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A B S T R A C T

The combined effects of ultrasound and calcium on the water migration, quality, and chelate-soluble pectin
(CSP) properties of strawberries were investigated using nuclear magnetic resonance (NMR), high-performance
liquid chromatography (HPLC), and atomic force microscopy (AFM). The relationship among water migration,
firmness, and CSP properties was also determined. Treatment with ultrasound and calcium (U+Ca) prevented
the decrease in firmness of strawberries during storage (17 days). Measurements of physicochemical parameters
(titratable acidity (TA), soluble solid content (SSC), CSP and Ca content) showed that U+Ca treatment
maintained better fruit quality. AFM showed a larger percentage of wider and longer CSP molecules in the
U+Ca group (width ≥90 nm; length ≥800 nm). These results, together with the HPLC results, confirmed that
U+Ca treatment effectively inhibits CSP degradation. This study revealed that the application of ultrasound
and calcium could preserve the quality of stored strawberries.

1. Introduction

Strawberries, with excellent flavour, colour, texture, and nutritional
value, can be cultivated in almost all regions of the world. However, to
maintain fruit quality in storage during delivery and to prolong sea-
sonal deliveries to markets is a challenge because the fruit are very
fragile (Severo, Oliveira, Tiecher, Chaves, & Rombaldi, 2015). To
minimise the postharvest decay and maintain the safety, many physical
and chemical methods, such as thermal treatment, UV-C radiation,
electroysed water, coating, and ultrasound, have been used (Gani et al.,
2016; Ramos, Miller, Brandão, Teixeira, & Silva, 2013; Reyes-Avalos
et al., 2016; Severo et al., 2017; Vicente, Costa, Martínez, Chaves, &
Civello, 2005; Zhang & Yang, 2017). As a non-damaging physical
treatment, heat treatment, together with chemical fungicides, can
overcome individual shortcomings of postharvest commodities (Zhao
et al., 2010). Meanwhile, research indicated that the coating effect is
limited because it is difficult to diffuse the coating materials into the
interior of the fruit, although this can be promoted by physical tech-
nology, such as vacuum impregnation, emulsion and ultrasound (Mao
et al., 2017; Sow, Tirtawinata, Yang, Shao, & Wang, 2017; Zhi et al.,

2017).
Ultrasound, as a physical technology, has been used to preserve

perishable foods because it is effective, safe, non-toxic, and en-
vironmentally friendly (Fonteles, Leite, Silva, Fernandes, & Rodrigues,
2017; Tchabo et al., 2017; Wu, Zhang, Jia, Kuang, & Yang, 2018; Yu,
Engeseth, & Feng, 2016). When applied to strawberries, it inhibits loss
of firmness and helps fruit maintain significantly higher soluble solid
content (SSC), titratable acidity (TA), and vitamin C. Aday, Temizkan,
Büyükcan, and Caner (2013) reported that ultrasound levels between
30 and 60W could improve quality and extend the shelf life of straw-
berries. In addition, researchers found that ultrasound combined with
ozone and chlorine dioxide improved factors affecting quality in com-
parison with individual treatments or control fruit (Aday & Caner,
2014). Combined treatment with ultrasound and acidic electrolysed
water inactivated microbes responsible for decay (Zhao, Zhang, & Yang,
2017).

In recent years, researchers have found that the combined treatment
of ultrasound and calcium was more effective to enhance the tissue
Ca2+ content and distribution than either treatment alone (Zhi et al.,
2017). Ca2+ inactivates the enzyme polygalacturonase (PG), which is
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responsible for the breakdown of cell wall materials and component
like pectins, thereby playing a critical role in maintaining fruit quality
(Chakraborty, Baier, Knorr, & Mishra, 2015). Ca2+ also interacts with
the demethylesterified pectin backbones to facilitate the formation of a
pectin-Ca2+ network, thus enhancing cell wall mechanical properties,
which is closely related to fruit texture (Chong, Lai, & Yang, 2015; Day,
Xu, Øiseth, & Mawson, 2012; Liu, Tan, Yang, & Wang, 2017; Yang, Wu,
Ng, & Wang, 2017; Zhang, Chen, Lai, Wang, & Yang, 2018). Ultrasound
combined with Ca2+ effectively inhibits the generation of water-soluble
and chelate-soluble pectin (CSP) components (Zhi et al., 2017). During
fruit softening, calcium (1%) delays changes in the physicochemical
properties, particularly the depolymerisation of CSP, which are closely
related to fruit firmness (Li, Zhang, Chen, Lai, & Yang, 2018; Liu, Tan
et al., 2017).

Strawberries deteriorate in storage primarily because of fungal in-
fections after mechanical bruising and softening. Texture changes are
mainly caused by the dissolution of the middle lamella fraction of the
cell wall. This process involves pectin solubilisation (Posé et al., 2015).
There is evidence that calcium and ultrasound, administered in-
dividually or together, can maintain fruit quality in storage, specifically
by affecting the pectin structure (Li et al., 2017; Pieczywek, Kozioł,
Konopacka, Cybulska, & Zdunek, 2017). However, this treatment has
not been widely adopted because the effect of ultrasound combined
with calcium on pectin properties is not known. Therefore, the present
study aimed to determine the specific effects of treating stored straw-
berries with a combination of ultrasound and calcium to advance the
use of this treatment in commercial facilities.

This study examined the effects of a combined treatment of ultra-
sound and calcium (U+Ca) on the physicochemical properties of
strawberries during storage. Water migration within the fruit, structural
properties of CSP, and the relationship of these properties to firmness
were investigated using nuclear magnetic resonance (NMR), high-per-
formance liquid chromatography (HPLC), and atomic force microscopy
(AFM). The research was designed to verify the efficacy of U+Ca
treatment in retaining the quality and prolonging the shelf life of
strawberries.

2. Materials and methods

2.1. Materials

Strawberries (Fragaria× ananassa Duch. cv. ‘Sijichun’) were har-
vested at the commercially ripe stage in an orchard two hours away
from the laboratory. They were selected for their uniform size and
colour, and then randomly divided into four groups, which were treated
as follows: immersed in distilled water for 20min (CK); immersed in 2%
calcium chloride solution for 20min (Ca); treated with ultrasound
(40 kHz, 240W, 20min, 20 °C) in distilled water (U); treated with ul-
trasound (40 kHz, 240W, 20min, 20 °C) with 2% calcium chloride so-
lution (U+Ca). After treatment, all fruit were stored at 4 °C in a plastic
packing box with a height of 9 cm. Every 5 days, 20 fruit from each
group were randomly selected and analysed. The experiment was ter-
minated when the decay rate of the fruit reached 50%.

2.2. Firmness

Twenty strawberries from each group were assessed using a TA-
XT2i texture analyser (Stable Micro Systems Ltd., Godalming, Surrey,
UK) fitted with a P35 probe. Samples were compressed twice to a de-
formation of 25% with 5 s between strokes. The pre-test, test, and post-
test speeds were 3, 1, and 5mm/s, respectively. The trigger force was
10 g. Twenty replicates from each group were measured individually
(Xin, Chen, Lai, & Yang, 2017).

2.3. Weight loss

Weight loss (△m) (%) was determined for 30 strawberries using the
following formula:

=
−Δm m m

m
*1000 1

0 (1)

Where m1 is the current weight of the fruit and m0 is the original
weight.

2.4. Soluble solids content and titratable acidity

The soluble solids content (SSC) content of 20 fruit from each group
was measured using a digital refractometer (Atago Co. Ltd, Tokyo,
Japan). The result was expressed as a percentage (%). Titratable acidity
(TA) was determined with 0.1M NaOH using 50mL diluted juice
(50mL of pressed strawberry juice was diluted to 250mL with distilled
water), and was terminated when the solution colour changed to pink
without fading in 30 s. The results were expressed as g of citric acid
equivalent per g of fresh weight (FW) (Chen, Tan et al., 2018; Chen,
Zhou et al., 2018; Xin et al., 2017).

2.5. Water migration

The water state of the strawberries was measured using VTMR3-
010V-T low field nuclear magnetic resonance (NMR) (NiuMag Co. Ltd,
Shanghai, China), according to a previous report (Otero & Préstamo,
2009). The operating frequency was 22.6MHz at 32 °C. To produce
samples that would fit into the NMR tube (diameter 10mm), each
strawberry was halved vertically and horizontally into quarters. One
such quarter was then longitudinally cut into three anatomical parts
designated as: fruit peel, fruit pulp, and fruit core. Each was then put
into the core of the radiofrequency (RF) coil and scanned with the
multi-pulse echo sequence (Carr-Purcell-Meiboom-Gill (CPMG)). The
parameters of the CPMG sequence were as follows: NS= 4, SW=
100 kHz, TD=55000, NECH=12,000.

2.6. Calcium content

The calcium content was determined according to our previous re-
port with slight modifications (Mao et al., 2017). Calcium was quanti-
fied using an AAS-3000 atomic absorption spectrophotometer
(DAFURY Co. Ltd, Beijing, China). Fruit flesh (2.0–4.0 g) was combined
with 10mL of digestion solution (nitric acid:perchloric acid= 4:1) and
left at 25 °C to react overnight. The digestion mixture was then made up
to a total volume of 25mL with 20 g/L lanthanum oxide solution.

The Ca content was calculated according to the following formula:

=
− × × ×

×

X
C C V f

m
( ) 100

1000
1 0

(2)

Where X is the calcium content (mg/100 g fresh fruit), C1 is the calcium
concentration in the sample solution (μg/mL), C0 is the calcium con-
centration in the reagent blank (μg/mL), V is the specified volume of
the sample (mL), f is the dilution factor, and m is the sample mass (g).

2.7. Chelate-soluble pectin

CSP was extracted according to a previous report with slight mod-
ifications (Zhang et al., 2018). Fruit flesh (15 g) was boiled with 200mL
ethanol (80%, v/v) for 20min, filtered, and cooled to room tempera-
ture. The process was repeated twice. The solid residue was then
transferred to 50mL dimethyl sulphoxide (DMSO)/H2O (9:1 v/v) at
4 °C for 12 h. After filtration, the residue was immersed in 200mL of
chloroform/ethanol solution (2:1 v/v) for 10min and subsequently
washed with 200mL of acetone until the colour was white. The residue
was collected, and designated as cell wall material (CWM). The CWM
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was mixed with 10mL of ultra-purified water and shaken at 25 °C for
4 h, followed by centrifugation at 10,000 × g, 4 °C for 10min (Shanghai
Anting Scientific Instrument Factory, Shanghai, China). The above
procedure was repeated twice before the residue was resuspended in
10mL of 50mM cyclohexane-trans-1,2-diamine tetra-acetate (CDTA)
for CSP extraction. After centrifugation (10,000× g, 4 °C for 10min),
the supernatant was collected. The precipitates were subject to repeat
extraction twice more, and all supernatants were labelled as CSP. The
CSP fractions were determined by carbazole colourimetry with ga-
lacturonic acid as the standard.

2.8. Structural analysis of CSP

2.8.1. Monosaccharide constituents
CSP (2mg) mixed with 2mL 2M trifluoroacetic acid (TFA) was

hydrolysed at 110 °C for 8 h. A stream of N2 was used to dry the mix-
ture. The dried sample was then dissolved in 450 μL NaOH (0.3M) and
450 μL 1-phenyl-3-5-pyrazolone (PMP), and reacted for 30min at 70 °C
in a thermostat-controlled water bath (DC-1006; Ningbo Xinzi
Biotechnology Co. Ltd, Ningbo, Zhejiang, China). The solution was then
cooled to room temperature and neutralized with 450 μL of HCl (0.3M).
Then chloroform (1.0 mL) was added for extraction. This process was
repeated twice. Finally, the solution was filtered through a 0.45 μm
membrane and analysed using HPLC (Li et al., 2018).

Mobile phase: Phase A: 15% (v/v) acetonitrile+ 0.05mol/L

phosphate buffer solution (sodium dihydrogen phosphate+ sodium
hydrogen phosphate, pH 6.9); Phase B: 40% (v/v) acetonitrile+ 0.05
mol/L phosphate buffer solution (sodium dihydrogen phosphate+
sodium hydrogen phosphate, pH 6.9).

Chromatographic conditions: Column: ZORBAX Eclipse XDB-C18
Separation column (4.6× 250mm, 5 μm; Agilent Technologies, Inc.,
Richardson, TX, USA); Detector: PDA 2996 detector (Waters, Milford,
MA, USA), detection wavelength: 250 nm, flow rate: l.0 mL/min.
Column temperature: 25 °C; time gradient: 0→ 25→ 40min; con-
centration gradient: 0→ 15%→ 25% phase B; injection volume: 10 μL.

2.8.2. AFM imaging
The nanostructure of CSP was analysed in tapping mode by a

NanoScope IIIa AFM (Spm Co. Ltd, Shanghai, China). Pectin solution
(5 μL) at a suitable concentration (5–20 μg/mL) was pipetted onto a
freshly cleaved mica surface, which was air-dried in a dust-free en-
closure before usage. AFM was operated with tapping mode at a scan
speed of 2 Hz. The cantilever used was an Si3N4 scanner, and the scan
rate was 0.5–2 Hz. At least 30 scanned images were captured for each
sample.

The width (W) and length (L) of a single strand were calculated
using the horizontal distances with offline software (Section Analysis),
and the vertical distances were recorded as the height (V). The per-
centage of pectin chains of particular widths and lengths among all the
chains observed was recorded as the frequency (Fq) (Zhang et al.,

Fig. 1. Combined effects of ultrasound and calcium on the physicochemical properties of strawberries during storage: (a) firmness; (b) weight loss; (c) titratable
acidity (TA); (d) soluble solid content (SSC).
Note: CK, control group; Ca, calcium chloride treated group; U, ultrasound treated group; and U+Ca, ultrasound combined with calcium chloride treated group;
uppercase superscripts represent significant differences between groups; lowercase superscripts represent significant differences within a group (P < 0.05).
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2018). At least 90 chains were analysed for each sample to obtain re-
liable results.

2.9. Statistical analysis

All experiments were performed independently in triplicate. The
results were analysed using one-way analysis of variance (ANOVA)
using SPSS 20.0 software (IBM, Chicago, IL, USA) and Origin 8.5
(Origin Lab, Hampton, NH, USA). Differences between means were
compared using Duncan’s test at P < 0.05. Thirty parallel imaging
tests for pectin were examined by AFM to obtain reliable results.

3. Results and discussion

3.1. Physicochemical properties of strawberries

Texture is a critical characteristic of strawberries related to their
quality. Fruit firmness was well retained in the U+Ca and U groups
compared with that in CK group between 9–17 days of storage (Fig. 1a).
Similar results were reported by Gani et al. (2016). However, there was
no obvious difference between the Ca (5.33 N) and CK (5.72 N) groups
(P > 0.05) at the end of storage (17 days). Compared with that in the
other groups, the U+Ca treated fruit had the highest firmness (7.15 N)
at the 17th day (P < 0.05). Saba reported that Ca2+ could maintain
and improve the integrity and mechanical properties of the cell wall,
inhibiting the softening of fruits (Saba & Sogvar, 2016). In addition,
fruit firmness decreased markedly during storage in all groups. Previous
studies indicated that this decrease is caused by the degradation of cell
walls (Nogata, Ohta, & Voragen, 1993; Vicente et al., 2005; Liu, Chen
et al., 2017).

Weight loss in the CK, Ca, U, and U+Ca treated strawberries is
shown in Fig. 1b. Significant weight loss in fruit of all treatments was
observed during storage (17 days). Samples that had not been treated
with calcium lost less weight than those treated with calcium. For ex-
ample, the weight loss of U+Ca (9.92%) and Ca (9.51%) groups was
higher than that of U (7.87%) and CK (8.45%)) groups at the end of
storage (P < 0.05). The loss of weight in fresh fruit and vegetables is
mainly caused by the loss of water (Zhu, Wang, Cao, & Jiang, 2007).
Carcel et al. reported that water loss from apple increased by ultrasound
treatment (Cárcel, Benedito, Rosselló, & Mulet, 2007). Thus the water
loss of strawberries should be further studied.

The variations in TA for the control and treated strawberries during
storage are shown in Fig. 1c. All treatments had similar effects on the
TA over the whole storage time. TA for all groups slightly increased
with storage time. However, a decrease was seen in the control as well
as U and U+Ca treated samples over 13 days. This decrease might be
caused respiration consumption of organic acids (Tadesse & Abtew,
2016). At the end of storage, the TAs of the Ca and U+Ca groups were
significantly higher than those of the CK and U groups (P < 0.05).
U+Ca treatment inhibited the respiration of fruit.

The SSC of strawberries with different treatments is presented in
Fig. 1d. The SSC of all groups decreased at a storage period of 5 days.
The SSC remained stable in treated groups on the 13th day of storage.
The SSC of the U+Ca group was 6.64%, which was slightly higher
than that of the CK group (6.11%) at the end of storage. Sobral et al.
reported that higher total soluble solids (TSS) inhibits the decrease of
ascorbic acid, and has a positive effect on protection of fruit against
oxidation, thus extending the shelf life of fruit (Sobral, Nunes, Maia,
Ferreira, & Coimbra, 2017).

3.2. Ca and CSP content

During ultrasound treatment, an increase in the calcium content of
the fruit was observed (Fig. 2a). This result was similar to that reported
by Mao et al. (2017). Researchers also reported that ultrasound could
increase the mass transfer rate between the cell and its extracellular

part (Chen, Guo, & Wu, 2016). As shown in Fig. 2a, the Ca content of
fresh fruit was 33.74mg/100 g fresh fruit, while it was 31.93, 41.43,
33.17, and 51.91mg/100 g fresh fruit for CK, Ca, U, and U+Ca groups
at the begin of storage, respectively. The Ca content of the U+Ca
group (52.44mg/100 g fresh fruit) was the highest at 17 days compared
with that in the other groups (P < 0.05), while no significant differ-
ence was found between CK (33.72 mg/100 g fresh fruit) and U group
(32.17 mg/100 g fresh fruit) (P > 0.05).

As shown in Fig. 2b, the CSP content increased from 93.52mg/100 g
to 238.66, 262.13, 265.41, and 300.82mg/100 g for the CK, U, Ca, and
U+Ca groups, respectively, as measured on day 13 of storage. There is
evidence to indicate that the increased CSP is caused by the solubili-
sation of other pectin fractions rather than increased synthesis of CSP
(Zhang, Chen, Zhang, Lai, & Yang, 2017). The CSP content of the
U+Ca group was the highest of all groups at the end of storage (17
days). Researchers have reported that the uptake of exogenous calcium
ions by strawberries is related to an increase in the fraction of ionically
bound pectin, thus promoting the cell-to-cell adhesion and enhancing
cell wall stability (Hernández-Muñoz, Almenar, Valle, Velez, & Gavara,
2008; Lara, García, & Vendrell, 2004). A high Ca content, as found in
the U+Ca group, is known to inhibit cell wall decomposition
(Hernández-Muñoz et al., 2008).

3.3. Monosaccharide constituents of CSP

The monosaccharide constituents of CSP are shown in Table 1. The
monosaccharides of CSP consist of mannose (Man), galacturonic acid
(GalUA), glucose (Glc), galactose (Gal), rhamnose (Rha), xylnose (Xyl),
and arabinose (Ara). The major sugar in CSP is GalUA, as shown in
Table 1. This result indicated that the CSP comprises two regions:
smooth and hairy. The content of Rha, Gal, and Ara of CSP in the
U+Ca-treated groups was higher than that in other groups. The de-
crease in Rha, Gal, and Ara content indicates the degradation of pectin
and directly influences fruit firmness (Tsuchida et al., 2014). The GalUA
content of the U+Ca group was the lowest among all the groups. The
high content of Glc of the CSP in fresh fruit might be an artefact of the
extraction process of the cell wall material.

For pectin molecules, the molar ratio of Rha to GalUA is a parameter
that represents the existence and number of rhamnogalactoside-I (RG-I)
segments (Liu, Jiang, Yang, & Yang, 2017; Yapo, 2011). At the end of
storage, the ratio of Rha to GalUA was 0.10, 0.11, 0.11, and 0.13 for the
CK, Ca, U, and U+Ca groups, respectively. In other words, the U+Ca
treated fruit contained the most RG-I segments, higher than the fruit
treated with either Ca or U alone. Ara and Gal reveal the existence of
arabinan and galactan chains in the RG-I region, while the molar ratio
of (Ara+Gal) to Rha expresses the branching degree of the RG-I seg-
ments. At the end of storage, the molar ratio of (Ara+Gal) to Rha for
the control fruit was 7.53, while the ratios for Ca, U, and U+Ca groups
were 7.77, 7.86, and 7.93, respectively, suggesting that branching in
the RG-I region of control fruit was lower than that in the treated fruit.
There was no obvious difference between the molar ratio of (Ara+Gal)
to Rha of the U+Ca group and that of fresh fruit. Researchers have
consistently reported a close relationship between RG-I regions and
fruit firmness (Li et al., 2018). Our results are consistent with those
previous reports. This result also indicated that U+Ca treatment in-
hibits the degradation of CSP during storage.

3.4. Nanostructure of CSP

The morphology of CSP molecules differed in fresh and stored
samples (17 days), as shown in Fig. 3. In fresh fruit, CSP molecules
mainly contained long chains (Lc), branched (Br), and polymer (P)
structures (Fig. 3a). The presence of these structures in the pectin was
consistent with similar observations on pectin from strawberries (Posé,
Kirby, Mercado, Morris, & Quesada, 2012). In fruit at the end of sto-
rage, the CSP molecules of most of the groups comprised short linear
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chains (Sc) with a small proportion of branches (Fig. 3b–e); some
polymers could also be observed (Fig. 3b). Kozioł et al. reported that
pectinase degraded CSP molecules and caused the soft texture of fruits
(Kozioł, Cybulska, Pieczywek, & Zdunek, 2017). Notably, there were
cross-linked structures in the CSP molecules of the Ca and U+Ca
treated groups (Fig. 3c and f). Ca2+ can interact with pectin via non-
covalent linkages, and this can inhibit pectin degradation and maintain
the firmness of fruit (Kyomugasho, Willemsen, Christiaens, Van Loey, &
Hendrickx, 2015; Mao et al., 2017). This result indicated that both Ca
and U+Ca treatments effectively inhibited the degradation of CSP
molecules at the nano level, based on good cross-linking between cal-
cium and pectin.

The quantitative parameters of CSP molecules were also provided
by AFM. Fig. 4a shows the width of CSP molecules of strawberries at the
end of storage (17 days). The width of the CSP chains of fresh fruit was
mainly in the range of 15–100 nm, with vertical heights around
0.5–3.0 nm. The percentage of CSP of width ≥90 nm in fresh fruit was
70.71%. Degradation of CSP narrowed the molecules during storage
according to the increased Fq values of smaller widths for the CK and
treated groups. Similar results were observed by Yang et al. (2017). At
the end of storage, the Fq value of wider chains (≥90 nm) was 20.62%
for the U+Ca group, which was greater than that for the CK (5.73%),
U (8.28%), and Ca (10.53%) groups. This result indicated that Ca2+ is
metabolised during fruit storage. Ca2+ cross-linked with demethyles-
terified pectin decreased the susceptibility of the pectin to depolymer-
isation, and thus maintained the texture of the fruit (Gwanpua et al.,
2017; Kyomugasho et al., 2015).

The length of the CSP chains of fresh fruit was generally in the range
of 500–1000 nm (Fq, 70.80%) (Fig. 4b). At the end of storage, the
treated groups had a significantly greater frequency of 500–850 nm
long CSP chains than did the CK group (P < 0.05), and the U+Ca
group had the highest Fq (68.57%) in this range. Thus, results for the
changes in length and width of CSP chains indicated that U+Ca
treatment suppressed CSP molecular degradation.

3.5. Water migration

NMR has the advantage to access molecular information within a
food or biological system (Liu, Wu et al., 2017; Liu et al., 2018). The
values of NMR measurements for different strawberry tissues are shown
in Table 2. The relative signal intensities (I21, I22, and I23) represent
bound water, semi-bound water, and free water of the fruit tissues,
respectively. At the end of storage (17 days), I23 of the peel and pulp of
all treated groups decreased compared with that of fresh fruit, while
that for the fruit core increased in treated groups, especially the U+Ca
group. This indicated that the free water migrates from the pulp to the
core of fruit during storage. The U+Ca group had the highest content
of free water at their fruit cores, such that these fruits retained a better
quality during storage. Researchers have also reported that relaxation
times are closely related to fruit weight and sugar content (Geya et al.,
2013; Otero & Préstamo, 2009). Fig. 5 shows the T2 relaxation maps,
which reflect the morphological features of strawberries, in which
brightness corresponds to a high water content. Images of the U+Ca
treated strawberries (core) are the brightest, indicating that group

Fig. 2. Combined effects of ultrasound and calcium on the content of calcium (Ca) and chelate-soluble pectin (CSP) in strawberries during storage (a) Ca; (b) CSP.
Note: CK, control group; Ca, calcium chloride treated group; U, ultrasound treated group; and U+Ca, ultrasound combined with calcium chloride treated group;
uppercase superscripts represent significant differences among groups; lowercase superscripts represent significant differences of different storage time within a
group (P < 0.05).

Table 1
Monosaccharide content (mol %) of chelate-soluble pectin (CSP) of fresh strawberries (day 0) and stored samples (day 17).

Monosaccharide (mol %) Samples

Fresh CK Ca U U+Ca

Man 3.06 ± 0.81c 3.87 ± 0.05a 3.77 ± 0.05a 3.44 ± 0.06b 2.68 ± 0.10d

Rha 3.50 ± 0.21d 4.01 ± 0.11b 4.05 ± 1.11b 3.97 ± 3.17c 4.66 ± 1.18a

GalUA 30.63 ± 0.43d 38.19 ± 0.15a 36.11 ± 2.13b 37.03 ± 2.16a 35.45 ± 3.25c

Glc 27.84 ± 0.22a 16.48 ± 1.37b 15.13 ± 0.19d 15.70 ± 1.12c 12.20 ± 1.21e

Gal 21.69 ± 0.02d 22.77 ± 0.31c 23.78 ± 0.76b 22.49 ± 0.89c 26.72 ± 1.58a

Xyl 7.17 ± 0.18d 7.23 ± 0.19d 9.46 ± 0.15a 8.65 ± 0.05b 8.04 ± 1.31c

Ara 6.11 ± 3.15d 7.45 ± 3.16c 7.70 ± 5.21c 8.72 ± 7.11b 10.25 ± 6.17a

Rha/GalUA 0.11 0.10 0.11 0.11 0.13
(Gal+Ara)/Rha 7.94 7.53 7.77 7.86 7.93

Note: CK, control group; Ca, calcium chloride treated group; U, ultrasound treated group; and U+Ca, ultrasound combined with calcium chloride treated group;
Man, mannose; Rha, rhamnose; GalUA, galacturonic acid; Glc, glucose; Gal, galactose; Xyl, Xylose; Ara, arabinose; Different smallcase letters in the same row
represent a significant difference at P < 0.05.
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retained the highest amount of water.

3.6. Relationships among water migration, firmness, and CSP

Firmness, as one of the most essential factors affecting fruit quality,
is related to the fruit’s water content (Fundo et al., 2016). Water in-
fluences both the physicochemical and microbiological qualities of
food. As shown in Table 2, the free water content in the fruit core in-
creased in the treated groups, especially U+Ca group, compared with
that in CK. This result correlates with the firmness results, which
showed that treated groups were firmer than the CK group at the end of

storage (Fig. 1a). These results suggest a relationship between firmness
and water content in the fruit core. Furthermore, the high CSP content
also correlated with high firmness and free water content in the U+Ca
group. U+Ca treatment effectively maintained strawberries firmness.
Previous, similar research in pears reported that changes in hardness
relate to changes in water mobility (Fundo et al., 2016).

Fruit softening is one of the main undesirable changes during sto-
rage. At the biochemical level, it is caused by cell wall polysaccharide
solubilisation and depolymerisation (Billy et al., 2008; Moggia, Graell,
Lara, González, & Lobos, 2017). The mechanism by ultrasound com-
bined with calcium chloride inhibits the degradation of CSP is shown in

Fig. 3. Atomic force microscopy (AFM) images of chelate-soluble pectin (CSP) molecules of fresh (day 0) and stored strawberries (day 17) (a) fresh fruit; (b) CK; (c)
Ca; (d) U; (e,f) U+Ca, scan area: 10.000×10.000 μm2.
Note: Lc, long chain; Br, branch structure; P, polymer; Sc, short chain; Ch, chelating agent; CK, control group; Ca, calcium chloride treated group; U, ultrasound
treated group; and U+Ca, ultrasound combined with calcium chloride treated group.
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Fig. 6. According to Fig. 2, Fig. 6b and d, much more calcium was
permeated into strawberry fruit under ultrasound pretreatment. Ca2+,
cross-linked with CSP, formed a network structure during storage, and
this phenomenon was proven using AFM (Fig. 3c and f). The existence
of the Ca2+-CSP network structure inhibited the degradation of CSP.
Meanwhile, the quantitative AFM results suggested that the length and
width of CSP chains are closely related with strawberry firmness
(Figs. 1a and 4 a). Greater values for the width and length of CSP
molecules correlated with firmer fruit.

Pectin, one of the major cell wall polysaccharides, plays an essential
role in maintaining fruit texture (Zhang et al., 2017). Pectin is a com-
plex heteropolysaccharide, comprising a homogalacturonan region
(HG), and type I (RG-I) and type II (RG-II) rhamnogalacturonan regions,
among which RG-I is one of the main regions of pectin (Ferreira, Passos,
Madureira, Vilanova, & Coimbra, 2015; Yapo, 2011). The side-chain
conformation of the RG-I region of pectin also appears to be closely
related to the firmness of fruit (Yang, 2014). In the present study, the
branching structure of the RG-I region of the CSP in U+Ca group was
more extensive; this would contribute to the greater firmness of the
fruit in the U+Ca group compared with that of the control fruit during
storage (Table 1). Thus, U+Ca treatment can effectively inhibit the
softening of strawberries. Previous research also reported that higher
resistance to pectinase of CSP correlates with the harder texture and
lower susceptibility to postharvest softening of fruit (Kozioł et al.,
2017).

Fig. 4. Quantitative parameters of chelate-soluble pectin (CSP) molecules determined by atomic force microscopy (AFM) (a) Width; (b) Length.
Note: CK, control group; Ca, calcium chloride treated group; U, ultrasound treated group; and U+Ca, ultrasound combined with calcium chloride treated group;
30–60 nm contains 30 but does not contain 60 nm. Different smallcase letters among groups mean significant differences at P < 0.05.

Table 2
Nuclear magnetic resonance (NMR) measurements for different tissues of fresh (day 0) and stored strawberries (day 17).

Fruit tissue Signal intensity I (%)

Fresh CK Ca U U+Ca

peel I21 0.28 ± 0.01b 0.35 ± 0.02b 1.01 ± 0.01a 0.23 ± 0.02b 0.26 ± 0.01b

I22 0.83 ± 0.01b 1.55 ± 0.01a 1.04 ± 0.02a 0.96 ± 0.01b 1.37 ± 0.01a

I23 35.13 ± 2.03a 31.72 ± 0.09b 23.51 ± 0.06d 27.26 ± 0.07c 20.68 ± 0.0e

pulp I21 0.12 ± 0.01d 0.46 ± 0.01b 0.58 ± 0.02a 0.23 ± 0.01d 0.34 ± 0.01c

I22 0.80 ± 0.01b 0.35 ± 0.01d 0.61 ± 0.01c 0.96 ± 0.03a 1.06 ± 0.01a

I23 30.86 ± 0.01a 28.78 ± 0.01b 29.94 ± 0.02b 23.06 ± 0.01c 21.84 ± 0.01d

core I21 0.02 ± 0.01d 0.91 ± 0.02a 0.17 ± 0.01c 0.23 ± 0.02b 0.26 ± 0.01b

I22 0.70 ± 0.01c 1.62 ± 0.03b 2.25 ± 0.01a 1.88 ± 0.05b 1.63 ± 0.08b

I23 31.27 ± 1.12e 34.27 ± 1.24d 40.89 ± 2.31c 45.17 ± 2.70b 52.57 ± 3.05a

Note: CK, control group; Ca, calcium chloride treated group; U, ultrasound treated group; and U+Ca, ultrasound combined with calcium chloride treated group; I21,
I22, and I23 stands for the relative signal intensity of bound water, semi-bound water, and free water, respectively. Different smallcase letters in the same row
represent significant difference at P < 0.05.

Fig. 5. Nuclear magnetic resonance images of strawberries (a) fresh fruit; (b)
CK; (c) Ca; (d) U; (e) U+Ca.
Note: CK, control group; Ca, calcium chloride treated group; U, ultrasound
treated group; and U+Ca, ultrasound combined with calcium chloride treated
group.
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4. Conclusion

Treating fresh strawberries with a combination of ultrasound and
calcium improved their physicochemical properties, internal water
migration, and CSP structural properties, during storage. In the U+Ca
group, fruit remained firmer, while their SSC, TA, Ca, and CSP contents
indicated superior quality. HPLC analysis revealed that there was a
larger RG-I region in the CSP molecules of the U+Ca group compared
with those in the CK group. Furthermore, the AFM results showed
greater width and length of CSP chains in the U+Ca group than in
chains of the control group. Therefore, we concluded that U+Ca
treatment effectively inhibits the degradation of CSP molecules, which
play a dominant role in affecting fruit softening during storage. Future
work will explore the application of ultrasound and calcium treatments
in preserving other berry fruits during storage.
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