand
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papaya (CaricapapayaL.cv.Holland) as a model because it exhibits
textural changes that can be detected easily."!

MATERIALS AND METHODS

Materials

Papaya (Carica papaya L. cv. Holland) samples were obtained from
Pathum Thani province, Thailand, during April and May 2011. They
were selected to be homogeneous in size, peel and flesh color,
and in total soluble solids content. The total soluble solids at 25 °C
were in the range 14-16 °Brix and the moisture content was in
the range 86-87%, respectively.'?

Sample preparation

Papayas were washed with tap water and then air-dried. They were
cut into 1.5 x 1.5 x 1.5cm cubes. Eight cubes were packed and
sealed in each plastic pouch (NY/LLDPE, 70 um, 100 x 150 mm).
The samples were then frozen at —40 °C in a cryogenic freezer
(Minibatch 1000 L; Bangkok Industrial Gas Co., Thailand) until the
temperature of the samples reached —25 °C. After that, the frozen
papayas were stored in a chest freezer (Sanyo refrigerator, SF-C
1497, Sanyo Electric Co., Ltd, Japan) at —20 °C for 72 h and then
thawed at 4 °C for 4h in a low-temperature incubator (IPP400,
Memmert, Germany). This freeze—thaw cycle was then repeated
for up to five cycles. The experiments were undertaken in two
trials.

Drip loss measurement

The drip loss of frozen-thawed papayas was measured according
to the method of Lowithun and Charoenrein.'? Six frozen cubes
were laid over absorbent paper and placed into a double-layered
zip lock plastic bag. The samples were then thawed at 4°C in
a low-temperature incubator. The drip loss was evaluated by
periodic weighing of the absorbent paper until a constant value
was reached. The percent drip loss was calculated as follows:

Initial weight of fresh papaya

. —Weight of papaya after thawing
% Drip loss = — - x 100
Initial weight of fresh papaya cubes

Texture measurement

The texture of the fresh and frozen-thawed papaya tissues
was measured with a texture analyzer (TA-XT.plus, Stable Micro
Systems, Godalming, UK) fitted with a 36 mm cylindrical flat-head
probe (P/36R). The samples were compressed at 0.1 mm s~ untila
15% strain was reached (adapted from Chassage-Berces etal.). The
maximum peak force was recorded and expressed as a firmness
value in newtons (N). The mean values of 12 papaya cubes were
reported.

Light and transmission electron microscopy

For microscopy observations, fresh and frozen-thawed papaya
tissues approximately 1 x 1 x 2 mm were pre-fixed in 2.5% (v/v)
glutaraldehyde in 0.1 molL~" phosphate buffer (pH7.2) at 4 °C
overnight and then washed with 0.1 molL~" phosphate buffer
(pH 7.2). Thereafter, the samples were post-fixed with 2% osmium
tetroxide for 2 h at room temperature. The fixed samples were
washed three times with distilled water and gradually dehydrated
inacetone (30-100%, v/v). After that, the dehydrated samples were
rinsed in propylene oxide (three times, 30 min each), followed by

infiltration in propylene oxide—Spurr’s resin in a decreasing ratio
from 2:1 (two parts propylene oxide:one part Spurr's resin) to
1:2, each for 4h. The samples were then suspended in pure
Spurr’s resin overnight. After that, they were placed in the oven
at 80 °C for 7 h for polymerization and then they were sectioned
with an ultramicrotome (Leica Ultracut UCT, Austria) at 1.5um
thickness and stained with 1% (w/v) toluidine blue for observation
under a light microscope (Leica DME, Leica Microsystems Inc.,
Buffalo Grove, IL, USA). In addition, they were sectioned with the
ultramicrotome at 70 nm thickness and stained with uranyl acetate
and lead citrate for observation with a transmission electron
microscope (JEM-1220 TEM, JEOL, Tokyo, Japan) at an accelerating
voltage of 80 kV.

Cell wall analysis

Isolation of cell wall materials

The cell wall materials were isolated as alcohol-insoluble solids
(AIS), which are a composite of salts, starch and non-starch
polysaccharides such as pectins, hemicelluloses and celluloses,'* as
described by the method of McFeeters and Armstrong.'> Samples
of approximately 30g fresh and frozen-thawed papaya were
immediately placed in 95% (v/v) ethanol and were then
homogenized in a Waring blender. The suspension was filtered
through a filter paper and then the residues were sequentially
washed with 70% (v/v) ethanol and acetone. The residues were
air-dried overnight at 40 °C and then weighed. Results were
expressed as mg g~ fruit weight. The AIS were ground using a
mortar and pestle and stored in a desiccator until further use.

Extraction and quantification of cell wall fractions

Fractions of different cell wall components were obtained by
sequential chemical extraction of the AlS according to the method
of Vicente et al.,'® which allows its separation into several fractions;
water extraction solubilizes loosely bound pectins which have low
or no binding to the other cell wall components,’”” whereas
ethylenediaminetetraacetic acid (EDTA) and sodium carbonate
(Na,CO3) extractions allow the enrichment of fractions with
ionically and covalently bound pectins, respectively. Diluted and
concentrated KOH solubilize mainly loosely and tightly bound
hemicelluloses, respectively. Approximately 200 mg of AIS from
each sample was sequentially extracted with (i) distilled water, (ii)
EDTA in 0.05molL~" sodium acetate pH 6.5, (iii) 0.05molL™"
Na,COs; containing 0.02molL~" NaBH4, (iv) 4% (w/v) KOH
containing 0.1% (w/v) NaBH4 and (v) 24% (w/v) KOH containing
0.1% (w/v) NaBH,4. The fractions were obtained by suspending
the AIS powder in 25 mL of the extraction solvent and stirring
for 12 h at room temperature. Solubilized material was separated
by centrifugation at 6000 x g for 20 min. All extracted fractions
were filtered through filter paper. The water-soluble fraction was
designated WSF, the EDTA-soluble fraction as ESF, the Na,COs-
soluble fraction as NSF, the 4% KOH-soluble fraction as 4KSF and
the 24% KOH-soluble fraction as 24KSF.

The uronic acid (UA) contents of the WSF, ESF and NSF
fractions were estimated by the m-hydroxyldiphenyl method
using galacturonic acid (GA) as the standard'® and expressed
as ug mg~" AIS. The neutral sugar (NA) contents of the 4KSF and
24KSF fractions were estimated by the anthrone method using
glucose as the standard'® and expressed as ug mg~" AlS.

Analysis of molecular mass distribution
All the above extracts were dialyzed in tubing having a pore size of
3500 nominal molecular weight cut-off against water at 4 °C for at
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least 16 h and were then lyophilized. The lyophilized samples were
suspended in 0.05 mol L~! sodium nitrate containing 0.02% (w/v)
sodium azide. Prior to determination, each suspension (1 mg mL™")
was filtered through a 0.22 um filter and then the molecular mass
distribution profile was determined using high-performance size-
exclusion chromatography (HPSEC). The system consisted of a
Waters 600 pump with degasser, an injector and a Waters 410
differential refractive index detector (Waters, Milford, MA, USA).
This work used the column in series with a Shodex OH SB-G
guard column, a Shodex OH-Pak SB-804 HQ (7.6 mm x 30 cm) and
a Shodex OH-Pak SB 805 HQ (7.6 mm x 5 cm) (Shimadze, Kyoto,
Japan). The molecular mass distribution profile was performed
with 0.05mol L~! sodium nitrate containing 0.02% (w/v) sodium
azide at a flow rate of 0.6 mLmin~'. Dextran standards (50, 150
and 270kDa) and glucose (molecular weight 180) were used to
calibrate the column and establish a standard curve.

Data analysis

Data were subjected to analysis of variance,and mean comparisons
were carried out using Duncan’s multiple range test (DMRT). Sta-
tistical analyses were performed using the Statistical Package for
Social Science (SPSS 12.0 for Windows, SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION

Effect of freezing and thawing on drip loss and firmness of
papaya tissues

After the first freeze-thaw cycle, the percent drip loss of thawed
papaya tissue was 17.01% (Table 1). This result indicated that
freezing and thawing caused a loss of water from the thawed
papaya tissue. This was probably because ice crystals disrupt the
cell membrane and also cell walls, leading to cell damage. During
thawing, the water from the damaged cells is released, which
leads to drip loss. With increasing freeze—thaw cycles, the percent
drip loss of thawed papaya was progressively increased (P < 0.05)
compared with first freeze—thaw cycle. This indicated that the
repeated melting and reformation of ice crystals could damage
more cellular membranes and cell walls."?°~22 |t allowed more
cell collapse and also water from damaged cells could be released
from the cells after thawing.

As can be seen from Table 1, after the first freeze—thaw cycle the
firmness of thawed papaya was decreased (P < 0.05) compared
with fresh papaya. The decrease in firmness indicated that the
ice crystals formed during freezing affect the integrity of the cell
membrane and cell walls, leading to a loosening or weakening
of thawed fruit tissue.?®> Similar observations have also been
reported in apple,®?* melon,® muskmelon? and pineapple.?®
Moreover, when increasing the number of freeze-thaw cycles, the
firmness of thawed papaya was progressively decreased (P < 0.05)
compared with the first freeze—thaw cycle. These results indicated
that the repeated melting and refreezing of the ice crystals caused
an increase in a loss of tissue integrity and a loss of cell turgor
pressure which led to a loosening or softening of the thawed
papaya tissues. Therefore, the freezing and thawing caused a
loss of tissue integrity together with a loss of drip volume from
damaged cells following cell collapse which resulted in aloosening
and softening of the thawed papaya.

Effect of freezing and thawing on microstructure of papaya
tissues

The microstructures of fresh and frozen papaya subjected to five
freeze—thaw cycles were observed using light microscopy (LM)

and transmission electron microscopy (TEM), and the results are
showninFigs 1and 2, respectively. Under LM, the parenchyma cells
of fresh papaya showed a uniform distribution of cells with regular
shapes (Fig. 1a). Vacuoles of fresh papaya were visible and filled
the cell volume. After the first freeze —thaw cycle, parenchyma cells
of frozen-thawed papaya showed irregular shapes and damages
(Fig. 1b), with large intercellular spaces. Moreover, they showed
no intact vacuoles in cells. It was previously reported that the
freezing process caused a loss of apple vacuole and a loss of the
tonoplast which surrounds the vacuole.® In this result, the loss of
vacuole caused a loss of turgor pressure and led to the irregular
shapes and cell damage, resulting in large intercellular spaces
and individual papaya cells having less cohesion amongst one
another (Fig. 1b). This indicated that the loss of vacuoles together
with the irregular shapes and cell damage caused cell collapses
during thawing resulting in the loss of cell water-holding capacity,
which in turn led to an increase in drip volume (Table 1) and also
a decrease in firmness (Table 1). At the third freeze-thaw cycle,
the parenchyma cells of frozen-thawed papayas showed more
irregular shapes and damage (Fig. 1c). Contact between cells was
weakand collapsed and also cell shrinkage was evident.In addition,
at the fifth freeze-thaw cycle the parenchyma cells showed more
cell shrinkage and cell collapse, leading to fewer intercellular
spaces (Fig. 1d). This indicated that more repeated melting and
refreezing formation of ice crystals caused more irregularity in the
cell shape and more damage: loosening, collapse and shrinkage.
These changes were associated with an increase in the drip volume
and also a decrease in firmness (Table 1).

The TEM images of fresh papaya subjected to five freeze—thaw
cycles are shown in Fig. 2. The cell walls of the fresh papaya
showed strong, dark staining in the center zone of the cell walls
(Fig. 2a), whereas the cell wall of the frozen-thawed papaya after
the first freeze—thaw cycle showed less staining of the center
zone of the cell wall (Fig. 2b). This indicated that freezing and
thawing caused a loss of cell wall material in the middle lamella.
The results were similar in carrot?’” and melon.?® The loss of some
cell wall materials in the middle lamella of the cell wall caused a
loss of integrity of cells and was followed by the collapse of cells,
which led to larger intercellular spaces, as shown in the LM images
(Fig. 1b). TEM images following the increase in the number of
freeze-thaw cycles showed that the thickness of the cell wall was
progressively decreased (Fig. 2¢, d). Moreover, magnification after
the fifth freeze—thaw cycle showed there was destruction of the
cellwalls (Fig. 2e). Thisindicated that the freeze - thaw cycle caused
a loss of cell wall materials in the middle lamella and also caused
disorganization of the cell walls. This might have contributed to
the loss of cell-to-cell adhesion and contact.?® Again, this resulted
in a loss of tissue integrity, which was related to a decrease in
firmness and an increase in the drip volume (as discussed earlier).

Effect of freezing and thawing on cell wall composition of
papaya tissues

To determine the changes in the cell wall materials, analysis of
the AIS was undertaken. The AIS content of fresh papaya was
approximately 157.43mgg~" fresh weight. After the freezing
and thawing processes, the amount of AIS was significantly
(P < 0.05) decreased (2.38%). This result was consistent with the
observation of Simandjuntak et al® Moreover, increasing the
number of freeze—thaw cycles resulted in a significant (P < 0.05)
progressive decrease in the AlIS. This indicated that the cell wall
materials of papaya tissue could be lost after repeated freezing
and thawing processes. This was probably due to ice crystal
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Table 1. Effect of freezing and thawing on firmness, percent drip loss, alcohol-insoluble solids and uronic acid contents in pectin fractions of papaya
tissues
Firmness AIS WSF ESF NSF

Sample (N) % Drip loss (mgg~' FW) (ugmg~" AIS) (ugmg~" AIS) (ugmg~" AlS)
Fresh 12.00a +0.28 — 157.42a+0.99 143.92d +1.81 49.44d 4+ 2.89 18.77a+£0.42
FT1 7.63b+0.20 17.01c £0.68 153.68b +1.30 163.98c +1.79 57.59c +0.87 17.12b+0.23
FT3 2.89c¢£0.12 36.85b +£0.75 144.66¢ + 0.67 174.34b +0.73 63.32b +0.93 15.31c£0.80
FT5 0.48d +0.03 47.24a +0.89 137.91d +0.87 181.85a+2.56 71.73a+£2.02 12.39d £0.58
Data are shown as mean =+ standard deviation. Means with different letters in the same column indicate significant difference (Duncan’s multiple
range test (P < 0.05). FW, fresh weight; FT 1, freeze—thaw cycle 1; FT 3, freeze-thaw cycle 3; FT 5, freeze-thaw cycle 5; AlS, alcohol-insoluble solids;
WSF, water-soluble fraction; ESF, EDTA-soluble fraction; NSF, Na,COs-soluble fraction.
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Figure 1. LM images of fresh papaya and frozen-thawed papaya tissue stained with toluidine blue (1.5 um thickness): (a) fresh papaya tissue; (b)
freeze-thaw cycle 1; (c) freeze—thaw cycle 3; (d) freeze—thaw cycle 5. CW, cell wall; IS, intercellular spaces; VC, vacuoles; P, protoplast.

formation and the repeated melting and reformation of ice crystals,
causing cell membrane and cell wall damage, with large cell wall
polymers being degraded to shorter cell wall polymers, causing
its oligopolymer to be dissolved in ethanol during extraction and
resulting in a decrease in cell wall materials. This indicated that
the freezing and thawing processes caused the loss of cell wall
materials. Van Buren3® mentioned that cellulose has the function
of providing rigidity and resistance to tearing, whereas pectin and
hemicellulose contribute to plasticity and the ability to stretch.
Thus, a decrease in cell wall materials was a most likely contributor
to the loss of the firmness.

To understand more about the changes in the cell wall
components, the AIS were subjected to sequential chemical
extraction, which was designed to enrich particular subclasses of
cell wall polymers as described by Vicente et al.’® and Rose et al.3'
The results showed that the uronic acid content in the AlS of fresh
papaya contained predominantly WSF, a substantial amount of
ESF and a low amount of NSF. After the first freeze—thaw cycle,
the uronic acid contents in the WSF and ESF were significantly
(P < 0.05) increased (by 13.94% and 16.48%, respectively), whereas
uronic acid content in the NSF was significantly (P < 0.05)
decreased (8.79%). When the number of freeze-thaw cycles

was increased, the uronic acid contents in the WSF and ESF
were significantly (P < 0.05) and progressively increased, whereas
the uronic acid content in NSF was significantly (P < 0.05) and
progressively decreased. Inari and Takeuchi*? mentioned that an
increase in the WSF and ESF possibly derived from the NSF. This
indicated thatice crystals formed during freezing and the repeated
melting and reformation of ice crystals might cause the covalently
bound pectin in the NSF to transform to loosely bound pectin
in the WSF and ESF, respectively. A decrease in the number of
pectin molecules originally held in the wall by covalent bonds
caused weak binding of the pectin in the wall, resulting in a
loss of firmness. Moreover, these changes might occur as a result
of cell wall-degrading enzymes. The enzyme activity is slowed
at temperatures below —18°C; it can become activated again
during the thawing process>? and it hydrolyzed long-chain pectic
substances to short-chain pectic substances. This led to the pectin
located in the middle lamella and held in the wall by covalent
bonding being easily extracted in water and chelating agent,
resulting in a decrease in the NSF and an increase in the WSF
and ESF. The changes in the pectin fractions of frozen-thawed
papaya correlated with the loss of staining in the center zone and
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Figure 2. TEM images of fresh papaya and frozen-thawed papaya tissue stained with uranyl acetate and lead citrate (70 nm thickness): (a) fresh papaya
tissue; (b) freeze-thaw cycle 1; (c) freeze-thaw cycle 3; (d) freeze—thaw cycle 5 (x8000); (e) freeze—thaw cycle 5 (x20 000). CW, cell wall; ML, middle

lamella.

disorganization of the cell wall, as can be seen in the TEM images
(Fig. 2b-d).

To understand the effect of freezing and thawing on the matrix
glycan (formerly known as hemicellulose), the neutral sugar
contents in 4KSF and 24KSF were analyzed and the results are
shown in Table 2. These results showed that after freezing and
increasing the numbers of freeze-thaw cycles the neutral sugar
contents in 4KSF were significantly (P < 0.05) and progressively
increased, whereas in 24KSF they were significantly (P < 0.05) and
progressively decreased. This indicated that ice crystals formed
during the freezing, and the repeated melting and reformation
of ice crystals caused a tightly bound matrix glycan (24KSF),
which bridge cellulose microfibrils in the pectin matrix,3* to be
transformed to the loosely bound matrix glycan (4KSF). Moreover,
these changes might also be associated with cell wall-degrading
enzymes, especially S-galactosidase (EC 3.2.1.23) and cellulase (EC
3.2.4).> The B-galactosidase enzymes act on side chains of pectic or
hemicellulosic polysaccharides and thereafter the tightly bound
matrix glycan (24KSF) became a loosely bound matrix glycan
(4KSF). These allowed the matrix glycan (hemicellulose) bridge
cellulose network to loosen, which led to a higher amount of
neutral sugarin theloosely bound matrix glycan (4KSF).In addition,
loosening of the matrix glycan—cellulose network caused some
parts of the cell wall to swell. These changes in the matrix glycan
are thought to be a major contributor to the reduced rigidity

Table 2. Effect of freezing and thawing on neutral sugar contents in
hemicellulose fractions of papaya tissues

4KSF 24KSF
Sample (ugmg~" AlS) (ugmg~" AlS)
Fresh 121.70c £ 2.40 369.80a +9.51
FT1 132.88b +1.77 340.38b £ 1.59
FT3 137.18b +0.37 340.18b 4+ 1.19
FT5 147.47a+£1.17 309.59¢ £9.95

Data are shown as mean =+ standard deviation. Means with different
letters in the same column indicate significant difference (Duncan’s
multiple range test (P <0.05). FT 1, freeze-thaw cycle 1; FT 3,
freeze-thaw cycle 3; FT 5, Freeze-thaw cycle 5; 4KSF, 4%KOH-soluble
fraction; 24KSF, 24% KOH-soluble fraction.

of the cell wall, especially during ripening, due to its important
structural role of cross-linking cellulose in the walls.” In the current
study, changes in the matrix glycan after repeated freezing and
thawing correlated with a decrease in firmness and changes in the
microstructure (as discussed in earlier).

To understand more about the effect of freezing and thawing
on depolymerization of the cell wall components, the molecular
mass distribution of the pectic and hemicellulosic polysaccharide
fractions were determined by HPSEC and the results are shown
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Figure 3. Molecular mass distribution profiles of water-, chelating agent- and Na,;COs-soluble pectin fractions from fresh papaya and frozen-thawed

papaya.

in Figs 3 and 4. After the first freeze—thaw cycle, the molecular
mass distribution profiles of all pectin fractions (WSF, ESF and
NSF) were changed from those in a fresh sample. At an elution
time of approximately 20-30 min, two peaks of the WSF profile
were transformed to one peak, the height of the ESF peak profile
was decreased and the second peak of the NSF profile was lost.
Moreover, when the number of freeze —thaw cycles was increased,
the molecular mass distribution profiles of the WSF, ESF and
NSF continuously changed (Fig. 3). These changes indicated that
ice crystals formed during freezing and the repeated melting
and reformation of ice crystals caused pectin depolymerization.
It caused highly branched pectic polymer side chains to be
transformed into fewer branched pectic polymer side chains
and led to long-chain pectic polymers being transformed into
short-chain pectic polymers. In addition, these changes might
also have been caused as a result of cell wall-degrading enzymes.
These enzymes hydrolyzed highly branched pectic polymer side
chains to short-branched pectic polymer side chains and long-
chain pectic polymers to short-chain pectic polymers, which led
to a downshift of the molecular mass distribution profiles.
Analysis of the molecular mass distribution profiles of the
matrix glycans (4KSF and 24KSF) showed that after the first
freeze—thaw cycle at an elution time of approximately 25 min
the molecular mass distribution profiles of the 4KSF showed a
reduction of high molecular mass to low molecular mass, while
the molecular mass distribution profile of the 24KSF was slightly
changed. The loss of the high-molecular-mass peak while the

low-molecular-mass peak remained indicated that the ice crystals
formed during freezing affected matrix glycan depolymerization.
The depolymerization of matrix glycan caused the relaxation of the
hemicellulose-cellulose network, which led to reduced rigidity
of the cell walls,” resulting in a loss of fruit firmness. When the
number of freeze-thaw cycles was increased, the molecular mass
distribution profiles of the 4KSF and 24KSF did not change notice-
ably, whereas the neutral sugar contents in the 4KSF and 24KSF
changed continuously (Table 2). These results indicated that the
repeated melting and reformation of ice crystals did not affect the
matrix glycan depolymerization but did affect the neutral sugar
contents in the 4KSF and 24KSF. It was possible that after the first
freeze—thaw cycle some matrix glycan was completely degraded
to fragments small enough to be lost during cell wall preparation
and extraction.3* In addition, it was possible that with increasing
freeze—thaw cycles the expansin — non-enzymatic proteins in the
cell wall —would act on the linkage between the hemicellulose
and cellulose microfibrils,® leading to a loosening or weakening
of the hemicellulose-cellulose network. This leads to an increase
in loosely bound matrix glycan in 4KSF, while there is a decrease
in tightly bound matrix glycan in 24KSF (Table 2). However,
apparently the molecular mass distribution of the matrix glycan
in both fractions (4KSF and 24KSF) did not obviously change after
increasing the number of freeze—-thaw cycles (Fig. 4). Unfortu-
nately, there have been no other studies on the effect of freezing
and thawing on depolymerization of cell wall fraction changes
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Figure 4. Molecular mass distribution profiles of 4% KOH- and 24% KOH-soluble hemicellulose fractions from fresh papaya and frozen-thawed papaya.

in frozen fruits with which the results of the current study may
be compared.

CONCLUSION

Changes in texture, microstructure and cell wall composition
of papaya tissues can be induced by freezing and thawing.
These changes were more pronounced with an increase in the
number of freeze—thaw cycles. The ice crystals formed during
freezing and the repeated melting and reformation of ice crystals
caused textural, microstructural and cellular changes in papaya
tissues. The freeze-thawing processes caused an increase in pectic
and hemicellulosic depolymerization and an increase in soluble
pectin and loosely bound hemicellulose, as well as a decrease in
insoluble pectin and tightly bound hemicellulose. Furthermore, it
also caused a loss of vacuoles, and damage to cell membranes and
cell walls, with resultant cell shrinkage that was associated with a
decrease in firmness and an increase in drip volume. In addition
to the effect of ice crystal formation, changes in the solubilization

and depolymerization of pecticand hemicellulosic substances may
have been a result of some cell wall-degrading enzymes which
can be reactivated after thawing. Thus, further investigation on
the effect of freezing and thawing on cell wall-degrading enzyme
activity in fruit tissues could help elucidate the changes in the
texture of freeze-thawed fruit tissue.

ACKNOWLEDGEMENTS

This work was supported by the Royal Golden Jubilee PhD
program (Grant No.PHD/0053/2551) under the Office of the Higher
Education Commission Thailand and the Thailand Research Fund,
and TRF grants under project RSA 5480020.

REFERENCES

1 Reid DS, Overview of physical/chemical aspects of freezing, in Quality
in Frozen Food, ed. by Erickson MC and Hung YC. Chapman & Hall,
London, pp. 10-28 (1997).

J Sci Food Agric 2014; 94: 189-196

(© 2013 Society of Chemical Industry

wileyonlinelibrary.com/jsfa




@)
SCI

WWW.SOCi.org

S Phothiset, S Charoenrein

2 Canet W and Alvarez MD, Quality and safety of frozen vegetables, in
Handbook of Frozen Food Processing and Packing, ed. by Sun DW.
CRC Press, Boca Raton, FL, pp. 561-576 (2006).

3 Brown MS, Texture of frozen fruits and vegetables. J Texture Stud
7:391-404 (1977).

4 Waldron KW, Smith AC, Parr AJ, Ng A and Parker ML, New approaches
to understanding and controlling cell separation in relation to fruit
and vegetable texture. Trends Food Sci Technol 8:213-221 (1997).

5 Brummell DA, Cell wall disassembly in ripening fruit. Funct Plant Biol
33:103-119 (2006).

6 Chassagne-Berces S, Poirier C, Devaux MF, Fonseca F, Lahaye M,
Pigorini G et al., Changes in texture, cellular structure and cell wall
composition in apple tissue as a result of freezing. Food Res Int
42:788-797 (2009).

7 Buggenhout SV, Lille M, Messagie |, Loey A, Autio K and Hendrickx
M, Impact of pretreatment and freezing conditions on the
microstructure of frozen carrots: quantification and relation to
texture loss. Eur Food Res Technol 225:543-553 (2006).

8 Simandjuntak V, Barrett DM and Wrolstad RE, Cultivar and frozen
storage effects on muskmelon (Cucumis melo) colour, texture and
cell wall polysaccharide composition. J Sci Food Agric 71:291-296
(1996).

9 Alonso J, Tortosa ME, Canet W and Rodriguez MT, Ultrastructural and
changes in pectin composition of sweet cherry from the application
of prefreezing treatments. J Food Sci 70:E526-E530 (2005).

10 Owcharoen K and Charoenrein S, Effect of freeze-thaw cycles on
texture and changes in pectin content of frozen mango (Mangifera
indica L. Cv. Nam Dokmai), in 12th ASEAN Food Conference 2011,
BITEC Bangna, Bangkok, Thailand (pp. 595-598) (2011).

11 Manrique GD and Lajolo FM, Cell-wall polysaccharide modifications
during postharvest ripening of papaya fruit (Carica papaya).
Postharvest Biol Technol 33:11-26 (2004).

12 Association of Official Analytical Chemists, Official Methods of Analysis
(17th edn), Arlington, VA (2002).

13 Lowithun N and Charoenrein S, Influence of osmodehydrofreezing
with different sugars on the quality of frozen rambutan. Int J Food
Sci Technol 44:2183-2188 (2009).

14 Render G and Their HP, Non-starch polysaccharides of tomatoes I.
Characterizing pectins and hemicelluloses. Eur Food Res Technol
209:43-46 (1999).

15 McFeeters RF and Armstrong SA, Measurement of pectin methylation
in plant cell walls. Anal Biochem 139:212-217 (1984).

16 Vicente AR, Powell A, Greve LC and Labavitch JM, Cell wall disassembly
events in boysenberry (Rubus idaeus L. x Rubus ursinus Cham. &
Schldl.) fruit development. Funct Plant Biol 34:614-623 (2007).

17 Fry SC, Cross-linking of matrix polymers in the growing cell walls of
angiosperms. Annu Rev Plant Physiol 37:165-186 (1986).

18 Blumenkrantz N and Asboe-Hansen G, New method for quantitative
determination of uronic acids. Anal Biochem 54:484-489 (1973).

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Yemm EW and Willis AJ, The estimation of carbohydrates in plant
extracts by anthrone. Biochem J 57:508-514 (1954).

Brummell DA, Harpster MH, Civello PM, Palys JM, Bennett AB and
Dunsmuir P, Modification of expansin protein abundance in tomato
fruit alters softening and cell wall polymer metabolism during
ripening. Plant Cell 11:2203-2216 (1999).

Fennema OR, Nature of freezing process, in Low Temperature
Preservation of Foods and Living Matter, ed. by Fennema OR, Powrie
WD and Marth EH. Marcel Dekker, New York, pp. 151-222 (1973).

Kerr WL, Frozen food texture, in Handbook of Food Science, Technology
and Engineering ed. by Hui YH. Taylor & Francis, Boca Raton, FL, pp.
1-15 (2006).

Sirijariyawat A, Charoenrein S and Barrett DM, Texture improvement of
fresh and frozen mangoes with pectin methylesterase and calcium
infusion. J Sci Food Agric 92:2518-1216 (2012).

Chassagne-Berces S, Fonseca F, Citeau M and Marin M, Freezing
protocol effect on quality properties of fruit tissue according to the
fruit, the variety and the stage of maturity. LWT - Food Sci Technol
49:1441-1449 (2010).

Miccolis V and Saltveit ME, Morphological and physiological changes
during fruit growth and maturation of seven melon cultivars. J Am
Soc Hortic Sci 116:1025-1029 (1991).

Ramallo LA and Mascheroni RH, Dehydrofreezing of pineapple. J Food
Eng 99:269-275 (2010).

Roy SS, Taylor TA, Kramer HL, Textural and ultrastructural changes
in carrot tissue as affected by blanching and freezing. J Food Sci
66:176-180 (2001).

Martinez VY, Nieto AB, Viollaz PE and Alzamora SM, Viscoelastic
behavior of melon tissue as influenced by blanching and osmotic
dehydration. J Food Sci 70:E12-E18 (2005).

Johnston JW, Hewett EW and Hertog MLATM, Postharvest softening of
apple (Malus domestica) fruit: a review. NZ J Crop Hortic 30:145-160
(2002).

Van Buren JP, The chemistry of texture in fruits and vegetables. J
Texture Stud 10:1-23 (1979).

Rose JKC, Hadfield KA, Labavitch JM and Bennett AB, Temporal
sequence of cell wall disassembly in rapidly ripening melon fruit.
Plant Physiol 117:345-361 (1998).

Inari T and Takeuchi T, Changes in pectic substances during the
ripening of strawberry fruit. Nippon Shokuhin Kagaku Kogaku Kaishi
44:319-324(1997).

Boyle FP, Feinberg B, Ponting JD and Wolford ER, Freezing fruits, in
Fundamentals of Food Freezing, ed. by Desrosier NW and Tressler DK.
AVI Publishing, Westport, CT, pp. 135-214 (1977).

Talbott LD and Ray PM, Molecular size and separability features of pea
cell wall polysaccharides: implications for models of primary wall
structure. Plant Physiol 98:357-368 (1992).

wileyonlinelibrary.com/jsfa

(© 2013 Society of Chemical Industry

J Sci Food Agric 2014; 94: 189-196



International Journal of Food Science and Technology 2014

Original article
Effect of ripening stage and infusion with calcium lactate and
sucrose on the quality and microstructure of frozen mango

Sirirak Siramard & Sanguansri Charoenrein*

Department of Food Science and Technology, Faculty of Agro-Industry, Kasetsart University, Bangkok 10900, Thailand
(Received 18 January 2014; Accepted in revised form 19 March 2014)

Summary The effect of the ripening stage and infusion with calcium lactate and sucrose on the quality and micro-
structure of frozen mango was investigated. Partially ripe and ripe mangoes cubes were infused in 1% cal-
cium lactate solution or a combination of 1% calcium lactate and 50% sucrose solution for 1 h before
freezing at —20 °C and stored for 14 days. After thawing, both the partially ripe and ripe mangoes trea-
ted with the combination of calcium lactate and sucrose exhibited the highest firmness value, sensory firm-
ness score and lowest drip loss. Light microscope images also illustrated less damage to the cell wall of
mango pretreated with calcium and sucrose. The calcium-reinforced structure of the fruit and osmotic
dehydration with sucrose reduced the freezable water content and consequently limited ice crystal damage.
Furthermore, partially ripe mango was more suitable for freezing than ripe mango due to its stronger cell

wall structure.

Keywords

Introduction

Mango (Mangifera indica Linn.) is one of the most
important and popular tropical and subtropical fruits.
It is greatly relished for its succulence, exotic flavour
and delicious taste. Mango is also a rich source of car-
otenoids and has a high vitamin A content (Pott et al.,
2003). The ‘Nam Dok Mai’ cultivar is famous and is
widely cultivated in Thailand. Its ripe fruit is golden
yellow with a deep yellow flesh. The fruit is fibreless
with smooth flesh and a deliciously unique flavour.
Mango fruit is climacteric and ripens rapidly after
harvest. Because of its perishability, a freezing process
is an alternative method to help extend its shelf life
and preserve its original attributes, such as the colour
and flavour as well as the nutritional value. Frozen
mango can be used as ingredients in several desserts
such as fruit salads, ice cream and mango with sticky
rice. The fruit structure similar to fresh mango is pre-
ferred in these products. However, a major problem of
frozen mango is texture loss due to the formation of
ice crystals during the freezing process which causes
the destruction of cellular tissue (Sirijariyawat et al.,
2012). Thus, prefreezing treatments have been used to
improve the texture quality of frozen mango, such as
the use of calcium as a texture enhancer and sucrose

*Correspondent: Fax: + (662) 562-5021; e-mail: fagisscr@ku.ac.th
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© 2014 Institute of Food Science and Technology
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as a cryoprotectant (Sriwimon & Boonsupthip, 2010;
Sirijariyawat et al., 2012).

The addition of calcium has been reported to have
beneficial effects on maintaining fruit firmness. Cal-
cium interacts with pectins in the cell wall to form a
cross-linked polymer network that increases the
mechanical strength and forms firmer molecular bond-
ing between cell wall constituents (Alandes et al.,
2006). Calcium chloride was reported frequently as a
successful firming agent for fruits and vegetables
(Trindade et al., 2003; Sirijariyawat et al., 2012).
Although beneficial for product texture, calcium chlo-
ride has been found to impart bitterness or flavour dif-
ferences (Lunar-Guzman & Barrett, 2000). Calcium
lactate, an organic calcium salt, is an alternative
source of calcium which could prevent cut surface
browning and tissue softening of fruits and vegetables
without providing undesirable bitterness (Lunar-Guz-
man & Barrett, 2000; Manganaris et al., 2005; Alandes
et al., 2006). Moreover, it has relatively high solubility
and bioavailability which could enhance the nutritional
value of foods (Barrera et al., 2009). The addition of
calcium lactate to improve fruit firmness has been
studied mainly in fresh-cut, minimally processed or
processed fruits. Nevertheless, there have been studies
on the infusion of calcium lactate in frozen fruits, but
no research has been reported that studied frozen
mango.
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Osmotic dehydration is widely used for the partial
removal of water from fruits and vegetables by immer-
sion in a concentrated solution. It is an effective tech-
nique to maintain the texture quality of agricultural
products after freezing and thawing. As fresh agricul-
tural products contain large amounts of water which
would turn into ice crystals during freezing, resulting
in cell damage after thawing (Pearce, 2001). The osmo-
tic dehydration technique could reduce texture deterio-
ration from ice crystal damage by decreasing the
freezable water content of frozen products (Ohnishi &
Miyawaki, 2005; Lowithun & Charoenrein, 2009).

The type of osmotic solution plays an important
role in dehydration by affecting the rate of water loss
and the solid gain in food, as well as the sensory char-
acteristics of products. The beneficial effects of using
sucrose as an osmotic agent have been reported by
many researchers. El-Aouar et al. (2006) found that
osmodehydrated papaya with sucrose had higher
weight reduction, water loss and solid gain compared
with corn syrup. Osmodehydrofreezing of carrot and
broccoli pieces with sucrose showed higher texture
retention, less cell damage and lower drip loss than the
untreated sample (Ohnishi & Miyawaki, 2005). More-
over, osmotic pretreatment of rambutan with sucrose
showed the highest scores in terms of taste, texture
and sensory acceptability compared with trehalose and
maltitol (Lowithun & Charoenrein, 2009). Therefore,
osmotic dehydration with sucrose before freezing
might help improve the quality of frozen mango.

Besides the prefreezing treatments, ripening stages of
mangoes also have an effect on the texture quality of
frozen mango. Rimkeeree & Charoenrein (2014) stud-
ied the quality of frozen mango at different ripening
stages and found that after freezing and thawing pro-
cess, the partially ripe stage of mango exhibited a
higher firmness value, higher sensory scores, lower drip
loss and less cell wall damage compared with the other
stages. Moreover, Sriwimon & Boonsupthip (2010) uti-
lised partially ripe mango as an alternative to ripe
mango for freezing preservation. They found that the
partially ripe mango was more suitable for freezing
than ripe mango, and its taste and odour could be
improved by an infusion of a mixture of mango juice
and sugars.

Although some researchers have studied the effect of
the ripening stage or infusion with calcium and sucrose
on the quality of frozen mango, there are few studies
on how ripening stage and the prefreezing treatments
affect the microstructure and textural changes of fro-
zen mango tissues. In addition, there have been no
studies on the incorporation of calcium lactate and
sucrose infusion to improve the quality of frozen
mango. Therefore, the objectives of this study were to
investigate the effect of ripening stage and prefreezing
treatments with calcium lactate and sucrose on the
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physical properties, sensory evaluation and microstruc-
ture of frozen mango.

Materials and methods

Materials

Mango (‘Nam Dok Mai’ cultivar) fruits at two differ-
ent ripening stages (partially ripe and ripe) were pur-
chased at a wholesale market in Bangkok, Thailand,
during November—December 2012. The mangoes were
carefully picked for homogeneous properties in terms
of colour and size. The ripening stages of mangoes
were classified following the method of Rimkeeree &
Charoenrein (2014), in which partially ripe and ripe
mangoes showed 75% and 90% surface yellow in col-
our, respectively. The mangoes were selected and
immediately transported to the laboratory at Kasetsart
University, Bangkok, Thailand. The uniform maturity
index was tested by floating each mango in a NaCl
solution. The mangoes which sank in 2% (w/w) NaCl
solution were allowed to use for analysis.

Sample preparation

The selected partially ripe and ripe mangoes were
washed and peeled. Approximately, twenty percentage
from both the stem and the blossom ends of the fruit
were discarded, as those parts tend to be highly diverse
in terms of fruit properties. Only the central parts of
the fruit were used to minimise any variations within
the samples. The samples were then cut into cubes
(1.5 x 1.5 x 1.5 cm).

Calcium and sucrose infusion

The mango cubes were infused in 1% (w/w) calcium
lactate solution or a combination of 1% (w/w) calcium
lactate and 50% (w/w) sucrose solution at room tem-
perature (25 4+ 2 °C) for 1 h. Untreated mangoes were
used as a control.

Total soluble solids and Total titratable acidity

Total soluble solids (TSS) (°Brix) were measured using
a pocket digital refractometer (Type PAL-1; Atago,
Tokyo, Japan). Total titratable acidity (TA) was deter-
mined according to the method of AOAC (1995).

Freezing and thawing

The cube samples were packed and sealed in plastic
pouches (NY/LLDPE, 70 um, 100 x 200 mm), frozen
at —20 °C in a chest freezer (Sanyo refrigerator, model
SF-C1497; Sanyo electric Co., Ltd, Osaka, Japan) and
stored for 14 days. Thawing was performed at 4 °C

© 2014 Institute of Food Science and Technology
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after 5 h in a low-temperature incubator (Memmert,
model IPP 400, Germany). The trials were duplicated.

Textural analysis

The firmness of the fresh and freeze-thawed samples
was measured using a compression test texture analy-
ser (TA.XT. plus; Stable Micro Systems, Surrey, UK)
with a cylindrical probe of 36 mm diameter and 50%
strain. The speed of the pretest, test and post-test was
1.5, 1.5 and 10 mm s~', respectively. Firmness was
determined by the maximum peak force. At least 16
samples were analysed for each treatment.

Drip loss

Drip loss was determined by a method adapted from
Lowithun & Charoenrein (2009). Frozen samples were
placed over absorbent paper in zip-lock plastic bags
and thawed at 4 °C for 5 h. The results were calcu-
lated as drip loss percentage on a dry basis, according
to the following equation (Marani et al., 2001):

W[ - W() %
W x TS

where W, is the weight of absorbent paper before
thawing, W, is the weight of absorbent paper after

thawing, Wj is the weight of the sample and TS is the
percentage dry matter of fruit after thawing.

Drip loss (%) = 100 (1)

Microstructure

Fresh and frozen mango cubes were prefixed with
2.5% glutaraldehyde in a 0.1 M phosphate buffer (pH
7.2) overnight at 4 °C. After washing with a phosphate
buffer, the samples were then postfixed with osmium
tetroxide for 2 h at room temperature. The fixed tis-
sues were washed three times with distilled water and
dehydrated stepwise with an acetone series (30—100%).
The dehydrated tissues were infiltrated with acetone:
Spurr’s resin (2:1, 1:1 and 1:2) and 100% Spurr’s resin,
respectively, overnight. Then, tissues were polymerised
in Spurr’s resin for 7 h at 80 °C. Sections (1.5 um
thickness) were cut using an ultramicrotome (Leica Ul-
tracut UCT, Vienna, Austria) and stained with 1%
toluidine blue for observation under a light microscope
(Leica DME, Leica Microsystems Inc., New York,
NY, USA).

Sensory evaluation

The samples were evaluated for firmness intensity and
sensory attributes (appearance, colour, flavour, taste,
texture and overall acceptability). The firmness inten-
sity score was evaluated using a quantitative descrip-
tive analysis (QDA) test on a three-point category

© 2014 Institute of Food Science and Technology

scales (extremely soft to extremely firm) by seven
trained panellists. The sensory attributes were exam-
ined using a liking score on a nine-point hedonic scale
(dislike extremely to like extremely) by thirty untrained
panellists.

Statistical analysis

A completely randomized design was used in this
experiment. Analysis of variance (aNova) and Dun-
can’s new multiple range test were used to determine
statistically significant differences (P < 0.05) of the
mean values.

Results and discussion

Characteristics of partially ripe and ripe mangoes

The moisture content, total soluble solids (TSS), titrat-
able acidity (TA) and firmness value of partially ripe
and ripe mangoes with different prefreezing treatments
are reported in Table S1. The percentage of moisture
content of partially ripe and ripe mangoes was not sig-
nificantly different between the treatments. However,
the prefreezing treatment with calcium lactate solution
caused an increase in the moisture content of both
partially ripe and ripe mangoes. This was probably
due to water diffusion from the calcium lactate solu-
tion to the fruit. In contrast, the moisture content of
mango pretreated with the combination of calcium lac-
tate and sucrose solution decreased due to osmotic
dehydration with sucrose. During osmotic dehydra-
tion, the two major simultaneous countercurrent trans-
port phenomena of the water and the osmotic solute
are the water flow from the fruit into the solution and
the flow of solute from the solution into the fruit. In
addition, a third minor transfer process may occur,
which is the leaching of fruit soluble solutes into the
solution (Raoult-Wack, 1994).

The TSS value was not significantly different
between partially ripe and ripe mangoes. The TSS
value was significantly different between the treat-
ments, with the calcium lactate-treated samples show-
ing the lowest TSS, while the samples treated with a
mixture of calcium lactate and sucrose showed the
highest TSS (P < 0.05). The decrease in the TSS of
calcium lactate-treated mango was due to water diffu-
sion to the fruits and leaching of fruit soluble solutes
such as sugars and organic acids to the solution. The
increase in the TSS of mango treated with calcium lac-
tate and sucrose was due to the osmotic dehydration
of sucrose.

The %TA value of ripe mango was significantly
lower than the partially ripe mango. The decrease in
the %TA with ripeness was likely due to their utilisa-
tion of the acid as substrates for respiration (Medlicott
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& Thompson, 1985). In addition, the %TA of both
partially ripe and ripe mangoes treated with calcium
lactate decreased due to water diffusion to the fruits
and the organic acid leaching. However, %TA of the
mangoes treated with the combination of calcium lac-
tate and sucrose was not significantly different from
the untreated samples.

The firmness value of ripe mango was lower than in
partially ripe mango with each treatment due to bio-
chemical dissolution of the middle lamella pectic poly-
saccharides during ripening (Waldron et al., 1997).
The firmness value of ripe and partially ripe mangoes
pretreated with calcium lactate was not significantly
different from the untreated mango. Similar result was
found by Alandes et al. (2006) who studied the cell
wall stability of fresh-cut fuji apples treated with cal-
cium lactate. They reported that the firmness value of
calcium lactate-treated apple was not significantly dif-
ferent from the untreated apple within 2 weeks of stor-
age. However, after the second week, the firmness
value of apple treated with calcium lactate was higher
than those of the untreated apple due to the structural
stability improvement of calcium lactate. In addition,
mango pretreated with the mixture of calcium lactate
and sucrose had a higher firmness value than in the
other treatments, with partially ripe mango treated
with calcium lactate and sucrose having the highest
firmness value (P < 0.05). The osmotic dehydration
with sucrose caused more elastic and more resistant to
deformation to the fruit as well as the addition of cal-
cium lactate promoted the structural preservation of
fruit cellular structure (Pereira et al., 2007) resulted in
the higher firmness value.

Quality of frozen mango

The drip loss of mango pretreated with the combina-
tion of calcium lactate and sucrose was significantly
lower than that of all samples (Fig. Sla). The osmotic
pretreatment reduced the moisture content of frozen
products; thus, the cellular damage from freezing was
reduced (Marani et al., 2001). However, the samples
pretreated with calcium lactate appeared to have a
higher drip loss compared with the untreated samples.
The higher moisture content of the samples caused a
substantial amount of ice crystal formation during
freezing, and this resulted in a higher drip loss after
thawing.

The firmness values of all samples decreased when
compared with the unfrozen samples (Fig. S1b,
Table S1). The firmness values of frozen-thawed
mango treated with calcium lactate were not signifi-
cantly different from the untreated samples (P > 0.05).
Although calcium in calcium lactate can bind with
pectin chains and form calcium pectate egg-box model
which help promote the cellular structure of fruit, the
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effect of higher amount of moisture content from
water migration during immersion which would turn
into the large amount of ice crystals caused the cellular
damage and texture loss to the mango. However, the
firmness values of mango treated with the mixture of
calcium lactate and sucrose were the highest
(P < 0.05). This was due to the combined effect of cal-
cium lactate, sucrose and water content reduction. Cal-
cium can maintain the cell wall structure in fruit by
interacting with the plant cellular matrix, forming
bonds between pectins and other cellular wall compo-
nents (Gras et al., 2003). In addition, osmotic dehy-
drofreezing with sucrose can reduce the freezable
water content, so the texture loss from ice crystal dam-
age was decreased (Ohnishi & Miyawaki, 2005). These
results are supported by microstructure results which
will be described in the next section.

Although the texture measurements of frozen-
thawed, partially ripe and ripe mangoes treated with
the mixture of calcium lactate and sucrose were not
significantly different, the partially ripe mango treated
with calcium appeared to have the firmest texture.
Similar results were also reported by Sriwimon &
Boonsupthip (2010), who founded that after freezing
and thawing, partially ripe mango had a firmer texture
than that of ripe mango due to the structure of the
fresh partially ripe mango being initially firmer than in
the ripe mango. Moreover, the partially ripe mango
stage can maintain a higher firmness value for frozen-
thawed samples than any of the ripe or fully ripe
stages (Rimkeeree & Charoenrein, 2014).

In addition, the firmness intensity of the frozen-
thawed mangoes was evaluated by seven trained
panellists (Fig. SIc). The result showed similar trends
to the firmness value which was measured by texture
analyser (Fig. S1b).

Microstructure of fresh and frozen mango

Light microscope images of frozen and unfrozen mango
tissues are shown in Fig. S2. The microstructure of
fresh, partially ripe and ripe mangoes was composed of
well-defined circular to elliptical and regular cells
(Fig. S2a-1, b-1). The cell walls were uniformly stained
as a consequence of the close packaging of the cellulose
fibrils, and the plasmalemma was kept near the cell wall.
As a result of the ripening, the morphological changes
occurred which resulted in more compact and rigid cell
wall at the partially ripe stage appeared loosely struc-
tured at the ripe stage. The structural changes which
occurred in the middle lamella and primary cell wall
during ripening lead to cell separation and softening of
the tissues (Bartley & Knee, 1982).

After the freezing process, dramatic cell wall damage
(i.e. cell separation in the middle lamella and cell wall
rupture) was observed in untreated mango, especially
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in the ripe stage of frozen mango (Fig. S2b-2). This
observation corresponded to the reduction in the firm-
ness value of frozen-thawed untreated mango. This
can be explained by the formation of ice crystals in an
extracellular medium propagating via the cytoplasm
when the cell membrane lost permeability. The decom-
partmentalization caused by these ice crystals pre-
vented water from returning to the intracellular
medium during thawing, which caused a loss of turgid-
ity and hence the change in fruit texture (Reid, 1993).

The microstructures of frozen calcium-pretreated
samples are showed in Fig. S2a-3, b-3. Although some
zones of the cell walls were folded, they showed less
damage compared with the untreated samples. The cell
wall damage was attenuated by calcium prefreezing
treatment due to the divalent bridge between residues
of galacturonic acid in the adjacent pectin chains,
which caused gelling of part of the pectic material in
the cell wall (Alonso et al., 2005). However, the firm-
ness values of frozen-thawed, calcium-treated mango
were not significantly different from the untreated sam-
ples. This study suggested that the beneficial effect of
calcium to maintain the cell wall cannot overcome the
formation of large amounts of ice crystals which were
formed from the copious amounts of water that dif-
fused to the fruits during calcium infusion, leading to
the texture softening.

The cell wall of frozen mango treated with calcium
lactate and sucrose was most similar to those of fresh
mango (Fig. S2a-4, b-4) with a circular shape and
strong cell-cell contact. Moreover, the frozen tissues
of partially ripe mango treated with calcium and
sucrose showed a strongly stained cell wall compared
with ripe mango. The polysaccharide components of
the primary cell wall and middle lamella were
degraded during the fruit ripening process, resulting in
a weakening of the cell wall structure (Brummell,
2006). However, cell plasmolysis could be clearly
observed due to the osmotic dehydration (Fig. S2a-4).
The plasmalemma shrank because of the cell water
loss, but no shrinkage of the cellular wall was
observed. The water flowing out through the plasma-
lemma (with selective permeability) during osmotic
dehydration caused the cell plasmolysis. The water loss
was replaced by osmotic solution from the intercellular
spaces in the cellular cavity, thus avoiding the cell wall
deformation observed in osmosed tissue (Martinez-
Monzo et al., 1998). Therefore, the most intact cell
wall compared with the other samples corresponded to
the firmest texture of the partially ripe mango pretreat-
ed with calcium lactate and sucrose.

Sensory evaluation

The sensory attributes of the frozen-thawed mango
were evaluated by 30 untrained panellists (Table S2).
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These results showed that the utilisation of the par-
tially ripe mango had improved the appearance and
colour attributes of frozen-thawed mangoes. The
stronger structure of the partially ripe mango can bet-
ter withstand ice crystal damage (Sriwimon & Boon-
supthip, 2010). Therefore, the mango’s shape could be
maintained after the freezing and thawing process. The
colour scores of mangoes treated with calcium lactate
or with the mixture of calcium lactate and sucrose
were higher than for untreated mango due to the bene-
ficial effect of the calcium lactate preventing browning
of the cut surface (Manganaris et al., 2005). The fla-
vour scores of mango pretreated with calcium lactate
and sucrose were not significantly different from those
of untreated mangoes (P > 0.05). The infusion with
calcium lactate did not provide undesirable bitterness,
and the infusion with sucrose helped to mask the sour-
ness of partially ripe mango, resulting in a similar taste
score to that of ripe mango. Moreover, the scores for
texture and overall acceptability were highest for
mango treated with the combination of calcium lactate
and sucrose (P < 0.05). Calcium reinforced the struc-
ture of the fruit by interacting with the pectin in the
cell wall (Alonso et al., 2005), and osmotic dehydra-
tion with sucrose reduced the freezable water content,
leading to the reduction in ice crystal damage (Marani
et al., 2001).

Although the texture and overall acceptability of the
frozen-thawed, partially ripe and ripe mangoes treated
with the calcium lactate and sucrose were not signifi-
cantly different, the partially ripe mango had the highest
preference scores. Therefore, partially ripe mango could
be used as an alternative for ripe mango in freezing pres-
ervation, and its sensory qualities could be improved by
the calcium lactate and sucrose infusion.

Conclusion

Partially ripe mango could be utilised in freezing pres-
ervation as an alternative for using ripe mango.
Mango quality could be improved by a prefreezing
treatment with a combination of calcium lactate and
sucrose. The combined effect of the stronger structure
of partially ripe mango, the maintenance of the cell
wall structure by the calcium lactate and the osmotic
dehydration with sucrose produced higher firmness,
higher sensory scores, lower drip loss and less cell wall
damage. Therefore, the use of partially ripe mango
pretreated with calcium lactate and sucrose can be rec-
ommended in the freezing process to maintain higher
quality of frozen mango.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Figure S1. Changes in frozen-thawed mango drip
loss (a), fruit firmness measured by a texture analyser,
(b) and fruit firmness scores evaluated by seven trained
sensory panellists using a quantitative descriptive ana-
lysis (QDA) test on a three-point category scales
(extremely soft to extremely firm) (c) of partially ripe
and ripe mangoes with different prefreezing treat-
ments.

Figure S2. Light microscope images of fresh and fro-
zen mangoes (40 x, bar = 50 pm).

Table S1. Fruit characteristics comparison for par-
tially ripe and ripe mango with different prefreezing
treatments.

Table S2. Mean scores of sensory preference test of
frozen-thawed, partially ripe and ripe mango after
different prefreezing treatments.
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