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Establishment of a Mathematical Model for Treatment of Gynura bicolor

DC. by Nano-Packaging in Combination with Controlled Atmosphere
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Abstract: The effects of nano-packaging (NP) in combination with controlled atmosphere (CA) on the preservation and
nutritional quality of fresh Gynura bicolor DC (G. bicolor). were investigated during storage at 0 ‘C. The nutrition and
quality indices including decay index, respiration rate, as well as the contents of anthocyanin, chlorophyll, amino acid,
protein, total carbohydrate and reducing sugar were tested every 5 days. The combined treatment (CA+NP) improved the
nutritional quality of G. bicolor compared with polyethylene packaging in CA or NP in a modified atmosphere alone. After
20-day storage, CA + NP treatment significantly inhibited respiration intensity and maintained higher contents of total
soluble solids, anthocyanin, chlorophyll, amino acids, protein, total sugar, and reducing sugar. The simplified regression
model: Decay index/%=24.605 — 0.020X; + 1.122X, — 0.162X; (where, X,: reducing sugar content, X;: anthocyanin content,
X;: chlorophyll content) revealed satisfactory goodness of fit (R > 0.9). Hence, this model can be applied in practice.
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Gynura bicolor DC. (G. bicolor), a cultivated leafy
vegetable, belongs to the genus Gynura Cass and is used as
food throughout Asia for centuries'". It is mostly produced in
southern China and has once been used as a Chinese herbal
medicine’”. Recently, many Chinese have a deep-rooted
belief that ‘even tastes bad, a well-selected Chinese herbal
medicine uptake from daily diet provides health benefits and
prevents diseases as a tonic’ ®'. Thus, the production and

consumption of G. bicolor have been expanding rapidly.
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Since living organisms (water content >90%) with
high metabolic activity after harvest are prone to losing
nutrients and appearance during senescence, proper post-
harvest treatments are in need for G. bicolor production.
Heat treatment, edible coating, high-pressure processing,
refrigerated storage and controlled atmosphere (CA) storage
have been used for vegetables, but the protocols are not
universal. Up to now, the studies on G. bicolor have focused

[4]

on nutritional value, antioxidant activity™, as well as
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extracted anthocyanin[s] and flavonoids™. In contrast, eligible
preservation technologies have only been reported by our
group during the last 6 years. A previous research showed
that package in combination with low temperature (0 C)
improved the nutritional quality of G. bicolor and decre ased
the decay rate to 10% on Day 20",

Low-level O, can delay senescence by significantly
increasing antioxidant activity and total phenolic content,
thus extending the storage life of fresh product”’. Nano-
packaging (NP) materials, which have better barrier,
mechanical and fresh-keeping properties than normal ones™”,
have been applied in a wide range of industries and markets.
Huang Yuanyuan et al.” reported that NP better retained VC,
chlorophyll, polyphenol and amino acids in green tea than
normal packaging did. Li Hongmei et al.”¥ also reported that
the quality of Ziziphus jujuba Mill. was improved with NP
preservation agents.

Although both CA storage'” and NP™”'"! have been
employed to extend the shelf-life of many vegetables, the
two methods have never been combined. Our previous
studies have shown that CA (3% O,) could effectively delay
the senescence of G. bicolor and maintain good quality.
The objective of this work was to investigate the effect of
combined NP and CA on the nutritional quality of G. bicolor
during storage at 0 ‘C, and to establish a mathematical model

describing the storage process.
1 Materials and Methods

1.1 Materials

G. bicolor samples were harvested in a commercial
farmland in Shanghai, China. Then they were pre-cooled to
2-5 °C and transferred to the laboratory by a refrigerated
vehicle immediately. The unified leaves were divided
randomly into three groups and treated as follows: 1) Nano-
material-packaging with modified atmosphere (NP, 30 bags
x 600 g/bag); 2) normal polyethylene-packaging with a
controlled atmosphere of 3% O, and 97% N, (controlled
CO,<1%) (CA, 30 bagsx600 g/bag); 3) nano-material-
packaging combined with controlled atmosphere of 3% O,
and 97% N, (controlled CO,<<1%) (CA + NP, 30 bagsx600
g/bag). Then all bags were stored at 0 ‘C for 20 days. The
nutritional qualities of three bags from each treatment were
randomly analyzed on the 0, 5", 10" and 20" days during
storage. The gas compositions for CA and CA+NP were

continuously controlled constant throughout the storage.

The nano-material bags, which contained 10.5% nano-
Ag and 12% nano-TiO,, were 40 um in thickness and 30 cmx
45 cm in size. Polyethylene bags with the same thickness and
size without nano-powders were employed as controls.
1.2 Decay index

About 500 g leaves from each treatment were used, and
decay degrees were visibly divided into four levels: 0, no decay;
1, decay << 1/3; 2, 1/3-2/3 decay; 3, decay™> 2/3. Decay index
was calculated according to the following formula:

Decay index/% = [(1 X N; +2 x N, +3 x N;) x 100/ (3 x N)]

where N is the total number of leaves showing different
degrees of decay.
1.3 Respiratory rate

The respiratory rate of G. bicolor was determined
with the small skep method based on CO, absorption and
expressed as mg CO,/(kg-h)!"". A glass plate containing 20 mL
of 0.4 mol/L NaOH was added to absorb CO, produced by
300 g G. bicolor leaves during respiration. After 1 h, NaOH
was transferred into a beaker and titrated with 0.2 mol/L
oxalic acid.
1.4 Anthocyanin content

The total anthocyanin content was determined by a
spectrophotometric method described by Dourtoglou et
al."”. An aliquot of extract was diluted 1:10 with ethanolic
HCI1 solution (0.25 mol/L). The solution was mixed
thoroughly, and the absorbance at 520 nm (A4, ) Was
read after 5 min, using the ethanolic HCI solution as blank.
Cyanidin 3-glucoside (kuromanin chloride, Rotichrom®) was
used as the standard substance.
1.5 Chlorophyll content

The chlorophyll content was measured by using acetone
colorimetry method with slight modifications”. Leaves (0.5 g)
were fully ground, to which acetone ethanol solution (2:1, V/V)
was then added until the constant volume of 25 mL. Then the
absorbance at 652 nm (4, ) Was detected. Total chlorophyll
content was calculated using Lichtenthaler’s equations.
1.6  Protein and reducing sugar contents

Leaves (0.5 g) were homogenized in distilled water
(6 mL) and centrifuged at 10 000 xg for 10 min at 4 C.
Proteins in the supernatant were determined according
to the method of Bradford"” with bovine serum albumin
as standard. The amount of released reducing sugar was
determined using the 3,5-dinitrosalicylate (DNS) reagent
method with glucose as reference''".
1.7  Total carbohydrate and amino acid contents

Total carbohydrate and amino acid in 1 g leaves were
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extracted twice by hot distilled water (10 mL and 1 h each
time) until the constant volume of 25 mL. The supernatant
was used for test. Total carbohydrate content was detected
according to the anthrone colorimetric method described by
Pons et al."”. Amino acid content was measured according to
the ninhydrin method".

The contents of anthocyanin, chlorophyll, protein, amino
acid, total carbohydrate and reducing sugar were all determined
as milligrams of equivalents per g of fresh weight (FW).

1.8  Statistical analysis

All the treatments and measurements were set up in a
completely randomized factorial design with three replicates.
All data were subjected to the analysis of variance (ANOVA)
with SPSS 18.0 statistical software. A probability of <<0.05

was considered as significant.

2 Results and Analysis

2.1  Respiratory rate and decay index

Respiration is an important metabolic process that
provides energy for plants, during which various substrates
for key synthetic metabolic pathways are produced. During
storage at 0 “C, all three treatments increased the respiratory
rate consistently, with the largest increase for CA (from 20.04
mg/(kg-h) to 56.61 mg/(kg-h), almost tripled as original) and
the smallest for CA+NP (from 20.04 mg/(kg-h) to 41.27
mg/(kg-h), doubled as original) (Table 1). NP inhibited the
respiration of G. bicolor more evidently than CA did, and
CA+NP reduced the respiration most effectively and managed
to maintain good quality as well. In contrast, the respiratory
rate of green celery stored in CA decreased during storage'.

Vegetables decay following browning, yellowing and
putrescence. Browning of fresh vegetables during storage
often leads to quality loss, and thus has become one of the
important factors responsible for short shelf-life and limited
marketability!"*"'®. In this study, samples lost weight and
browning was aggravated because the relative humidity
of each treatment was more than 94%. The decay of
G. bicolor leaves was only indicated by browning during
low-temperature storage. As shown in Table 1, all treatments
increase the decay indices of leaves during storage. The
leaves stored in CA started decaying on Day 1 and peaked
(9.64%) on Day 20. Meanwhile, NP and CA+NP groups were
less prone to decay during storage, with the decay indices
(9.23% and 8.97%) significantly lower than that of the CA
group on Day 20 (P << 0.05). In contrast to NP treatments,

combining NP with CA could inhibit leaf decaying
(8.97%) more effectively, which may be related to
the better maintenance of cell membrane integrity
that enhanced the resistance of leaves to infection
and lesion. Similarly, different packages significantly

changed the decay indices of Flammulina velutipes"".

1 [8]

Li Hongmei et a also found that nano-Ag, which was

antibacterial, relieved the decay.

Table 1
respiration rate, anthocyanin and chlorophyll contents of G. bicolor

Effects of NP in combination with CA on decay index,

Storage time /d
5 10 15 20

Testing index ~ Treatment

o

>

CA 0 296011 378+0.09% 6.02+009" 1021020
Decay index/% NP 0" 2724009"  317£09%  52240.10° 9.95+0.12"
CA+NP 0 2134005 346007 5374009 8.87+0.10°

Respiration CA 20041033 28851021 47404177 3227+1.69% 56.61+0.69*
ratef NP 2004+033" 26662022 2927+£022% 27.29£032% 50.04£0.28™
(mg COy/

(ke'h)) CAsNP  20.04+033" 253140157 25.504186™ 24024027% 41274035
CA 6824002 9574003 11534021 869+0.15° 642+0.01™

Anthocyanin

content/ NP 68240.02% 10782026" 12.1620.17 954006  7.61+0.02"
MYL) AP 682002% 1L09£0.17" 13354015 1025+0.14% 817H004"
Anthocyanin CA - 12600% 1222002 LISZ002% L10£001 097001
content/ NP 1262002 1202001 L13£0.02° 107£0.02“ 09620.01%
(Mgg)  CANP 1264002% 1242002 120£001% LISH001* 1034001

Note: Each value is the mean for three replicates and vertical bars indicate
the standard deviation of each mean value (7 = 3). Mean £ SD within the
same column or row followed by the same uppercase or lowercase letter are
not significantly different (LSD 0.05/0.01). Data are analyzed with SPSS.
CA: controlled atmosphere packaging; NP: nano-packaging in combination
with modified atmosphere; CA+NP: nano-packaging in combination with
controlled atmosphere. Different letters in the same column or row indicate

significant difference at the 0.05 level. Table 2 is same.

2.2 Anthocyanin and chlorophyll contents

As a main attribute of most vegetables, color plays a
key role in food choice, preference and acceptability, and
may even influence taste thresholds, sweetness perception
and pleasantness"”. Since the back of G. bicolor leaves was
purple and the other parts were green, color mainly indicated
the contents of anthocyanin and chlorophyll.

The content of anthocyanin in the leaves of the CA+NP
group increased, decreased, and reached maximum on Day
10. Individual CA and NP treatments exerted similar effects,
but the contents were lower on the same day and reached
significant difference (Table 1). These results suggested
that combining NP with CA maintained stable anthocyanin
content and the purple color more effectively.

All treatments decreased the chlorophyll content

continuously but with slight differences (Table 1). The
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chlorophyll contents resembled after CAP and NP treatments,
but there were significant differences between CA+NP and
NP or CAP treated leaves. Hence, CA+NP could keep the
chlorophyll content at a higher level. Similarly, Huang Yuanyuan
et al.” reported that the chlorophyll content in green tea with NP
was 6.9% higher than that with normal packaging.

Many crops, such as Brassica, generate anthocyanin
as a stress response indicating poor quality'”. Higher-level
anthocyanin was induced in response to storage condition
in all groups during the first ten days, and then anthocyanin
degraded responding to senescence. Oxidation converted
chlorophyll into pheophytin, so the chlorophyll content of
G. bicolor leaves steadily decreased during storage. CA+NP
maintained the color of G. bicolor better by inhibiting the
decreases of anthocyanin and chlorophyll.

2.3 Amino acid and protein contents

Amino acid in G. bicolor treated with CA+NP during the
20-day storage increased from 7.64 mg/g on 0 day to 10.02 mg/g
on the 10" day and thereafter decreased to 8.30 mg/g on
the 20" day (Table 2). CA and NP treatments changed the
contents of amino acids similarly and moderately, but the
contents on the 20" day were significantly lower than that
after CA+NP treatment, i.e. 9.08 mg/g on the 10" day and
6.64 mg/g on the 20" day for NP, and 7.09 mg/g on the 10th
day and 6.39 mg/g on the 20" day for CA. Contrarily, Huang
Yuanyuan et al."”’ reported that the amino acid content of
green tea could be retained by using NP. Hence, CA+NP
kept higher amino acid content of G. bicolor leaves. Table 2
presents that the anthocyanin and amino acid contents that are
significantly positively correlated change similarly. However,
the relationship between them remained unclear.

Moreover, the contents of protein in G. bicolor leaves
kept decreasing to minimum on the 20" day of storage. The
protein contents decreased from 9.79 mg/g to 8.41 mg/g for
CA, to 8.94 mg/g for NP and to 9.26 mg/g for CA+NP on
Days 20. CA+NP significantly delayed the decrease in protein
content, which may be ascribed to NP material and combined
CA treatment. Accordingly, nanoparticles could maintain the
protein content at a higher level”.

The degradation rate of protein exceeded the synthetic
rate, which thus decreased the protein content and probably
increased the amino acid content. However, the amino acid
contents of G. bicolor steadily decreased in all treatments

owing to the enhanced respiration under low O, condition.

Table2 Effects of NP in combination with CA on the postharvest
contents of amino acid, protein, total carbohydrate and
reducing sugar in G. bicolor

Storage time/d
0 5 10 15 2
(K 7641003 646009 8.13£0.12% 7174013 599£003%

Testing index ~ Treatment

Aminoaf/id CA  764£003% 7464000 709+0.01™ 690+0.10% 63940.03"
I . .
nge) NP TEE00F 6774013 08+010 892%0.10% 664027

CAfNP  7.64+0.03% 878+0.13% 1002£0.14" 9.43+0.07° 830+0.11"
(K 979+003" 897+005" 802£003™ 7.82+005" 7.53£0.03™

Protein CA 979+0.03% 9.50+0.06" 895+0.04 8.67+0.02" 841+0.07°
content/ A2 By Be Bd Be
(mgle) NP 9.792003" 9581001 94310.08% 9.2410.02% 8.94+0.08

CA*NP  979+003" 976+003" 9.65+0.04" 948+0.02% 9.26+0.04"
CK  152540.08" 1255+0.11™ 12.68+0.09" 11.54+0.07™ 9.87+0.08*

TO[ZI] A Bb B Cd C

carbohydrate CA  152540.08" 14.05+0.10" 12.78+007% 11.89+0.07" 937+0.11%
c(ontf/:m)/ NP 152540.08" 133520.14% 122020.04% 12.0920.10% 8.64+0.07™
mglg

CANP  15.254+0.08" 146720.15" 134940.13" 12680.05* 103420.10*

(K 18920.02" 1981003 2114008 3.1240.05% 2954+0.07™

Red:gi?fnsl}‘%ﬂf CA  189£002% 2854002 320£008" 3.19+005° 335+003%
(mgs) NP L89E0.02 285H0.03 307H004% 336£003" 349%0.04"
CAsNP  1.89+0.02% 286+0.03" 349+0.04% 380+0.02% 3.64+0.02"

2.4  Total carbohydrate and reducing sugar contents

Total carbohydrate in G. bicolor leaves decreased during
storage and reached to 9.37 mg/g for CA, 8.64 mg/g for NP
and 10.34 mg/g for CA+NP on Day 20 (Table 2). There were
significant differences between the three treatments. Being
consistent with the results of Yu Wenhua et al.””, CA+NP
remarkably retarded the dehydration and gave rise to quality loss.

The overall contents of reducing sugar in G. bicolor
leaves of three treatments all increased during storage and
reached maximum on Day 20, and CA+NP treatment led to
the highest content compared with other two treatments did at
each time point (Table 2). Thus, CA+NP treatment inhibited
the metabolism of reducing sugar from respiratory processes
and then kept quality better.

Moreover, total carbohydrate and reducing sugar
contents were significantly negatively correlated. A part of
reducing sugars originated from the soluble ones released
during storage, probably due to the hydrolysis of total
carbohydrate.

2.5  Establishment of mathematical model

The correlations between decay index (X)), protein
content (X,), total carbohydrate content (X;), reducing sugar
content (X,), anthocyanin content (X5), respiration rate (Xj),
chlorophyll content (X;) and amino acid content (X;) were
analyzed. Most variables were highly correlated, so cluster
and factor analyses were performed.

2.5.1  Hierarchical cluster and discriminant

Cluster and discriminant analyses are the fundamental
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methods for categorization. All the treatment groups at
different storage times (CA0, CAS, CA10, CA20, NPO,
NP5, NP10, NP15, NP20, CA+NPO, CA+NP5, CA+NP10,
CA+NP15 and CA+NP20) were divided into 3-5 clusters
by using hierarchical clustering (Fig.1). The groups could
be divided into three classes, viz., CAO, NPO and CA+NPO
in cluster 1, CA20, NP20 and CA+NP20 in cluster 3, and
other groups in cluster 2. Accordingly, storage time mainly
affected the quality of G. bicolor. When the groups were
further divided into five classes, CA5, NP5, CA+NP5,
NP10, CA+NP10 NP15 and CA+NP15 were all in cluster
2, indicating that NP and CA+NP treatments influenced
preservation more obviously than CA treatment did and that

packaging was the minor influencing factor.

Fig.1  Dendrogram using average linkage (between groups) rescaled

distance cluster

Since only storage period (prophase, metaphase and
anaphase) needs to be predicted in practical production,
a discriminant clustering equation was established herein
based on cluster analysis. The coefficients of the equations
are listed below:

This equation had good discrimination ability throughout
G. bicolor storage and could be used to determine the storage
period. The data were assigned to the cluster that scored
highest respectively.

2.5.2  Factor analysis and regression

1.0 F Amino acid content
Anthocyanin content
~ 05+ © Protein content
5 Redéxcing suger content Total carbothydrate content
- Chl hyll content
2 0.0 oDecay
= .
Respiration rate
—0.5 o
—1.0 g, 1 1 1
—1.0 —0.5 0.0 0.5 1.0

Factor 1
Fig.2  Factor plot in rotated factor space

The cumulative contribution rates of the first and
second principal components are 62.210% and 23.805%,
respectively. The first two principal component contribution
rates, which exceeded 85%, were utilized to carry out

subsequent analysis.

A rotated factor model was established by maximum-
variance orthogonal rotation of the original component
matrix. Then two common factors, factor 1 and factor 2, were
extracted as the first and second principal factors respectively.
The first principal factor was mainly determined by decay
index (X)), total carbohydrate content (X;) and chlorophyll
content (X;), and their loads on the main factor were —0.969,
0.978 and 0.981, respectively (Fig.2). The second principal
factor was mainly determined by amino acid content (Xj), and
its load on the main factor was 0.994. Therefore, factor 1 and
factor 2 were referred to as quality factor and flavor factor,
respectively. In addition, decay index, respiration rate and
contents of reducing sugar, amino acid, anthocyanin, protein,
chlorophyll and total carbohydrate might change similarly
during G. bicolor senescence (Fig.2). Afterwards, the factor
scores of observable variables were calculated by factor score
coefficients with the equation bellow:

F;=681.619X,+3 187.018X,-233.198X;-1 588.392.X,—
339.378 8Xs+73.329X+9.271X,+71.982X,-18 130.867

F,=635.444X,+2 925.513X,-197.672X,-1 457.447X,~
311.408X5+66.425X+8.432X,+56.799.X,-15 402.681

F,=670.776X,+3 185.669X,-238.858X;-1 686.828X,~
378.084X,+72.984X,+9.533X,+94.686X,-17 989.190

As suggested by the scores of all treatment groups at
different storage time points (Fig.3), CA+NP and CA groups
had higher antioxidant capacities, CA+NP and NP groups
had better flavor, and CA+NP group had maximum storage
capacity.

L5pa e CANP

1.0 —a—

0s | —+ NP

0.0 L L
0 5 20
0.5 F

10k Storage time/d

1.5
204

Scores

—e— CA+NP

-15L Storage time/d
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