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Abstract: The growing demand for fresh-cut products has led to an increasing interest in the study
of enhancing the quality of ready-to-eat products. Eggplants are consumed as fresh-cut vegetables,
which represent an increasing consumption rate. To extend the shelf life of the product, combination
treatments have been proposed to inhibit the browning index (BI). Moreover, the storage temperature
(4, 16, 25 ◦C), the concentration of ascorbic acid (AA) (1, 2, 3, and 4 g/L), and modified atmosphere
packaging (MAP) (MAP-1, O2: 80 Kpa + CO2: 0 Kpa; MAP-2, O2: 5 Kpa + CO2: 15 Kpa; MAP-3, O2:
10 Kpa + CO2: 10 Kpa; MAP-4, O2: 15 Kpa + CO2: 5 Kpa; MAP-5, O2: 0 Kpa + CO2: 80 Kpa) are
screened through the BI of fresh-cut eggplant. Then, the effect of AA combined with MAP on the BI,
phenolic content, and polyphenol oxidase (PPO) of fresh-cut eggplants is investigated over four days.
In particular, two different areas of fresh-cut eggplant with seed and without seed were chosen to
measure the BI. The result shows that the proper temperature (16 ◦C) maintains the BI of fresh-cut
eggplant with seed during two days through screening. The screening of AA demonstrates that AA
of 2 g/L is the better concentration to protect the color of fresh-cut eggplant with seed and without
seed. AA of 2 g/L shows lower BI for fresh-cut eggplant with seed and without seed in MAP-2,
MAP-3, MAP-4. The combination of AA (2 g/L) and MAP-2 significantly inhibited the browning of
fresh-cut eggplants with seed. The application of AA (2 g/L) combined with MAP-2 inhibits the PPO
and total phenol content activity over two and three days. Taken together, using AA combined with
MAP may constitute a potential approach for maintaining the quality and inhibiting the browning of
fresh-cut eggplants.

Keywords: fresh-cut eggplant; ascorbic acid; modified atmosphere packaging; preservation; browning

1. Introduction

Eggplant (Solanum melongena L.) is an important vegetable crop in Asia and Mediter-
ranean countries [1]. The production is up to approximate 54 million tons these years all
over the world [2]. A global survey conducted by the Food and Agriculture Organization
(FAO) demonstrated that the majority of eggplants are supplied by India and China [3]. Egg-
plants are rich in phenolic compounds (caffeic and chlorogenic acids), flavonoids (nasunin),
and antioxidants (anthocyanin), which are known to offer protection against some cancers
and vision impairment [4,5]. Fresh-cut eggplants attract the interest of consumers due
to their convenience and health-promotion properties. However, eggplants after cutting
are prone to reduce quality including browning, tissue softening, water loss, and wound
respiration during storage, transportation, and sale in the supply chain [6]. Browning is
one of the main evaluation contents for acceptability of fresh-cut eggplants and adversely
affect their sensory properties [7]. Browning of fresh-cut eggplants is mainly caused by
enzyme action. Polyphenols and their oxidizing enzyme, polyphenol oxidase (PPO), play a
key role in the browning process of fresh-cut eggplants [8]. The inhibition of enzymatic
browning has been applied successfully by physical and chemical treatments in fresh-cut
fruits and vegetables [9–11].
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The combination of chemical and physical methods is more effective for controlling
enzymatic browning, such as using some antioxidant agents and modified atmosphere
packaging (MAP) [12]. Ascorbic acid (AA) is generally used as an anti-browning agent in
dipping solutions because it is safe and nutritious. However, the chemical methods only
provide temporary protection for the preservation of fresh-cut fruits and vegetables [13].
The combination of MAP and chemical dip could be chosen to enhance the anti-browning
effect and quality of fresh-cut fruits and vegetables [7]. In recent years, MAP has been
considered as the most highly effective method, which can extend the shelf life and retain
the natural characteristics and freshness of fresh-cut fruits and vegetables, including cab-
bages and carrots [14,15]. A high-oxygen packaging atmosphere is particularly effective for
preventing the access of anaerobic bacterial species, inhibiting enzymatic discoloration, and
reducing microbial growth [16]. It is also used to maintain the texture of fresh-cut fruits
and vegetables, such as iceberg pears and potatoes [17,18]. Super atmospheric O2 can pre-
vent the microbiological spoilage and anaerobic on fresh-cut melons and cabbages [19,20].
Low O2 levels are considered to enhance the quality of fresh-cut fruits and vegetables
by reducing the ethylene production and respiration rates [21]. However, the response
to different kinds of atmospheres is highly dependent on the characteristics of the fruits
and vegetables.

The objective of this study is to determine the effects of storage temperature, AA and
MAP individually, as well as their combination on the browning of fresh-cut eggplants.
Thereby, an effective method was developed to maintain the quality of fresh-cut eggplants.

2. Materials and Methods
2.1. Plant Material

Eggplants (Solanum melongena Linn. var. melogena) were obtained from the New-
Mart supermarket in Dalian, at a stage of commercial maturity. Eggplant samples were
selected according to the following criteria: undamaged, uniform size, shape, and color.
The samples were sent to the laboratory within 30 min. The surface of fresh eggplants
was sterilized with 75% (v/v) alcohol after washing. The sample was air-dried inside a
biosafety cabinet for 10 min at 25 ◦C. They were cut into pieces (0.5 cm thickness) using a
sharp stainless-steel knife. The upper part (approximately 3 cm from the top) was used as a
sample of the fresh-cut eggplant without seeds. The bottom part (approximately 4 cm from
the bottom) was used as a sample of the fresh-cut eggplant with seeds. Fresh-cut slices
were organized into two categories (fresh-cut eggplants without and with seeds).

2.2. Samples Treatments

The following different treatment methods were applied: (1) every three fresh-cut egg-
plant slices with seed or without seed were separately placed in a plastic tray and wrapped
with PVC (polyvinyl chloride) film. Three plastic trays were stored at different temperatures
(4, 16, and 25 ◦C). (2) Fresh-cut eggplant slices were dipped, respectively, at AA (1, 2, 3, and
4 g/L) for 2 min. Then, these samples were put on sterile filter papers for drying. Every
three fresh-cut eggplant slices were placed in a plastic tray after dipping with the same con-
centration of AA. (3) Every three fresh-cut eggplant slices were packaged with MAP (MAP-1,
O2:80 Kpa + CO2:0 Kpa; MAP-2, O2:5 Kpa + CO2:15 Kpa; MAP-3, O2:10 Kpa + CO2:10 Kpa;
MAP-4, O2:15 Kpa + CO2:5 Kpa; MAP-5, O2:0 Kpa + CO2:80 Kpa). The browning indices
of the fresh-cut eggplant slices were measured at 0 d and 2 d with treatments (1), (2),
and (3). (4) Fresh-cut eggplant slices were treated with the combination of AA and MAP.
Every fifteen samples were packaged using MAP (MAP-2, O2:5 Kpa + CO2:15 Kpa; MAP-3,
O2:10 Kpa + CO2:10 Kpa; MAP-4, O2:15 Kpa + CO2:5 Kpa) after dipping with 2 g/L of AA
(based on the treatment 2). Every three samples were measured every day for 4 d. Fresh-cut
eggplants weighing 5 g were homogenized using a homogenizer (T25, Guangzhou Guang-
peng, Guangzhou, China) in 20 mL of 70% ethanol and subjected to magnetic stirring with
500 rpm for 1 h at 25 ◦C. The suspension was centrifuged with 12,000 r/min for 10 min
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at 4 ◦C (Allegra X-30R, Beckman Coulter, Indianapolis, IN, USA). The color and related
biochemistry of samples were measured.

2.3. Browning Index (BI) Measurements

The color of the cut surface was determined using a CR400/CR410 colorimeter (Mi-
nolta, Tokyo, Japan). The center and edge of the fresh-cut eggplant pieces were selected as
the detecting locations. The two types of samples, with and without seed, were selected as
the detection samples (Figure 1). The color parameters (L*, a*, and b*) were determined. L*,
a*, and b* indicate, respectively, lightness, red chromaticity, and yellow chromaticity. The
decrease in L* indicated an enhancement in the degree of discoloration due to browning.
Each test was performed on three different points for each sample. The BI was calculated
using the following Equation (1) [22]:

BI = [100(x − 0.31)]/0.172 (1)

where x = (a* + 1.75 L*)/(5.645 L* + a* − 3.012 b*). (2)
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Figure 1. The detection location of browning index of fresh-cut eggplant. (a) center with seed (black
circle) and border with seed (black circle); (b) center without seed (black circle) and border without
seed (black circle).

2.4. Total Phenolic Content

The total phenolic content of fresh-cut eggplant was measured according to the Folin–
Ciocalteau method [23]. A total of 0.1 mL of extract was added into the tube with 3.9 mL of
water. Then, Folin–Ciocalteau reagent (250 mL) and sodium carbonate solution (750 mL)
were also added into the tube. The samples were incubated for 90 min at 25 ◦C in the dark
following shocking with a vortex mixer. The absorbance of the liquid extract was measured
at 750 nm by a spectrophotometer (Hitachi U-2800 Spectrophotometer, Tokyo, Japan). The
total phenolic content of the samples was measured and expressed as the mass of gallic
acid equivalents per fresh weight mass of the fruit (mg/kg).

2.5. Determination of Polyphenol Oxidase Activity (PPO)

The samples of fresh-cut eggplants (5 g) were added into a tube with ice-cold citric acid
buffer of 20 mL (0.2 M, pH 6.8) and centrifuged with 12,000 r/min for 30 min at 4 ◦C. The
PPO activity was determined based on the method previously described by Tian et al. [24].
The assay was performed using supernatant (2 mL), 4-methylcatechol (100 mM, 1 mL), and
citric acid buffer (pH 6.8, 2 mL). The absorbance of the samples was obtained in 2 min at
398 nm at room temperature. The activity was expressed as units per kilogram of fresh
weight (U/kg).

2.6. Statistical Analysis

All the experiments were conducted in triplicate as independent experiments. The
data were analyzed using SPSS software (Version 14.0; SPSS, Chicago, IL, USA). The
significance of differences between the variables was tested using one-way ANOVA. The
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means were compared using Duncan’s multiple range test. The significance difference of
interaction between these factors was tested using two-way ANOVA. Statistical significance
was determined at p < 0.05.

3. Results
3.1. The Effect of Different Temperatures on the Browning Index

The BI changes of fresh-cut eggplants stored at different temperatures (4, 16, and
25 ◦C) was showed in Figure 2. As presented in the figures, the obvious degradation of
color and BI was observed at 25 ◦C from the center and border of the fresh-cut eggplant
sample with seeds (Figure 2a,b). There is no significant difference for BI between fresh-cut
eggplants at 4 ◦C and 16 ◦C during two days (p > 0.05), and the BI is significantly higher at
25 ◦C than others (p < 0.05) (Figure 2a). The BI of fresh-cut eggplant is the lowest at 16 ◦C
during 2 days among different storage temperatures based on the interaction between
temperatures and storage days (p < 0.05) (Figure 2b). Therefore, the lowest BI value at 16 ◦C
indicated that a proper storage temperature maintains the exterior color of the fresh-cut
eggplants with seed. On the other hand, the BI gradually increased over two days from the
center and border of the fresh-cut eggplant without seeds (Figure 2c,d). The BI value of the
fresh-cut eggplants at 25 ◦C was greater than those exposed to other storage temperatures,
which presented an obvious browning (p < 0.05). The BI is lower at 4 ◦C than that at 16 ◦C
with center of the fresh-cut eggplant without seeds (p < 0.05) (Figure 2c). The color at
border of the fresh-cut eggplant sample without seeds exhibited a similar BI value at 4 ◦C
and 16 ◦C at day 2 (p > 0.05) (Figure 2d). In conclusion, 16 ◦C is considered the more proper
storage temperature compared with 4 ◦C according to the BI and chilling sensitivity of
fresh-cut eggplant.
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Figure 2. The effect of different temperatures (4, 16, 25 ◦C) on browning index of fresh-cut eggplant.
(a) center with seed; (b) border with seed; (c) center without seed; (d) border without seed. Means
designated by the same letters (uppercase, among different treatments at the same time point;
lowercase, among different storage times at the same treatment) are significantly difference according
to Duncan’s test. Bars represent means ± SD (n = 3, p < 0.05).
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3.2. The Effect of Different Concentrations of Ascorbic Acid (AA) on the Browning Index

Figure 3 exhibits the changes in the BI of fresh-cut eggplants dipped in AA (1, 2, 3, and
4 g/L). Fresh-cut eggplants that were not dipped in AA were considered as the control. The
BI value was lower at the center of the fresh-cut eggplant with seeds treated with AA (1, 2,
and 3 g/L) compared with that in AA of 4 g/L during two days (p < 0.05%) (Figure 3a).
There is no significant difference in BI of fresh-cut eggplant treated with AA of 1 and 4 g/L
(p > 0.5) (Figure 3b). The BI is lower in fresh-cut eggplant treated with AA of 3 g/L than
that AA of 1 and 4 g/L (p < 0.5). The lowest BI value was observed in samples treated
with AA of 2 g/L (p < 0.5). On the other hand, the BI value was higher for the sample
dipped in 1 g/L and 4 g/L of AA compared to the fresh-cut eggplant sample without seeds
treated with 2 g/L and 3 g/L of AA at 2 days (Figure 3c). The BI is higher in AA of 1 g/L
than that in other treatments at the border of fresh-cut eggplant without seed (Figure 3d).
Among the different treatments, 2 g/L of AA treatment maintained the color at the center
of the fresh-cut eggplant sample without seeds (p < 0.5) (Figure 3c,d). Therefore, the results
indicate that the browning of fresh-cut eggplants was better maintained in 2 g/L of AA
than other treatments.
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Figure 3. The effect of different concentration of ascorbic acid (AA) on browning index of fresh-cut
eggplant. (a) center with seed; (b) border with seed; (c) center without seed; (d) border without seed.
Means designated by the same letters (uppercase, among different treatments at the same time point;
lowercase, among different storage times at the same treatment) are significantly difference according
to Duncan’s test. Bars represent means ± SD (n = 3, p < 0.05).

3.3. The Effect of Different Ratios of Modified Atmosphere Packaging (MAP) on the Browning Index

Figure 4 presents the changes in the BI of fresh-cut eggplants with MAP-1, MAP-2,
MAP-3, MAP-4, and MAP-5. The BI at the center of the fresh-cut eggplant samples with
seeds presented an increasing trend for control, MAP-1, and MAP-5 during four days
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(p < 0.05) (Figure 4a). It was obvious that the BI of the center with seeds in MAP-5 was the
highest than that in other MAP ratios during 1–3 days. There is no significant different
for BI between MAP-1 and MAP-5 at the 4th day. This might be due to the fact that MAP-
5 with a high concentration of CO2 enhanced the anaerobic respiration of the fresh-cut
eggplant and rapidly accelerated the browning rate. This demonstrates that the BI at the
center of the fresh-cut eggplant with seeds in MAP-3 and MAP-4 was lower than that for
the other treatments at the 4th day. At the border of the fresh-cut eggplant sample with
seeds (Figure 4b), the BI value remained stable for 1 day. The browning of the border of
the fresh-cut eggplant sample with seeds in the control, MAP-1, and MAP-5 significantly
increased after 2 days and that in MAP-3 and MAP-4 after 3 days (p < 0.05). In comparison
to the other MAP treatments, the MAP-2 sample presented a lower BI value at the 4th
day. On the other hand, the BI changes at the center and border of the fresh-cut eggplant
without seeds are presented in Figure 4c,d. It is obvious that the BI value of the center of
the fresh-cut eggplant sample without seeds was higher in the control, MAP-1, MAP-4, and
MAP-5 than that in the other treatment at the 4th day (p < 0.05). The BI value was lower
in MAP-2 than that in MAP-3 for BI value after two days (p < 0.05) (Figure 4c). There is
no significant difference for the BI of fresh-cut eggplant in MAP-2, MAP-3, and MAP-5
(p > 0.05) (Figure 4d). Therefore, the MAP-2, MAP-3, and MAP-4 treatments were chosen to
be combined with AA of 2 g/L considering the negative effect of the high oxygen (MAP-1)
and high carbon dioxide (MAP-5) on the browning of fresh-cut eggplant.
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Figure 4. The effect of different ratio of modified atmosphere packaging (MAP) on browning index
of fresh-cut eggplant. (a) center with seed; (b) border with seed; (c) center without seed; (d) border
without seed. MAP-1, O2: 80 Kpa + CO2: 0 Kpa; MAP-2, O2: 5 Kpa + CO2: 15 Kpa; MAP-3, O2:
10 Kpa + CO2: 10 Kpa; MAP-4, O2: 15 Kpa + CO2: 5 Kpa; MAP-5, O2: 0 Kpa + CO2: 80 Kpa. Bars
represent means ± SD (n = 3, p < 0.05).
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3.4. The Effect of the Combination of Ascorbic Acid (AA) and Modified Atmosphere Packaging
(MAP) on the Browning Index

Figure 5 exhibits the BI value of fresh-cut eggplants in both a combination of AA
and MAP-2, MAP-3, and MAP-4. The center and border of the fresh-cut eggplant sample
with seeds dipped with AA and MAP-2 demonstrated the lowest BI value among other
treatments at 4 d (Figure 5a,b) (p < 0.05). On the other hand, the BI value of center of the
fresh-cut eggplant sample without seeds with a combination of AA dip (2 g/L) and MAP-3
or MAP-4 was lower than that in other treatments after four days (p < 0.05) (Figure 5c).
There is no significant difference for BI of fresh-cut eggplant between MAP-3 and MAP-4
(p > 0.05). The lowest BI of fresh-cut eggplant was observed in AA combined with MAP-2
(p < 0.05) (Figure 5d). Therefore, the combination of AA and MAP-2 presented a good
anti-browning for fresh-cut eggplant according to the product with seed and border of
product without seed.
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3.5. The Effect of the Combination of Ascorbic Acid (AA) and Modified Atmosphere Packaging
(MAP) on Polyphenol Oxidase (PPO) and Phenolic Content

As shown in Figure 6a, lower PPO activities are obtained by the combination of AA
and MAP-2, and the decrease in PPO activities is higher than that for other treatments
after the beginning of storage (p < 0.05). The correlation between phenolic compounds
and storage times is presented in Figure 6b. The total phenolic content shows the trend
decreasing and increasing in the AA combined with MAP-2 during storage times (p < 0.05).
The result indicates that the phenolic content correlates with the PPO activities. Similarly,



Coatings 2022, 12, 1580 8 of 11

it reduces the enzymatic activity treated with AA and MAP-2 compared with the control.
Therefore, the surface color could be maintained by the combined treatment (AA and MAP-
2) of fresh-cut eggplants. The combined treatment presented a stronger anti-browning
effect for fresh-cut eggplants.
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4. Discussion

Enzymatic browning occurs between phenolic compounds and polyphenol oxidase
enzymes due to cell damage [25]. It is one of the key problems of evaluating the quality of
fresh-cut eggplants during storage time. The browning rate of fresh-cut eggplants depends
on the characteristics of the samples, the quantity of endogenous phenolic compounds,
oxygen condition, and the activity of relevant enzymes [26]. The storage temperature
affects the browning rate of fresh-cut eggplants. At room temperature, eggplants clearly
exhibit shrinkage, water loss, and discoloration. Usually, the method of cold storage
effectively maintains the sensory quality of fresh-cut fruits and vegetables [27]. Another
study demonstrated that the pericarp of lychee fruits turned brown after one day at room
temperature, whereas it was prone to present browning during cold storage after three
weeks [28]. However, eggplants are chilling sensitive plants and subject to chilling injury
at low temperature. Eggplants exhibit browning, sepal deterioration, epidermal atrophy,
and some other symptoms [29]. At cold-stress temperatures, chilling injury decreases cell
membrane integrity due to the membrane lipid transition from the fluid liquid-crystalline
phase to the rigid solid-gel phase [30]. Thus, eggplants are cold-sensitive and susceptible to
chilling injury at temperatures below 10 ◦C, which causes the skin shrinkage and browning
of eggplants [31]. Other studies also indicated that the storage condition of 13 ◦C maintains
the appearance, including inhibited sepal browning, of eggplants [1].

Color is a main determinant in evaluating the quality of fruit and vegetables with
regard to the consumer. Ascorbic acid is frequently used to inhibit the browning rate
of fresh-cut fruits and vegetables through reducing quinones to diphenols [32]. In this
study, treatment with 1 g/L of AA exhibited low-dose anti-browning activity in fresh-cut
eggplants. With an increase in the concentration of AA, the high dose might damage the
tissues of fresh-cut eggplants and thus enhance the BI value. Another study showed that AA
concentrations below 0.8% reduced the browning rate of fresh eggplants compared with the
control, while higher concentrations caused tissue browning, likely due to oxidative damage
induced by a pH of the antioxidant solution below 3 [33]. The oxidative stress caused
by a low pH was also reported for other tissues, such as in pears and artichokes [34,35].
Other studies demonstrated that the application of 1% of AA caused a greater browning
of eggplant cubes than other antioxidant treatments. The metabolism rate, including
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respiratory rate, enzymatic browning, and appearance quality, increased by peeling and
cutting operations [36].

The quality of fresh-cut fruits and vegetables packaged with MAP is maintained by
preventing air access and reducing quantity losses during storage [37]. This results in
carbon dioxide accumulation and oxygen consumption around the commodity, which
extends their shelf life. The significant difference in gas concentrations was observed for
fresh-cut eggplants stored under the different storage condition. In this study, MAP-2
(O2:5Kpa + CO2:15Kpa) maintained the color appearance of the fresh-cut eggplant samples
with and without seeds. Similarly, some reports demonstrated that low O2 MAP can inhibit
the enzymatic browning of fresh-cut fruits and vegetables [38]. Lower O2 MAP levels
maintain the quality and physiological changes by decreasing the browning rate, weight
loss, respiration rate, and ethylene production [39].

Eggplants have a high antioxidant capacity due to their high phenolic compound
content [40]. This antioxidant causes the surface of fresh-cut eggplants to brown extremely
rapidly. It is well known that phenolic compounds, such as phenolic acids, flavonoids,
and tannins, dominate the secondary metabolite composition of edible plants [41,42]. In
general, PPO and phenolics are present in the chloroplast and vacuoles, respectively. In
the presence of oxygen, PPO catalyzes the conversion of phenolic compounds to quinones
after physical cutting, then, the secondary non-enzymatic reactions, melanin-like pigments
accumulate, resulting in an undesirable brown color [43]. Cutting fruits and vegetables
produce rapidly phenolic compounds as a wounding stress response [42]. The application
of some preservation technologies can effectively reduce the production of phenolic content
and prevent the browning of some fruits and vegetables. As shown in Figure 6a, lower PPO
activity can be observed in AA-MAP-2 compared to the other treatments during the three
days. Therefore, the combination of AA and MAP-2 reduced PPO activity and maintained
the phenolic content of fresh-cut eggplants compared to the control. Moreover, dipping
fresh-cut eggplants in the AA solution could remove surface reactants, such as phenolic
compounds and enzymes, and thus decrease the oxidation and reduce the browning rate.

5. Conclusions

In this study, a combination anti-browning agents against fresh-cut eggplant was
developed. For fresh-cut eggplants, browning is the biggest problem for the acceptability of
consumers. Anti-browning agents, such as ascorbic acid, have been widely used. However,
a chemical anti-browning agent such as ascorbic acid may not be very effective when
applied to fresh-cut vegetables. Therefore, a combined treatment method combined with
MAP was adopted. MAP could block oxygen, inhibit browning, and retain the natural
characteristics and freshness of fresh-cut fruits and vegetables.

The combination of multiplex preservation technologies maintains effectively the
quality of fresh-cut eggplants. According to the BI value of the center and border of the
fresh-cut eggplant sample, a storage temperature at 16 ◦C, AA of 2 g/L, MAP-2, MAP-3, and
MAP-4, respectively, maintained its color. The BI, PPO, and total phenolic content of fresh-
cut eggplant were inhibited in AA combined with MAP. Among those, the combination
of AA and MAP-2 maintained the BI of the fresh-cut eggplant samples. This has great
potential application for maintaining a low BI for fresh-cut fruits and vegetables dipped in
chemical reagent and subjected to MAP technology.
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