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Abstract

Fresh-cut lettuce has a short shelf-life due to enzymatic browning and oxidative se-
nescence. The present study investigated effects of polysaccharide-based edible
coatings (alginate, chitosan, and carrageenan) on enzymatic browning and antioxi-
dant defense system of fresh-cut lettuces during cold storage (4°C) for 15 days. The
results showed that three coatings could inhibit enzymatic browning through main-
taining total phenolics (TP) content and decreasing polyphenol oxidase (PPO) and
phenylalanine ammonialyase (PAL) activities. These coatings also reduced phospho-
lipase D (PLD) and lipoxygenase (LOX) activities, lowered malondialdehyde (MDA)
content, and enhanced antioxidant enzymes (superoxide dismutase, SOD; peroxi-
dase, POD; catalase, CAT; ascorbate peroxidase, APX) activities. Besides, all coat-
ings positively affected sensory properties of fresh-cut lettuces after 3 days storage.
Additionally, among three coating treatments, chitosan coating had the most positive
effects on quality of fresh-cut lettuce and was the most suitable coating for retard-
ing enzymatic browning and alleviating membrane oxidative damage. These results
indicated that polysaccharide-based edible coatings were helpful to maintain quality,

inhibit enzymatic browning, and postpone senescence of fresh-cut lettuce.
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INTRODUCTION

In recent decades, fresh-cut vegetable industry has expanded rap-
idly due to consumers’ demand for fresh, convenient, and healthy
foods (Ansah et al., 2018; Martinez-Hernandez et al., 2013).
However, the shelf-life of fresh-cut products is greatly shortened
because of special operations such as washing, peeling, and cutting
(Chiumarelli & Hubinger, 2012). Commonly, mechanical wounding
causes physiological and metabolic changes, which includes mi-
crobial growth, tissue browning, respiration rate increasing, eth-
ylene production, and quality deterioration of fresh-cut products
(Oms-Oliu et al., 2008). Fresh-cut lettuce is one of commodities
with higher request by salad bars and fast food services, and its
market share is increasing constantly (Teng et al., 2019). Fresh-
cut lettuce is susceptible to tissue browning and quality deteriora-
tion during storage, even if it is kept in low temperature (Charles
et al., 2018). Therefore, methods of effective and safe treatments
need to be constantly investigated for alleviating and overcoming
these problems.

Membrane deterioration is an early and characteristic feature
for the senescence of fresh-cut vegetable (Dek et al., 2018). The
loss of membrane integrity in senescing tissues is caused by the
increased lipid peroxidation level, which is mediated by phospho-
lipid-degrading enzymes, such as phospholipase D (PLD) and lip-
oxygenase (LOX) (Song et al., 2014). In addition, plant cells possess
very efficient enzymatic and nonenzymatic antioxidant defense
systems. In the enzymatic antioxidant defense system, a series
of antioxidases including superoxide dismutase (SOD), peroxi-
dase (POD), catalase (CAT), and ascorbate peroxidase (APX) plays
a very important role in inhibiting oxidative stress in cells (Sun
et al., 2011). Hence, phospholipid-degrading enzymes and anti-
oxidases make valuable synergistic effects to alleviate membrane
lipid peroxidation and protect cellular membrane from radical ox-
ygen species (ROS).

The development of edible coatings and films as active ingredi-
ent carriers is regarded as a promising packaging strategy to main-
tain freshness of fresh-cut fruit and vegetable. Edible coatings can
prolong shelf-life of fresh-cut fruits and vegetables through re-
ducing moisture, respiration, gas exchange, and rates of oxidative
reactions (Senna et al., 2014). It is expected that edible coatings
can generate modified atmosphere on the surface of vegetables
under optimal relative humidity and refrigeration temperature.
The application of polysaccharide-based edible coatings, which
are enriched with antimicrobials or antioxidants, has been con-
firmed to have great potential for developing high-quality and long
shelf-life fresh-cut commodities. For example, alginate, chitosan,
and carrageenan are often used as polysaccharide-based edible
coatings because of their ability to form rigid and stable gels (Li
et al., 2017). Moreira et al. (2015) reported that alginate coating
with dietary fiber addition was helpful for maintaining ideal quality
of fresh-cut apples. Salinas-Roca et al. (2018) found that chitosan
was the most suitable coating to extend fresh-cut mango quality

throughout storage. In addition, Rojas-Gral et al. (2007) showed
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that a mixture of chitosan, carrageenan, and sodium alginate inhib-
ited polyphenol oxidase (PPO) activity, enhanced total antioxidant
capability, prevented polyphenol oxidation, and reduced brown-
ing degree of fresh-cut yam. Thus, it is suggested that the role of
polysaccharide coatings in the senescence of fresh-cut vegetables
may be related to membrane integrity and antioxidant systems.
However, little information is available on quality deterioration
of fresh-cut lettuce involves in antioxidant systems and it is im-
portant to note that the influence of polysaccharide coatings on
antioxidant enzyme system and oxidative senescence of fresh-cut
lettuce has not been studied up to date.

The main objective of our study was to investigate effects of
three polysaccharide-based edible coatings (alginate, chitosan, and
carrageenan) on enzymatic browning and oxidative senescence of
fresh-cut lettuce during cold storage. The changes in membrane per-
meability, lipid peroxidation, lipid-hydrolyzed enzymes, and antiox-
idant enzymes were analyzed thoroughly. In addition, the sensory
qualities of these polysaccharide-coated fresh-cut lettuces were
evaluated. The results of this study will be helpful for the fresh-cut
vegetable industry to select appropriate natural edible coatings to

extend shelf-life and maintain quality of lettuce.

MATERIALS AND METHODS
Plant materials and treatments

Fresh lettuces (Lactuca sativa L. var. ramosa Hort.) were harvested
from a local farm in Nanning, Guangxi province of China in June
2018. They were immediately transported to a near distributor and
kept in a low temperature (4°C) condition with an air-cooling sys-
tem. After cooling, lettuces were taken to Guangxi Key Laboratory
of Fruits and Vegetables Storage-processing Technology by com-
mercial refrigerated truck (4°C) and stored for 24 hr at 4°C be-
fore processing. Then, lettuces have similar sizes and did not show
any decay or mechanical damage were chosen as experimental
materials. Lettuce leaves were removed manually, washed with
tap water, and cut into 3-mm shreds. Before treatments, these
shreds were allocated to 4 different groups in a randomized man-
ner. To make the polysaccharide-based coating solutions, three
polysaccharides (alginate, chitosan, and carrageenan) were placed
in sterile water and stirred until they dissolve completely. Above
concentrations were selected on the basis of our preliminary study
which showed 1.5% alginate, 1% chitosan, and 2.5% carrageenan
were optimal coating treatments for retarding fresh-cut lettuce
senescence. Lettuce shreds were dipped in three coating solutions
for five minutes. Take lettuce shreds out and make the dry at room
temperature for half an hour. Each coated fresh-cut lettuce (50 g)
was packed in polypropylene rigid tray, sealed with polyethylene
film and kept at 4°C for a period of 15 days, and measured every
3 days. Uncoated fresh-cut lettuce was applied as control group
which were stored in the same environment as with coated fresh-

cut lettuce.
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Color measurements

The surface color of fresh-cut lettuce was measured quickly after
unfolding packages of coated and uncoated samples on each de-
signed sampling time point during cold storage. A CR-400 Chroma
Meter was used to measure the following values: CIE L* (lightness),
a* (redness), and b* (yellowness). The white plate (Y = 94; x = 0.3132;
y =0.3191; standard CIE illuminate; 2° observer) was used as a refer-
ence and color values were expressed as L*. L* was the best param-
eter related to enzymatic browning (Mishra et al., 2012). The Hue
angle value representing the color shade was achieved by using the
formulation arctan (b*/a*), while the chroma value (C*) which indi-
cates the sample color saturation was achieved by using the formu-
lation (a*? + b*?)¥2. For each sample, at least 5 reads were taken at

different positions of the same lettuce.

Analysis of enzymatic browning
Measurement of total phenolics

The content of total phenolics in fresh-cut lettuce was measured ac-
cording to a modified Folin-Ciocalteu method described previously
in (Rochin-Medina et al., 2018). Half gram of grinded fresh-cut let-
tuce was placed in a Thermo Forma Orbital shaker and extracted
with 2.5 ml extraction buffer containing 3.5 volume of methanol,
3.5 volume of acetone, 3 volume of sterilized water, and 1% formic
acid. The mixed sample was isolated by centrifugation at 12,000 g
and performed at 4°C temperature for 15 min. After centrifuga-
tion, 1,000 pL supernatant containing soluble phenolics was applied
with 1,000 pl Folin-Ciocalteu phenol reagent and 2,000 pl 350 mM
NaOH. The samples were kept at room temperature for 5 min, and
the results were measured by a UV-160A spectrophotometer at the
absorbance of 760 nm. Three measurements were determined to av-
erage the readings. Total phenolics content was calculated by milli-
grams of the standard gallic acid on fresh weight (FW) (mg gallic acid
equivalents/FW). Three replicates were carried out in this study.

Enzymatic activity assay of PAL and PPO

PAL activity was determined as described previously by Sun
et al., (2012). About half gram of grinded fresh-cut lettuce was ho-
mogenized in 2.5 ml sodium borate solution (0.05 M, pH 8.8) con-
taining 2% (w/v) polyvinyl pyrrolidone and 5 mM mercaptoethanol
for about 10 min. The step was conducted at 4°C. The mixture was
isolated by centrifugation at 12,000g for 15 min. The clear super-
natant containing PAL enzyme was collected for further enzymatic
assay. The reaction was conducted in a final volume of 3 ml. To start
the reaction, 0.1 ml supernatant containing PAL enzyme was applied
to 1.9 ml sodium borate solution (0.1 M, pH 8.8) and 1 ml 20 mM I-
phenylalanine. The samples were incubated at 37°C for 1 hr, and the

PPO activity was measured by spectrophotometry of absorbance at

290 nm. The reaction was terminated by adding 200 pl 6 M trichloro-
acetic acid. Each reaction was performed at least three times.

PPO activity was measured according to a modified spectropho-
tometric method described previously in Sun et al. (2011). In Brief,
about half gram of grinded fresh-cut lettuce was soaked in 2.5 ml
Na;PQ, solution (0.1 M, pH 6.8) with 0.1% polyvinylpyrrolidone for
10 min. The temperature was kept at 4°C. The mixture was isolated
by centrifugation at 12,000g for 15 min. The clear supernatant con-
taining PPO enzyme was applied to 2.9 ml Na;PO, buffer (10 mM,
pH 6.8) containing 10 mM catechol, which was used as substrate
for the reaction. The samples were incubated at 25°C for 3 min, and
the PPO activity was measured by spectrophotometry of absor-
bance at 400 nm. Three measurements were applied to average the
absorbance.

Analysis of oxidative stress
Measurement of malondialdehyde content

Malondialdehyde content was determined and modified accord-
ing to a previously described method from Sun et al., (2011). Three
grams of grinded fresh-cut lettuce was extracted by 15 ml 10%
trichloroacetic acid. The sample mixture was isolated by centrifuga-
tion at 15,000 g for 20 min. 1 ml supernatant was taken to mix with
3 ml 0.5% 2-thiobarbituric acid. Samples were incubated at 95°C for
20 min and then transferred quickly to an ice-water bath.

After centrifuged at 3,000 g for 10 min, results were measured
by spectrophotometry of absorbance at 532 nm, and values read at
600 nm was used as nonspecific backgrounds. At least three mea-
surements were applied to average the absorbance. The malondial-
dehyde content was calculated using the calculation formula: (1M/g
FW) = [6.45 (OD;,,-0OD,,,)-0.56 OD 5] x 5 ml/0.25 g.

Enzymatic activity assays of antioxidative-
related enzymes

The activities of CAT, POD, and APX were determined according to
two previously described methods of Song et al., (2014) and Peng et al.
(2014). At 4°C, three grams of grinded fresh-cut lettuce was soaked by
0.1 M 2.5 ml Na;PO, solution (0.1 M, pH 7). The mixture was isolated
by centrifugation at 12,000 g for 15 min. The supernatant was taken
for further reactions to determine activities of CAT, POD, and APX.
For CAT activity, 200 pL enzyme solution (supernatant) was added to
a buffer containing 50 mM Na;PO, pH 7.8 and 15 mM hydrogen per-
oxide. The reaction was conducted at 25°C for 3 min, and the CAT ac-
tivity was measured by spectrophotometry of absorbance at 240 nm.
One activity unit equals to a 0.001 increase in absorbance per min. For
POD activity, 100 pl enzyme solution was added to a buffer contain-
ing 100 mM Naz;PO, pH 7, 200 pL 0.46% hydrogen peroxide, and 4%
guaiacol. The sample mixtures were incubated at 25°C for 3 min, and

the POD activity was read by spectrophotometry of absorbance at
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470 nm. One activity unit equals to a 0.01 increase in absorbance per
min. For APX activity, 100 pl enzyme solution was added to a buffer
containing 50 mM Na;PO, pH 7, 1.5 pM ascorbic acid, 0.3 pM hydro-
gen peroxide, and 0.3 uM ethylene diamine tetra acetic acid. The sam-
ple mixtures were incubated at 25°C for 3 min, and the APX activity
was read by spectrophotometry of absorbance at 290 nm. One unit of
APX activity equals to 1 pmol ascorbic acid reduced per min.

The activity of SOD was determined based on a previously de-
scribed method of Li et al., (2017). Half gram of grinded fresh-cut
lettuce was placed to a volume of 2.5 ml solution containing 50 mM
Na;PO, buffer (pH 7.8) and 0.1% polyvinyl pyrrolidone. The mixture
was isolated by centrifugation at 12,000 g speed for 20 min at 4°C
temperature. The supernatant was collected for determining the ac-
tivity of SOD, which is based on determining the rate change of pho-
tochemical reduction of nitroblue-tetrazole. For the reaction, 50 pl
enzyme solution (supernatant) was added to a buffer with 3 ml final
volume, which contains 50 mM Na;PO, pH 7.8, 13 mM methionine,
0.1 mM ethylenediaminetetraacetic acid, 63 uM NBT, and 1.3 uM
riboflavin. The sample mixtures were kept at 25°C for 10 min, and
the SOD activity was read by spectrophotometry at the absorbance
of 560 nm. At the same time, samples contain only 50 mM Na;PO,
buffer pH 7.8 was measured as control. One unit of SOD activity

equals to a change of 50% inhibition of NBT reduction.

Analysis of lipid peroxidation

Phospholipase D and lipoxygenase activities as well as protein content
were evaluated using 1 g of fresh-cut lettuce powder as plant material
based on methods from Lin et al., (2018) and Natalini et al., (2014). One
unit of PLD or LOX activity equals to a 0.1 unit increase of OD per min-
ute at the absorption of 520 nm and 234 nm, respectively. The enzyme

activities were calculated on units per gram of fresh weight.

Sensory analysis

Sensory quality of treated and untreated fresh-cut lettuce was evalu-
ated based on the method from Moreira et al., (2015) with a few adap-
tions. The sensory properties and acceptability of lettuce during cold
storage were determined by 10 regular lettuce consumers, who were
recruited by University of Guangxi (China) to attend the evaluation
test. After taking out from the cold storage environment, coated and
uncoated fresh-cut lettuces were evaluated immediately by consum-
ers. Before serving to consumers, sample orders of lettuces were
randomized. Panelists were required to fill in a questionnaire, which
includes items of sensory characteristics that affected fresh-cut let-
tuce marketability, such as taste, visual appearance, color, dehydra-
tion, and overall preference. For each sample, panelists were asked to
choose a score between zero to five. Five representing extreme like,
whereas zero means that they cannot accept or even hate the taste.
For each sensory characteristic, final scores were achieved by averag-

ing all scores from panelists. The score threshold of taste acceptance
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was set at three, below which suggests that the shelf-life of fresh-cut
lettuce was ended from the view of sensory.

Statistical analysis

All experiments in this study were conducted in a randomized design
with at least three replicates (n = 3). All statistics for enzymatic as-
says and measurement of soluble compounds were performed using
SPSS 13.0 statistical software. One-way ANOVA was applied to
compare mean values between treatment and control samples. LSD
tests (p = .05) were applied to test for significant differences among
the means of parameters. The results represented mean + standard
error (SE) of three replicated determinations.

RESULTS

Color changes of polysaccharide-coated fresh-cut
lettuces during cold storage

Changes in color of fresh-cut lettuce during storage were also pre-
sented in Figure 1. From Figure 1, compared with the control group,
three coating treatments (alginate, chitosan, and carrageenan) de-
layed the surface browning and occurrence of deterioration dur-
ing storage, and fresh-cut lettuce treated with chitosan maintained
higher overall quality throughout the storage period of 15 days.
Three parameters (L* value, hue angle, and chroma) were applied to
investigate the color changes of fresh-cut lettuce. In Figure 2, the
obvious decrease of L* value, hue angle, and the significant increase
of chroma, indicating that the darkness (browning) was happened
and accelerated for all treated lettuce (coated) and control (un-
coated) during 15-d cold storage. Comparing to control, the L* value
was delayed (Figure 2a), hue angle was decreased (Figure 2b), and
chroma was increased in three groups of polysaccharide-coated let-
tuce (Figure 2c). Furthermore, among three coating treatments, chi-
tosan-coated lettuce exhibited the highest L* value and hue angle as
well as the lowest chroma during cold storage. Specifically, from day
6 on, L* value and hue angle of chitosan-coated lettuce were dramat-
ically larger than those of control (Figure 2a,b), whereas chroma of
chitosan-coated lettuce was significantly lower compared to control
(Figure 2c). Therefore, these results suggested that chitosan was the
optimal polysaccharide-based edible coating to effectively inhibit
surface browning of fresh-cut lettuce during cold storage, which can
be explained by that chitosan assists to form a thin protective layer

on the surface of lettuce to reduce the water transmission.
Polysaccharide-based edible coatings delayed
enzymatic browning

PPO plays a key role in enzymatic browning of fresh-cut vegetables
(Mishra et al., 2012). Inhibiting PPO activity is an important method
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to improve vegetable quality during processing. From Figure 3a, PPO

activities in all treatments ascended to peaks in the first a few days
and then gradually descended during 15-d cold storage. Comparing
to control, three groups of polysaccharide-coated lettuce possessed
lower PPO activities during storage. In addition, control samples
showed the maximum PPO activity on day 6, whereas chitosan and
carrageenan-coated fresh-cut lettuces presented the maximum PPO
activities on day 9. Since both chitosan and carrageenan coatings
postponed the time of reaching maximum PPO activity, they were
better contributors to inhibit browning of lettuce. Moreover, chi-
tosan-coated lettuce exhibited the lowest PPO activity among three
coating treatments from day 3, indicating that chitosan was the most
efficient coating material to inhibit PPO activity of fresh-cut lettuce.

PAL catalyzes the first reaction in plant defense-related primary
and secondary pathways and plays a key role in producing precur-
sors of a variety of protective phenolic compounds. Phenolics in
fresh-cut lettuce serve as substrates in enzymatic browning reac-
tions. From Figure 3b, three groups of polysaccharide-coated let-
tuce had lower PAL activities than control from day 6. Especially,

chitosan-coated lettuce exhibited the lowest PAL activity among

FIGURE 1 Xxxxxx

three coating treatments from day 6. From Figure 3c, three groups
of polysaccharide-coated fresh-cut lettuces possessed significantly
higher TP contents compared to control during storage. Chitosan-
coated lettuce exhibited the highest TP content among three coating
treatments from day 9. Taken together, these results showed that
chitosan was the optimum polysaccharide-based edible coating for
inhibiting PPO and PAL activities, reducing phenolic metabolism,
and maintaining high TP content so as to retard browning of fresh-

cut lettuce.

Polysaccharide-based edible coatings inhibited lipid
peroxidation

MDA is a compound produced in lipid peroxidation of the cell mem-
brane due to ROS accumulation. The change of MDA content can be
used as a marker which indicates levels of the lipid peroxidation of
membranes in plants, when they are suffering from senescence or
stress conditions. From Figure 4a, a steady growth in MDA content

was shown for all three edible coating treatments and control during
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the 15-d cold storage. Three polysaccharide-based edible coatings
significantly reduced the growth rate of MDA content after day 3
comparing to control. Among three coating treatments, chitosan-
coated lettuce showed the lowest MDA content from day 3. PLD and
LOX are crucial participants in phospholipid hydrolysis and mem-
brane lipid peroxidation (Hong et al., 2016; Wang et al., 2019). From

Figure 4b, three groups of polysaccharide-coated fresh-cut lettuces
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exhibited relatively lower PLD activity than control during storage.

Among three coating treatments, chitosan-coated lettuce always

possessed the lowest PLD activity during the 15-d storage. From

Figure 4c, three polysaccharide coatings, especially chitosan and

carrageenan-coated fresh-cut lettuce, presented significantly lower
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LOX activities than control during storage. Moreover, among three
coating treatments, chitosan-coated lettuce showed the lowest LOX
activity during storage. Hence, these results indicated that chitosan
coating most effectively inhibited the increase of MDA content, as

well as reduced PLD and LOX activities in cells of fresh-cut lettuce,

thereby maintaining their membrane integrity and postponing tissue
senescence.

Polysaccharide-based edible coatings reduced
oxidative stress

Senescence retardation is associated with activities of antioxidant
enzymes including SOD, POD, CAT, and APX in a variety of vegeta-
bles. From Figure 5a, SOD activities gradually increased in the first
a few days and decreased after day 3 in control, whereas the SOD
activities just start to decrease after day 6 in three groups of pol-
ysaccharide-coated lettuce. In contrast to control, chitosan-coated
lettuce showed significantly higher SOD activity during 15-day stor-
age. Moreover, among three coating treatments, chitosan-coated
lettuce displayed the highest SOD activity during storage. POD is
a plant defense-related enzyme and has an essential role in resist-
ing membrane damage mainly through enzymatic degradation of
H,O,. From Figure 5b, POD activities gradually increased and then
decreased after day 12 in three groups of polysaccharide-coated let-
tuce, whereas the POD activity already start to decrease after day
9 in control. Chitosan-coated lettuce exhibited significantly higher
POD activity compared to control during storage. Furthermore, it
exhibited the highest POD activity among three coating treatments
during storage. From Figure 5c, CAT activities in all treatments con-
tinually increased at the beginning and then decreased after day 12.
Three groups of polysaccharide-coated lettuce possessed higher
CAT activities than control during storage. Especially, CAT activity
in chitosan-coated lettuce was the highest among all treatments.
From Figure 5d, APX activities rapidly increased and then decreased
slowly from day 3 in control samples, whereas it began to decrease
from day 6 in three groups of coated fresh-cut lettuce. These three
coated lettuces had significantly higher APX activities than control
after day 3. Among them, chitosan-coated lettuce exhibited the high-
est APX activity during storage. In summary, chitosan coating could
effectively relieve the damage of fresh-cut lettuce under oxidative
stress during storage, by increasing activities of antioxidant-related
enzymes, suggesting that chitosan was an optimal polysaccharide-

based coating in quality maintenance of fresh-cut lettuce.

Evaluation of sensory acceptability

Sensory properties including taste, visual appearance, color, de-
hydration, and overall preference (OVQ) were evaluated among
three groups of polysaccharide-coated fresh-cut lettuce and con-
trol. From Figure 6, lettuce with three coating treatments initially
obtained higher scores on visual appearances, color, and OVQ than
control, whereas no differences were displayed in dehydration
scores between treated and control samples. Alginate and carra-
geenan-coated fresh-cut lettuce gained lower taste scores compar-
ing to both chitosan-coated lettuce and control samples on day 3.

Generally, sensory scores of all samples gradually decreased with the
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extended storage time. However, three coatings enhanced sensory
properties of lettuce after day 9. Among three coating treatments,
chitosan-coated lettuce showed the highest scores on taste, visual
appearance, color, dehydration, and OVQ. According to a previous
report, fresh-cut lettuce with sensory scores below 3 was defined as
unmarketable (Moreira et al., 2015). After day 15, the scores on all
sensorial attributes were above sensory acceptability for chitosan-
coated lettuce, indicating that chitosan treatment was well accepted

by panelists.

DISCUSSION

Active edible coating is a recently developed promising food packag-
ing technique to extend shelf-life of agricultural products, through
providing a semipermeable barrier to gases and water vapor, and
reducing enzymatic browning, water loss, and rate of respiration
(Badawy et al., 2017). Polysaccharides such as chitosan, alginate,
carrageenan, gellan, and starch have been reported as safe natu-

ral biodegradable materials to prepare edible coatings (Azarakhsh

Storage time (d)

etal., 2014). Several polysaccharide-based edible coatings have been
used to effectively extend the storage time of fruits and vegetables,
such as melon (Poverenov et al., 2014), potato (Wu & Chen, 2013),
carrot (Arjun et al., 2015), cucumber (Fan et al., 2019), and lotus root
(Huang et al., 2016). These coatings had remarkable influences on
maintaining food quality such as enzymatic browning, loss of tex-
ture, and undesirable odors and flavor development.

Color is a key quality attribute of fresh-cut vegetables, since
cutting operation may lead to enzymatic browning, which limits the
development of fresh-cut vegetable industry. In this study, effects
of three coatings (chitosan, alginate, and carrageenan) on enzymatic
browning and oxidative senescence of fresh-cut lettuce were in-
vestigated. L* value, hue angle, and chroma were used as indicators
for enzymatic browning reactions (Figures 1 and 2). Lettuce treated
with three coatings showed delayed L* value, reduced hue angle,
and enhanced chroma, indicating that these coatings can efficiently
keep fresh-cut lettuce free from browning during 15-d cold storage.
This result was in line with the result in a previous study (Oms-Oliu
et al., 2008). In addition, our research indicated that chitosan-coated

lettuce had the most dramatic effects on color maintenance among
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all treatments, since chitosan coating could better retain antioxidant
properties and inhibit browning of fresh-cut lettuce.

Enzymatic browning is a widespread color reaction occurring in
vegetables, which involves a variety of interactions of oxygen, phe-
nolic compounds, and PPO (Wills, Pristijono, Golding, 2007). PAL is
the first committed enzyme in phenylpropanoid metabolism, and
the increase of its activity leads to the production of more pheno-
lic compounds which are substrates for PPO (Liu et al., 2014). Kang
and Saltveit (2002) found that sustained wounding during fresh-
cut preparation induced PAL expression in lettuce tissue, resulting
in the synthesis and accumulation of phenolic compounds, which
contributed to the subsequent tissue browning. Inhibition of PPO
and PAL activities is an important method to improve the quality

of fresh-cut vegetables during storage. In this study, the results

—a— Control
—e— AL
—a— CH
—v— CA

showed that chitosan coating is the most effective approach to in-
hibit PPO activity and postpone time to reach its maximum level
(Figure 3a). Moreover, chitosan coating is also the optimal method
that effectively inhibited the decrease of TP content and the in-
crease of PAL activity in fresh-cut lettuce (Figure 3b,c). Hence, these
results mentioned above were consistent with results in previous
reports on minimally processed vegetables coated with various car-
bohydrate polymers (Lee et al., 2003; Moreira et al., 2015; Oms-Oliu
etal., 2008).

Membrane deterioration is an early typical sign for the senescence
of fresh-cut vegetables, leading to enzymatic browning, oxidative
stress, and ROS accumulation (Song et al., 2014). The accumulated
ROS further results in lipid peroxidation, induces membrane injury,

and accelerates cell senescence of vegetables. The peroxidation of
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membrane lipids produces toxic compounds such as MDA, which
is generated in polyunsaturated fatty acid oxidation. In the present
study, chitosan-coated lettuce had the lowest MDA content among
all treatments from day 3 (Figure 4a), indicating that chitosan coating
most efficiently controlled the overproduction of ROS and suppressed
lipid peroxidation after 3-d storage. A previous report has proved that
there was a direct relationship between lipid peroxidation and phos-
pholipid hydrolysis, and phospholipid-degrading enzymes (such as
PLD and LOX) were participated in membrane deterioration and lipid
hydrolysis in plants during senescence (Li et al., 2017). In this study,
three groups of polysaccharide-coated fresh-cut lettuce showed
relatively lower PLD and LOX activities than control (Figure 4b,c),
indicating these coatings obviously inhibited PLD and LOX activity,
thereby maintaining the integrity and stability of membrane, and fur-
ther postponing tissue senescence. On the other hand, antioxidant
enzymes such as SOD, POD, CAT, and APX have an essential role in
protecting cells from oxidative damage by scavenging ROS (Azarabadi
et al., 2017). In this study, three groups of polysaccharide-based
coatings helped to dramatically maintain high activities of CAT, POD,
SOD, and APX in fresh-cut lettuce during storage (Figure 5). These an-
tioxidant enzymes could prevent excessive production of ROS, delay
membrane lipid peroxidation, retard loss of membrane function, and
relieve oxidative stress in tissues. Especially, chitosan was the best
coating to inhibit PLD and LOX activities as well as maintain antioxi-
dative enzyme activities, indicating that chitosan coating was the op-
timal approach to retain membrane integrity and suppress oxidative
stress, thereby controlling the senescence and decay of fresh-cut let-
tuce during storage.

Many edible coatings have bitter or astringent off-flavors that
lead to rejection of products by consumers (Moreira et al., 2015). In
this study, three polysaccharide-based coatings did not cause much
difference in color, taste, and OVQ with uncoated lettuce (Figure 6),
suggesting that they did not change original sensory attributes of
fresh-cut lettuce. Moreover, three coatings exhibited positive ef-
fects on sensory properties, and specifically, chitosan-coated let-
tuce was well accepted by panelists after 15-d storage. This result
is in line with a previous study showed that chitosan coating main-
tained the appearance and texture of fresh-cut mango (Salinas-
Roca et al., 2018). Similarly, Han et al. (2006) demonstrated that
chitosan coating increased appearance and acceptance of straw-
berries. Therefore, these results can be explained by the fact that,
comparing to other polysaccharide-based coatings, chitosan has an
antifungal and film-forming property, which can form a protective
barrier on plants surface to reduce gas exchange of oxygen, inhibit
oxidation processes, and maintain sensory properties of plants (Silva
et al., 2018).

In summary, three polysaccharide-based edible coatings, chi-
tosan, alginate, carrageenan, all significantly delayed browning,
maintained appearance, and slowed senescence of fresh-cut let-
tuce. On the one hand, polysaccharide-based coatings treatment
somewhat inhibited the PPO and PAL activities to reduce phenolic

metabolism and decelerate enzymatic browning reactions. On the
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other hand, polysaccharide-based coatings delayed browning of
fresh-cut lettuce by raising the activity of ROS scavenging enzymes
and inhibiting PLD and LOX activities, which helped to reduce MDA
accumulation and maintain membrane integrity. Accordingly, ROS
overproduction was lessened, and membrane lipid peroxidation was
reduced, degradation of membrane lipids was slowed down, and
function and integrity of membranes were maintained. Among these
three coatings, chitosan was the most suitable coating to maintain
the quality of fresh-cut lettuce throughout storage. Chitosan is ob-
tained by alkaline N-deacetylation of chitin, with a linear polysac-
charide consisting of (1,4)-linked 2-amino-deoxy-p-D-glucan. Unlike
other polysaccharide coating materials, chitosan has ability to resist
several fungi and induce defense enzymes such as chitinase and
chitosanase, which are associated with induced systemic resistance
of fresh-cut vegetables. Besides, chitosan has higher resistance to
oxygen and water than other two polysaccharide-based coatings.
The specific molecular mechanism of polysaccharide-based coatings
in suppressing deterioration-related gene expressions of fresh-cut
vegetables needs to be investigated in further study.
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