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Abstract The effects of rice bran wax coating on the physi-
cochemical properties such as firmness, weight loss, titratable
acidity (TA) and soluble solid content (SSC) of cherry toma-
toes were studied during cold storage. The chemical and nano-
structure properties of chelate-soluble pectin (CSP) were also
investigated by high-performance liquid chromatography
(HPLC), Fourier transform infrared spectroscopy (FTIR) and
atomic force microscopy (AFM). The results indicated that
there was no significant difference of firmness between con-
trol (2.48 N) and waxed (2.87 N) fruits at the end of storage
(20 days), while the weight loss of waxed fruits (13.54%) was
lower than that of control fruits (16.02%). And the degree of
esterification (DE) of both fruits decreased after cold storage
by FTIR. The structural analysis by atomic force microscopy
(AFM) indicated that rice bran wax coating inhibited the deg-
radation of CSP. The CSPmolecular widths ranged from 15 to
250 nm, and the vertical heights varied from 0.2 to 2.0 nm.
Greater frequency (Fq) of large width and length CSP was
found in waxed fruits than in control fruits. The results suggest

that rice bran wax coating was an effective way to preserve
fresh fruits.

Keywords Rice branwax . Fruit coating . Chelate-soluble
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Introduction

Cherry tomato (Lycopersicon esculentum) is an abundant crop
in China. It is rich in antioxidants (vitamin C, total phenols
and carotenoids) and appreciated by consumers for its nutri-
tional value, sweet taste and pleasant aroma (Raffo et al. 2002;
Lenucci et al. 2006). In many countries, fresh cherry tomatoes
play an important role in produce markets. However, consid-
erable amounts of cherry tomatoes are spoiled during fruit
growth and postharvest. These food losses are due to the di-
verse regional climates and undeveloped cold chain transpor-
tation, especially in some areas in China (Zhao et al. 2010).

Storage technologies have been developed to extend the
shelf life of cherry tomatoes. For example, combined treat-
ment of heat and modified atmosphere packaging delayed
the colour development of cherry tomatoes (Ali et al. 2004).
Controlled atmosphere storage and modified atmosphere
packaging and edible coating improved the postharvest qual-
ity and shelf life of fruits (Baraiya et al. 2015; Daş et al. 2006).
In addition, a complex coating (0.05% konjak powder, 0.05%
sodium alginate and 0.02% ascorbic acid) reduced the decay
rate of cherry tomatoes during cold storage (Gang et al. 2007).
However, cassia oil, magnesium sulphate or their combination
did not affect the quality of cherry tomatoes (Feng et al. 2008).

In recent years, wax coating has been widely used as a
coating agent for preserving fruits and vegetables. It plays an
important role in prolonging fruit quality. Candelilla wax
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coating was shown to improve the shelf life and quality of
avocado (Saucedo-Pompa et al. 2009). Carnauba wax or poly-
ethylene coating supplemented with imazalil effectively pre-
served the fruit quality of sweet oranges (Njombolwana et al.
2013). Rice bran wax, a by-product from refining rice bran oil,
composed of a mixture of esters of fatty alcohol and fatty
acids, is becoming a popular food ingredient for health-
conscious consumers. It could be used as a carrier of flavour
and nutritional additives and a water-barrier coating for foods
(Shih et al. 2011). Rice bran wax coating, a potential good
source for processing organic foods, has the advantage of
being cheap, stable and having good film-forming ability
(Yu and Yang 2017; Zhang and Yang 2017; Zhao et al.
2017; Li et al. 2015). As a consequence, the use of rice bran
wax to preserve fruits and vegetable has great future potential.
In addition, better utilisation of cereal by-products including
rice bran could enhance the food and water security globally
(Valipour et al. 2015; Valipour 2015a, b; Yu et al. 2014).

To date, there are few reports on the rice bran wax coating of
fruits. Most researchers focused on the influence of wax coating
on the physicochemical properties and shelf life of fruits. But the
mechanism underlying wax coating remains unclear. The aim of
this current study was to elucidate the relationship between cell
wall polysaccharides and texture of rice bran wax-coated fruits
at the nanoscale. The effect of rice bran wax coating on certain
physicochemical properties of cherry tomatoes was also studied.
The relationship between the softening of fruit and chelate-
soluble pectin was elucidated as well. The results provide a
theoretical basis for the preservation of fruits and vegetables.

Materials and Methods

Materials

Cherry tomatoes (Lycopersicon esculentum Mill. cv. ‘Mali’)
were picked by hand from a local farmland in Zhengzhou,
Henan Province, China. The cherry tomatoes were transported
to a laboratory set at 25 °C within 2 h after harvest and select-
ed according to uniform colour (light-red stage), size, shape
and the absence of visible physical injury (Lai et al. 2013;
Wang et al. 2015). The selected samples were coated by rice
bran wax and stored at 0 °C immediately.

Coating Treatment of Cherry Tomatoes

Rice bran wax coating was prepared as follows: 10 g rice bran
wax (Beijing Jiade Biotechnology Co. Ltd., Beijing, China)
and 10 g sucrose ester (Hangzhou Ruilin Chemical Co. Ltd.,
Hangzhou, Zhejiang, China) were mixed with 1000 mL dis-
tilled water. The solution was emulsified by high-shear
homogeniser for 10 min at 10,000×g and diluted 100 times.

The selected cherry tomatoes were dipped in 0.01% coat-
ing solution for 3 min and kept at room temperature for 1 h.
The control samples were dipped in the same solution except
that the solution’s rice bran wax was replaced by water. The
treated and control samples were placed in fruit packing box
and stored at 0 °C. Ten fruits of the treatment group and of the
control group were randomly selected from storage and used
for analyses every 5 days.

Cell Wall Material Preparation and Chelate-Soluble
Pectin Extraction and Determination

Cell wall material preparation and chelate-soluble pectin
(CSP) extraction were conducted according to Zhang and
others (2008). Flesh samples (10 g) were placed in 200 mL
ethanol (80%, v/v) for 20min and cooled to room temperature.
The samples were filtrated, and the residue was re-extracted
two more times. Then, the residue was incubated overnight at
4 °C with 50 mL of dimethyl sulfoxide (DMSO) and water
(9:1, v/v). After that, the residue was transferred to a 200 mL
mixture of chloroform and ethanol (2:1, v/v) for 10 min. The
final sample was washed with acetone until total whitening.
The residue obtained was cell wall materials. The cell wall
materials were added with sodium acetate buffer (10 mL,
50 mM, pH 6.5), agitated at 25 °C for 4 h, centrifuged at
10,000g, 4 °C for 10 min, and the supernatant was collected.
The above process was repeated twice more. Then, the water-
insoluble pellet was resuspended in 10 mL of 50 mM sodium
acetate buffer (pH 6.5) containing 50 mM cyclohexane-trans-
1,2-diamine tetra-acetate (CDTA). After the extraction pro-
cess was repeated two more times, the supernatants were col-
lected together and combined as CSP. The content of CSP was
assayed by carbazole colorimetry method with galacturonic
acid as standard. More detailedly, the CSP solution (2 mL)
was mixed with sulphuric acid (12 mL, 98%, w/w) in a test
tube and cooled immediately. Then, the mixture was boiled
for 10 min and cooled using tap water. Carbazole ethanol
solution (0.5 mL) was added into the solution and incubated
at room temperature for 30 min. The absorbance at 530 nm
was determined using a TU-1901 spectrophotometer (Beijing
Purkinje General Instrument Co., Ltd, Beijing, China). All
experiments were conducted in triplicates.

Physicochemical Property Determination of Cherry
Tomato

The firmness of cherry tomatoes was evaluated by using a
texture analyser (TA-XT2i, Stable Micro System, UK). The
samples were equilibrated to room temperature before analy-
sis. A cylindrical probe with diameter 10 mm was used. The
pre-test and test speed were 5.00 and 1.00 mm s−1, respective-
ly. The pressed distance was 2.5 mm. At least ten samples
without destruction were determined individually for each
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independent experiment, and an average hardness of ten sam-
ples was calculated (Chen et al. 2011).

Weight loss was also determined with ten fruits. The fruits
were taken out from cold storage and placed at room temper-
ature for 3 h before the test. Weight loss was calculated using
the equation as follows: weight loss (%) = (m0 −m) m0

−1,
where m and m0 are the weight of each fruit at present and
originally, respectively. Soluble solid content (SSC) was de-
termined with fruit juice made from 20 samples by a portable
digital refractometer (model WYT-J; Chengdu Xing Chen
Optical Instrument Co., Ltd, Chengdu, Sichuan, China).
Titratable acidity (TA) was assayed by a titration method ac-
cording to Chen et al. (2011). Diluted juice (50 mL, diluted
from 10 mL of pressed cherry tomato juice with distilled wa-
ter) was titrated with 0.1 M NaOH until the solution colour
changed into pink without fading in 30 s.

Monosaccharide Constituent Analysis of CSP

The monosaccharide constituent analysis of CSP was done by
HPLC according to a previous method with slight modifica-
tions (Xin et al. 2010). CSP (2 mg) was dissolved in 2 M
trifluoroacetic acid and hydrolyzed at 110 °C for 8 h. Each
hydrolysed sample was dried and dissolved in 450 μL NaOH
(0.3 M) and 450 μL 1-phenyl-3-5-pyrazolone (PMP). Then,
lactose, as an internal standard, was added to each sample
before derivatization. The mixture was reacted for 30 min at
70 °C in a thermostatic water bath (model DC-1006; Safe
Corporation, Ningbo, Zhejiang, China), cooled to room tem-
perature, neutralised with 450 μL HCl (0.3 M), and added
with chloroform (1.0 mL). The above process was repeated
for two more times. Finally, the solution was filtered through a
0.45-μm membrane before HPLC analysis.

Analysis of the PMP-labelled monosaccharides was carried
out with a Waters 2695 HPLC system (Waters, Milford, MA,
USA), with a PDA 2996 detector (Waters, Milford, MA,
USA) and a Zorbax Aclips XDB-C18 column (4.6 mm ×
250 mm, 5 μm; Agilent Technologies, Inc., Richardson, TX,
USA). The mobile phase consisted of 0.05 M sodium phos-
phate (pH 6.9) with (A) 15% and (B) 40% acetonitrile. A
linear gradient elution of 0–15% (0–10 min) then 15–25%
buffer B (10–30min) was used. The flow rate of mobile phase
was 1 mL min−1, and the wavelength of PDA detection was
250 nm.

FTIR Analysis of CSP

CSP (2 mg) was mixed with KBr (1:100, w/w) and pressed
into KBr pellet for FTIR analysis. FTIR spectra Nicolet 5700
(Thermo Fisher Scientific, Boston, MA, USA) were collected
in the frequency range of 4000–400 cm−1 at a resolution of
4 cm−1 with absorbance mode. The results were analysed
using Origin 8.0 software.

AFM Analysis of CSP

The nanostructural characterisation of CSP was conducted in
air using a Multimode NanoScope IIIa AFM (Digital
Instruments, Santa Barbara, CA, USA) in tapping mode
(Chen et al. 2013). Each pectin solution (10 μg mL−1) was
mixed 3 min by a XW-80AVortex mixer (Shanghai Jinke Co.,
Ltd., Shanghai, China). Then, 10 μL of the solution was pi-
petted onto a freshly cleaved mica sheet surface and dried in
air at room temperature. The imaging was conducted with a
Si3N4 tip. The resonance frequency of the tip was 330 kHz,
and the scan rate was about 0.5–2 Hz.

The AFM images were analysed offline with section anal-
ysis (AFM software, version 5.30r3sr3) to obtain both quali-
tative and quantitative information of pectin. The quantitative
parameters (width, length and height) of pectin molecules
were recorded as W, L and V, respectively (Yang et al. 2006).

Statistical Analysis

All experiments were conducted independently in triplicates.
The physicochemical properties and CSP structure of the cher-
ry tomatoes were analysed using Excel 2010 and Origin 8.0
software. Dozens of parallel imaging tests for pectin were
conducted by AFM to obtain reliable, representative and sta-
tistically valid results.

Results and Discussion

Effect of Rice Bran Wax Coating on the Physicochemical
Properties of Cherry Tomatoes

The effect of rice bran wax coating on the physicochemical
properties of cherry tomatoes is shown in Fig. 1. The firmness
of cherry tomatoes decreased in both the control and waxed
fruits during storage at 0 °C (Fig. 1a). However, the firmness
of the control fruits decreased faster than the wax-coated
group during the first 10 days of storage. On the fifth day,
the firmness decreased about 50.6% for the control fruits
while only 30.2% for the waxed fruits. Firmness is one of
the most important textural components of fruits. This result
indicated that rice bran wax coating could inhibit the rate of
texture changes of cherry tomatoes during cold storage, al-
though no significant differences of firmness were observed
between the control (2.48 N) and waxed (2.87 N) fruits at the
end of cold storage (20 days).

Significant increase of weight loss in both the control and
wax-coated cherry tomatoes were found (Fig. 1b), although
the weight loss of wax-coated fruits was significantly lower
than that of the control (13.54 vs. 16.02%, at day 20). The
difference might be caused by the enhanced resistance of wa-
ter loss because of wax coating, as previous reports indicated
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that lipid-based coatings such as beeswax and carnauba also
had similar barrier property (Baldwin et al. 1995).

Citric acid, malic acid and oxalic acid are three main or-
ganic acids of cherry tomatoes (Raffo et al. 2002). In control
fruits, the TA content was increased after 10 days of cold
storage (Fig. 1c) (from 0.23 to 0.26%); however, from then,
TA decreased until the end of storage (0.21%). As a compar-
ison, the TA of wax-coated fruits remained unchanged during
storage. Increasing TA could be caused by increased respira-
tion rate and production of high level CO2, affecting the gly-
colytic enzyme systems and resulting in accumulation of acids
(Liu et al. 2009). Coating is generally regarded as inhibiting
respiration rate of postharvest fruits (Chen and Nussinovitch
2000). Interestingly, the SSC between the control and treat-
ment groups was not significantly different. For wax-coated
fruits, SSC increased during the first 15 days but slightly de-
creased in the following storage period (Fig. 1d).

Table 1 shows the effect of rice bran wax coating on the
CSP content of cherry tomatoes. The contents of CSP for the
control and treatment groups were increased to the maximum
level (31.24 vs. 28.58 mg 100 g−1) at 10 days of storage
(P < 0.05), compared to 15.66 mg 100 g−1 at harvest. The
increased CSP during the first 10 days of storage might be
due to the solubisation of other pectin components to CSP
and then decreased due to the effect of polygalacturonase

and pectinesterase (Liu et al. 2009). However, from then, the
CSP content decreased to 21.18 and 18.15 mg 100 g−1, re-
spectively, for the control and treated groups at the end of
storage period. The CSP was also significantly different be-
tween the control and coated groups when stored for 20 days
(P < 0.05). However, there were no major modifications in
CSP content of wax-coated fruits except at 10 days of storage
(Table 1). These indicated that rice bran wax coating inhibited
normal wall disassembly to some degree.

Effect of Rice Bran Wax Coating on the Monosaccharide
Constitute of CSP

Table 2 shows the monosaccharide components of CSP of
cherry tomatoes during cold storage. The monosaccharide of
CSP was mainly composed of mannose (Man), galacturonic
acid (GalUA), rhamnose (Rha), galactose (Gal) and arabinose
(Ara). It can be observed that GalUA was the major sugar in
CSP, while glucose (Glc) might be originated from non-pectic
polysaccharides which were not completely removed during
the extraction of the cell wall material. The content of all
sugars increased after cold storage in both the control and
wax-coated groups. However, the contents of GalUA and
Rha of CSP in the wax-coated group increased less than those
of the control group. The contents of GalUA and Rha of CSP

Fig. 1 Effect of rice bran wax coating on the firmness (a), weight loss (b), TA (c) and SSC (d) properties of cherry tomatoes. Note: TA titratable acidity,
SSC soluble solid content
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in the waxed fruits increased from 1.06 and 28.17 to 2.60 and
36.13 mg 100 g−1 fresh mass (FM), respectively. This result
corresponded well to the result of CSP content.

The molar ratio of Rha to GalUA is a parameter indicating
the existence of rhamnogalactoside-I (RG-I) segments within
the pectin molecules. The molar ratio of Rha to GalUA is
approximately 1:1 because the backbone is almost composed
of alternating molecules of GalUA and Rha (Yapo 2011). To
the pectin total population, the contribution of RG-I was 0.45
and 0.72 for the control and treated fruits, respectively, after
storage for 20 days (Table 2). Therefore, treated fruits
contained higher amount of RG-I regions than control fruits.
The CSP of cherry tomatoes had two regions: smooth region
and hairy region. Ara and Gal indicate the existence of
arabinan side and galactan chains in the RG-I structure, while
the molar ratio of (Ara + Gal) to Rha indicates the degree of
branching of the RG-I segments. The molar ratio for control

fruits was 3.46 while that for waxed fruits was 4.91 after
20 days of storage, suggesting the side chains of RG-I regions
in the control fruits were shorter than those in the treated fruits.
The side chains of RG-I regions might have a close relation-
ship to the firmness of fruits (Yang 2014), explaining why the
firmness of the wax-coated fruits was greater than that of the
control fruits at the end of the storage period. The results of
Rha/GalUA and (Gal + Ara)/Rha (Table 2) indicated that the
rice bran wax coating inhibited the degradation of CSP during
cold storage.

Effect of Rice Bran Wax Coating on the FTIR Properties
of CSP

The infrared spectra of the control and wax-coated fruits are
shown in Fig. 2. The broad and strong absorption between
3600 and 2500 cm−1 indicated O–H stretching absorption

Table 2 Effect of rice bran wax
coating on the monosaccharide
constitute of CSP

Monosaccharide (mg 100 g−1 FM) Sample Storage time (days)

0 10 20

Man Control 1.11 ± 0.11c 2.01 ± 0.04b 2.36 ± 0.12a

Waxed 1.11 ± 0.11c 1.85 ± 0.05b 3.41 ± 0.05a

Rha Control 1.06 ± 0.06c 1.41 ± 0.10b 3.62 ± 0.24a

Waxed 1.06 ± 0.06c 1.52 ± 0.03b 2.60 ± 0.59a

GalUA Control 28.17 ± 1.21c 38.10 ± 1.25b 80.54 ± 4.83a

Waxed 28.17 ± 1.21b 28.81 ± 2.92b 36.13 ± 1.03a

Glc Control 5.17 ± 0.48ab 7.22 ± 0.17a 4.91 ± 1.39b

Waxed 5.17 ± 0.48b 4.46 ± 0.21b 33.44 ± 3.03a

Gal Control 2.49 ± 0.10c 5.53 ± 0.42b 6.81 ± 0.25a

Waxed 2.49 ± 0.10c 4.75 ± 0.13b 8.82 ± 0.20a

Ara Control 2.14 ± 0.13c 4.12 ± 0.16b 5.73 ± 0.20a

Waxed 2.14 ± 0.13c 3.42 ± 0.28b 3.95 ± 0.05a

Rha/GalUA Control 0.38 0.37 0.45

Waxed 0.38 0.53 0.72

(Gal + Ara)/Rha Control 4.37 6.84 3.46

Waxed 4.37 5.38 4.91

Different superscript lowercase letters in the same row mean significant difference at P < 0.05. Waxed indicates
rice bran wax-coated group

CSP chelate-soluble pectin,Manmannose, Rha rhamnose, GalUA galacturonic acid,Glc glucose, Gal galactose,
Ara arabinose

Table 1 Effect of rice bran wax
coating on the CSP content
(mg 100 g−1) of cherry tomatoes

Sample Storage time (days)

0 5 10 15 20

Control 15.66 ± 2.13c,A 17.60 ± 2.44bc,A 31.24 ± 1.85a,A 16.44 ± 1.53bc,A 21.18 ± 0.87b,A

Waxed 15.66 ± 2.13b,A 12.85 ± 4.23b,A 28.58 ± 4.54a,A 14.46 ± 0.95b,A 18.15 ± 1.05b,B

Different superscript lowercase letters in the same row and different superscript uppercase letters in the same
column mean significant difference at P < 0.05. Waxed indicates rice bran wax-coated group

CSP chelate-soluble pectin
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because of the inter- and intramolecular hydrogen bonds
(Gnanasambandam and Proctor 2000). For CSP, the broad
absorption in this region was attributed to the stretching of

inter- and intramolecular hydrogen bonding of galacturonic
acid polymer, while the absorption at about 2900 cm−1 re-
ferred to the C–H, CH2 and CH3 stretching and bending vi-
brations. In esterified pectin, an O–CH3 stretching band was
expected to be around 2900 cm−1 because of methyl esters of
galacturonic acid. However, the O–CH3 activity might be
masked and thus not a reliable indicator of methoxylation
(Gnanasambandam and Proctor 2000). The region between
1800 and 1500 cm−1 was of special interest with regards to
the evaluation of the degree of esterification (DE). The aver-
aged ratio of the peak intensity at 1743 cm−1 (COO–R) over
the summed peak intensity of 1743 (COO–R) and 1613 cm−1

(COO–) was considered as the degree of methyl-esterification
(Vriesmann and de Oliveira Petkowicz 2009). In the current
study, the absorption at 1743 cm−1 decreased in the control
and wax-coated fruits during storage, indicating a lower DE
after storage. This result corresponded well to the changes of
fruit firmness and to the previous study (Chatjigakis et al.
1998). The absorption between 800 and 1300 cm−1 was
regarded as the fingerprint region of the pectin, while the
absorption at 1380 cm−1 was C–H bending and 1000–

Fig. 2 Effect of rice bran wax coating on the FTIR properties of chelate-
soluble pectin (CSP). a Fresh fruits; b control fruits; c waxed fruits

Fig. 3 AFM images of CSP of
fresh- and cold-stored fruits. a, b
Fresh fruits; scan area:
4.000 × 4.000 μm2. c, d Control
fruits; scan area:
5.766 × 5.766 μm2. e, f Waxed
fruits; scan area:
6.575 × 6.575 μm2. Note: Br
branch structure; CSP chelate-
soluble pectin, Ls linear strands,
Lc long chains, Sc short chains,
Ch CDTA, P polymers, Rp
stretched molecules from CDTA

354 Food Bioprocess Technol (2017) 10:349–357



1300 cm−1 was C–O stretching (Singthong et al. 2004). In
general, the FTIR spectra were not significantly different be-
tween the control and rice bran wax-coated fruits.

Effect of Rice Bran Wax Coating on the Nanostructure
of CSP

The AFM results of CSP of cherry tomatoes are shown in
Fig. 3. The morphologies of CSP in fresh- and cold-stored
samples were different. In the fresh sample, it mainly
contained linear strands (Ls), branched (Br) and polymer
structures (P) (Fig. 3a, b). After the cold storage, the branched
and polymer structures of CSP reduced, meanwhile, shorter
Ls of CSP increased in cold storage fruits. Compared to the
control group, the Ls was longer in the wax-coated fruits
(Fig. 3c–f), indicating that rice bran wax coating inhibited
the degradation of pectin during cold storage.

AFM also provided quantitative dimensions of CSP
(Fig. 4). The colour bar legends on the right of the images
represented the scale of height of the samples scanned, and
the other two ordinates at the below of the images were the
scan areas (length × width) of the samples (Fig. 3); the width
of pectin molecules was demonstrated as the peak width and
the height expressed as peak height. Fq is referred to the times
of the length, width and height of CSP chains observed. The
quantitative values of pectin molecules were greater than the
actual values due to the probe-broadening effects of AFM
(Kirby et al. 1995; Chen et al. 2013).

Figure 4a shows the width distribution of CSP on day 20 of
cold storage. The CSP molecular widths of fresh fruits ranged
from 15 to 250 nm. The vertical heights of CSP molecules
were 0.2 to 2.0 nm. However, the molecular width was mainly
in the range of 51–200 nm for both the wax-coated and control
fruits on day 20 of cold storage. Below 200 nm, the chain
widths were not significantly different between the control
and wax-coated fruits (P > 0.05). On the contrast, for chain
width above 201 nm, Fq of the wax-coated fruits (12.83%)
was greater than that of the control (5.01%) (P < 0.05), sug-
gesting that the degradation of CSP molecules was inhibited
by the wax coating during cold storage.

For many fruits, the length of CSP chains mostly fell within
the range of 500–5000 nm, and longer than sodium carbonate-
soluble pectin (SSP) (400–3600 nm for apricot and 100–
700 nm for honeydew melon (Liu et al. 2009; Chong et al.
2015). After storage, the length of CSP chains of the control
and treated fruits were mainly within 1000–5000 nm.
Moreover, there was no significant difference in the Fq of
CSP chain length between the control and wax-coated fruits
(P > 0.05). However, the Fq of CSP chain length above
9000 nm in the wax-coated fruits (31.75%) was significantly
greater than in the control (22.24%) (P < 0.05) (Fig. 4b), fur-
ther supporting wax coating’s protective effect on CSP chains.
The quantitative dimensions (length and width) of CSP chains

also correlated well with fruit firmness and the previous study
(Chong et al. 2015).

The Relationship Between Physicochemical
and Structured Properties

Compared to the control fruits, wax-coated fruits have greater
firmness and less weight loss at the end of the cold storage
(Fig. 1), indicating that rice bran wax coating inhibited the soft-
ening of fruits. In addition, the wax coating also inhibited the
degradation of CSP chains according to the results of the mono-
saccharide, Rha/GalUA and (Gal +Ara)/Rha ratios, and theFq of
CSP chainwidth and length. These results suggested that thewax
coating inhibited the softening of fruits at the nanoscale.

Fruit softening was accompanied by solubilisation and
depolymerisation of the cell wall polysaccharides, resulting in
disintegration of the cell wall (Billy et al. 2008). During fruit
ripening, the arabinose and galactose side branches degraded
(Kan et al. 2013). In the current study, rice bran wax coating
inhibited the decrease of the (Gal + Ara)/Rha ratio, implying
wax coating inhibited the cleavage of galactose and arabinose

Fig. 4 The quantitative parameters of fruit CSP chains on day 20 of the
cold storage. a The width distribution of CSP chains. b The length
distribution of CSP chains. Note: 1–5 μm contains 5 μm but does not
contain 1 μm; different small letters between the two groups mean
significant difference at P < 0.05. Waxed indicates rice bran wax-coated
group. CSP chelate-soluble pectin
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side chains of uronide acid which prevented pectolytic en-
zymes from dissembling pectin and were accompanied by fruit
softening (Ortiz et al. 2010). The softening of fruit was not only
related to the chemical structure of pectin but also to the nano-
properties of the polysaccharides (Zdunek et al. 2014).

It should be noted that several limitations may affect the
accuracy of the results. First, the fruits varied yearly and
amongst different areas. Second, the AFM images may cause
variations. AFM is good at examining the length of pectin
molecules between 30 nm and 15 μm. Short-length chains
might not be easily recognised from the images and might
not be included in the final statistics (Yang 2014). A third
possible error or limitation was that some other important
components like hemicellulose might also be involved in the
changes. In the future, to enhance the coating properties of rice
bran wax, incorporating with proteins and polysaccharides
from natural sources may be a good approach (Bu et al. 2015).

Conclusion

The effects of rice bran wax coating on the physicochemical
properties and CSP structure of postharvest cherry tomatoes
during cold storage were studied. There were no significant
differences of firmness between the control (2.48 N) and wax-
coated (2.87 N) fruits at the end of the storage (20 days), while
the wax-coated (16.02%) samples had less weight loss than
the control (13.54%). The structural analysis revealed that rice
bran wax coating inhibited CSP degradation, which was fur-
ther supported by the results of Rha/GalUA and (Gal + Ara)/
Rha. After cold storage, DE decreased in both the control and
coated fruits. AFM results revealed that the Fq of greater CSP
chain width and length were higher in waxed fruits than in the
corresponding control. Both the chemical and nanostructural
morphologies of CSP played a role in the softening of cherry
tomato fruits during cold storage. Overall, rice bran wax coat-
ing was an effective means to preserve cherry tomatoes.
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