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A B S T R A C T   

This study aimed to explore the impacts of slightly acidic electrolyzed water (SAEW) treatment on the physi-
ology, quality, and storage properties of postharvest carambola. The carambolas were immersed in SAEW with a 
pH value of 6.0, ORP of 1340 mV and ACC of 80 mg/L. Results demonstrated that SAEW could significantly 
reduce the respiration rate, inhibit the increase in cell membrane permeability, and delay apparent color change. 
Relatively higher contents of bioactive compounds and nutritional components, such as flavonoids, polyphenols, 
reducing sugars, sucrose, vitamin C, total soluble sugar, and total soluble solid, as well as higher titratable acidity 
were maintained in SAEW-treated carambola. In addition, SAEW-treated carambola exhibited a higher com-
mercial acceptability rate and a higher firmness, but lower weight loss and peel browning index than control 
fruits. Our results indicated that SAEW treatment achieved high fruit quality and nutritional values, potentially 
contributing to improve storage properties of harvested carambola.   

Introduction 

Carambola (Averrhoa carambola Linn.), commonly known as “star 
fruit”, is a tropical and subtropical non-climacteric fruit of the Oxali-
daceae family (Duan et al., 2022; Shui & Leong, 2006; Zainudin, Hamid, 
Anwar, Osman, & Saari, 2014). Carambola is an economically important 
and popular fruit in the global market because of its thin skin, thick pulp, 
rich juice, and good taste (Nimitkeatkai, Techavuthiporn, Boonyar-
itthongchai, & Supapvanich, 2022; Zhu et al., 2021). Carambola fruit 
possesses high nutritional and medicinal properties as it is rich in nu-
trients and bioactive ingredients, such as carotenoids, flavonoids, 
polyphenols, polysaccharides, sucrose, fructose, glucose, and vitamin C 
(Ahmad & Ali, 2019; Mekontso, Duan, Cisse, Chen, & Xu, 2021; Mustafa, 
Ali, Seymour, & Tucker, 2016). However, the thin peel and juicy prop-
erties of carambola fruits make them prone to postharvest skin dehy-
dration, shrinkage, yellowing, browning, and fruit softening, which 
seriously decrease their quality and market value (Gol, Chaudhari, & 
Ramana Rao, 2013; Imahori, Bai, Ford, & Baldwin, 2021). The appli-
cation of γ-aminobutyric acid improves the quality of postharvest 

carambola fruit by enhancing antioxidant capacity and delaying lipid 
peroxidation and electrolyte leakage (Mekontso et al., 2021). According 
to a previous study, brassinolide effectively enhanced flesh firmness and 
decreased percentage weight loss and chilling injury index of carambola 
fruits (Duan et al., 2022). Other chemical compounds, including methyl 
jasmonate (Mustafa et al., 2016), polyamines (Ahmad & Ali, 2019), 1- 
methylcyclopropene (Zhou, et al., 2012), chitosan, gumarabic, and 
alginate coatings (Gol et al., 2013), have also been proven to delay 
quality deterioration and extend the shelf life of postharvest carambola 
fruit. However, the abovementioned methods are limited by chemical 
residues, food contamination, and environmental pollution, warranting 
the development of a novel, environmentally friendly, and safe 
approach for preserving carambola fruit. 

Slightly acidic electrolyzed water (SAEW) refers to electrolyzed 
oxidizing water with a pH value of 5.0–6.5 and oxidation–reduction 
potential (ORP) of ≥ 600 mV. In general, SAEW is produced by elec-
trolyzing the aqueous solution of sodium chloride or hydrochloric acid 
in a non-membrane electrolytic chamber (Roy et al., 2021; Song, Lee, 
Lee, & Ha, 2021; Wang, Zhang, Jiang, Cao, & Jiang, 2022; Zhang, Cao, & 
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Jiang, 2021; Zhao, Li, & Yang, 2021). In particular, SAEW exhibits 
strong bactericidal activity in a specific pH range (close to neutral pH) in 
the presence of a high concentration of hypochlorous acid (Tango et al., 
2017; Wang et al., 2022; Zhang et al., 2021). Compared with strong 
acidic electrolyzed water (2.0 ≤ pH ≤ 3.0), SAEW exhibits significant 
antibacterial activity and less negative effects on human health and the 
environment. Additionally, SAEW is a low-cost and safe postharvest 
approach for fresh produces (Song et al., 2021; Sun et al., 2022). Thus, it 
has been widely used as a preservative in food industries (Huang et al., 
2008; Rahman, Khan, & Oh, 2016; Yoon, Lee, Yang, & Ha, 2021). 
Studies have shown that SAEW treatment significantly decreases the 
amount of foodborne pathogenic bacteria, viruses, and mold in fresh 
fruits and vegetables (Ding et al., 2015; Mansur & Oh, 2015; Sar-
avanakumar et al., 2021; Zhang et al., 2019; Zhang et al., 2021; Zhang, 
Cao, Hung, & Li, 2016). For example, in cherry tomatoes and straw-
berries, a 10-min SAEW treatment resulted in a 3.29 and 3.59 log 
decrease in total aerobic bacteria as well as a 2.32 and 3.01 log decrease 
in yeast and mold, respectively (Ding et al., 2015). In addition, SAEW 
treatment with an available chlorine concentration (ACC) of 22 mg/L for 
3 min could effectively inactivate Pectobacterium carotovorum subsp. 
carotovorum in fresh-cut cabbage (Song et al., 2021). However, few 
studies have explored the effects of SAEW on the quality and storage 
properties of fruits. To date, the effects of SAEW on the postharvest 
physiology, quality, and storage properties of carambola fruit remain 
unknown. Therefore, this study aimed to clarify the role of SAEW in the 
preservation of postharvest carambola fruit with regard to its physi-
ology, quality, and storage properties. 

Materials and methods 

Carambola sample preparation 

‘Xiangmi’ Carambola (Averrhoa carambola Linn. cv. Xiangmi) fruits 
(approximately 60 days after full bloom stage, roughly 80 % maturity, 
total soluble solids about 6–9 %) were freshly handpicked from a 
carambola orchard (Yunxiao, Fujian, China). Fruits were cautiously 
packed and delivered to the laboratory on the same day. Later, the fruits 
were grouped by maturity and size, and only those without damage and 
with uniform quality were used for subsequent analyses. 

SAEW preparation 

SAEW was produced by electrolyzing dilute hydrochloric acid solu-
tion in a SAEW generator (BD-600L, Shanghai Fu-Qiang-Wang Sanitary 
Products Co., ltd. Shanghai, China). The ORP of SAEW was determined 
using an ORP meter (A57-B, JIA-BEI Water Treatment Co., ltd., 
Guangdong, China). The ACC of SAEW was quantified using a high 
density chlorine meter (RC-3F, Kasahara Chemical Instruments Corp, 
Saitama, Japan). 

Treatment of carambola fruits 

For preliminary analyses, SAEW at a pH of 6.0, ORP of 1340 mV, and 
ACCs of 0, 40, 60, 80, and 100 mg/L was utilized to treat carambola 
fruits for 10 min. After treatment, the samples were air-dried and stored 
at 15 ◦C ± 1 ◦C under 85 % relative humidity. Fruit storage after SAEW 
treatment with an ACC of 80 mg/L displayed the lowest fruit yellowing 
index. Among different treatment groups, the value and rank of fruit 
yellowing index at day 18 was in the order of 4.65 (80 mg/L ACC) < 4.78 
(60 mg/L ACC) < 4.86 (100 mg/L ACC) < 4.98 (40 mg/L ACC) < 5.12 
(control). Accordingly, SAEW with an ACC of 80 mg/L was employed for 
subsequent analysis. 

The initial biochemical and physiological properties of 80 carambola 
fruits were quantified on the day of harvest (day 0). Another 820 
carambola fruits were randomly selected and equally categorized into 
two groups. The first group was submerged in SAEW (pH = 6.0, ORP =

1340 mV and ACC = 80 mg/L) for 10 min, whereas the second group 
was immersed in sterile distilled water for 10 min and used as the 
control. All fruits were air-dried under ambient condition after soaking, 
and each fruit was then sealed in a polyethylene bag. The packed 
carambola fruits were subsequently stored for 24 days at 15 ◦C ± 1 ◦C 
under 85 % relative humidity. During storage, 80 fruits were randomly 
selected from each group at an interval of 6 days to analyze their post-
harvest physiology, quality, and storage properties. In addition, 90 fruits 
from each group were selected and used to determine the commercial 
acceptability rate, peel browning index and fruit yellowing index at 6- 
day intervals during storage. 

Assessment of fruit respiration rate and peel cell membrane permeability 

The respiration rate of 10 selected carambola fruits was measured 
using an infrared CO2 analyzer (GXH-3051H, JUN-FANG-LI-HUA 
Technology Research Institute, Beijing, China) and was expressed as 
mg CO2 kg− 1h− 1. Samples were prepared according to the method 
described by Chen et al. (2015). Briefly, peel disks were obtained from 
the equatorial region of fruits using a cork borer (diameter = 1 cm). 
After washing, 5 g of disks was immersed in 30 mL of distilled water for 
2 h at 28 ◦C. The electrical conductivity (P1) of extraction was measured 
using a conductivity meter (Model 3173, Shanghai Electronics Co., ltd, 
China). Subsequently, 5 g of disks was boiled for 30 min in 30 mL of 
distilled water. The total electrical conductivity (P2) was evaluated after 
cooling the extracted solution to 28 ◦C. The percentage cell membrane 
permeability (%) was calculated using the following formula: (P1/P2) ×
100 %. 

Measurement of the apparent color characteristics of fruit peels 

The chromaticity of carambola peel was evaluated as described by 
Jiang et al. (2018) using a Chroma meter (Minolta CR 400, Konica 
Minolta Sensing, Inc., Osaka, Japan). In total, 25 edges of 5 carambola 
fruits were sliced into small pieces (2 cm × 2 cm) at the equator for color 
determination. L* (brightness level), a* (red to green), b* (yellow to 
blue), and h◦ (hue angle) values were determined for two opposing sites 
of the sliced pieces. 

Determination of peel chlorophyll and carotenoid contents and the fruit 
yellowing index 

Overall, 2 g of peel sample was obtained from the equatorial region 
of 10 carambola fruits. The contents of carotenoids and chlorophyll were 
estimated based on the methods described by Chen et al. (2015). 

Thirty carambola fruits were used to compute the fruit yellowing 
index, according to the methods described by Ali, Chin, Marimuthu, & 
Lazan (2004), Omar, Atan, & Matjafri (2012) and Chen et al. (2015). 
According to the degree of yellowing of carambola fruit, the degree of 
yellowing of carambola is divided into the following 6 grades: 1, 80 % 
fullness, fruit color is green; 2, the pericarp changes from green to white; 
3, fruit starts to turn yellow from the middle, green more than yellow; 4, 
the pericarp is yellow and green, more yellow than green, emitting the 
fragrance of carambola; 5, the pericarp is basically turning yellow, only 
the edges are green; 6, the pericarp is completely yellow, the peel is thin 
and easy to separate. The fruit yellowing index was calculated using the 
following formula: 

∑
(yellowing scale × proportion of corresponding 

fruit within each class). 

Measurement of fruit pulp flavonoid and total phenolic contents 

The flavonoid and total phenolic contents of fruit pulp were deter-
mined using a 2 g fresh pulp tissue obtained from 10 different carambola 
fruits, following a previously described method (Lin et al. 2020). The 
flavonoid and total phenolic contents were expressed as g catechin 
equivalents (CE) kg− 1 and g gallic acid (GA) kg− 1 of fresh carambola 
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pulp, respectively. 

Analysis of the contents of reducing sugar, sucrose, vitamin C, total soluble 
sugar, total soluble solid (TSS), and titratable acidity (TA) in carambola 
pulp 

For the measurement of nutritional properties, we used 10 g of pulp 
samples from 10 different carambola fruits. The contents of reducing 
sugar, sucrose, vitamin C, total soluble sugar, TSS, and TA were quan-
tified according to previously described methods by Chen, Hsu, Fang, 
Tsai, & Liang (2017); Duan et al. (2022); and Lin et al. (2020). 

Assessment of the commercial acceptability rate, percentage weight loss, 
firmness, and peel browning index of fruits 

The commercial acceptability rate of 30 carambola fruits was 
assessed according to the method described by Chen, Zhang, Lin, Lin, & 
Lin (2013). The percentage weight loss during storage in 10 fruits was 
evaluated based on the approach described by Chen, Zhang, Lin, Lin, & 
Lin (2014) and Mekontso et al. (2021). The percentage weight loss was 
computed by determining the weight of carambola fruits before and 
after storage. 

Fruit firmness was quantified according to the procedure described 
by Duan et al. (2022) with few modifications using a texture analyzer 
(TA. XT Plus, Stable Micro Systems, Godalming, Surrey, UK) with a 
cylindrical probe (diameter = 5 mm) at a speed of 1.5 mm s− 1 and 
insertion depth of 10 mm. Five carambola fruits were randomly selected, 
and the equatorial region of each fruit was sliced into 2 cm thick sec-
tions. Fruit firmness was estimated in three regions, and each treatment 
group was measured 15 times. Firmness was expressed in N. 

The peel browning index of 30 different fruits was determined using 
the methods reported by Chen et al. (2020a) with few modifications. The 
extent of total peel browning area was determined using the apparent 
visual scale as follows: 1, no browning; 2, browning area < 1/20; 3, 1/ 
20 ≤ browning area < 1/10; 4, 1/10 ≤ browning area < 1/4; 5, 1/4 ≤
browning area < 1/2; 6, 1/2 ≤ browning area < 3/4; 7, browning area 
≥ 3/4; and 8, complete browning. 

Statistical analysis 

Measurement of each property was conducted in triplicates. The 
values are expressed as the mean ± standard error (n = 3). Statistical 
analysis was conducted using analysis of variance (ANOVA) with t-test 
of SPSS version 22 (SPSS Inc., Chicago, IL, USA). The P values of < 0.05 
and < 0.01 indicated statistical significance. 

Results and discussion 

SAEW treatment decreases the respiration rate and cell membrane 
permeability of carambola fruit 

After harvest, carambola fruits continue to function as a living or-
ganism and require energy and intermediate substances for life activities 
that are produced through respiratory metabolism (Chen et al., 2020a). 
However, respiratory metabolism disorders can decrease the disease 
resistance of fruits and lead to infection of pathogenic microbes, which 
accelerate respiratory metabolism and nutrient consumption, ultimately 
leading to the decline in fruit quality (Chen et al., 2020a, 2020b; Lin 
et al., 2016). Therefore, the respiration rate of postharvest fruits is 
affected by the growth of microorganisms to a certain extent. In this 
study, the respiration rate of the control fruits dramatically declined 
during the first six days of storage and then markedly increased 
(Fig. 1A). Although similar rates of respiration were observed in the 
SAEW-treated and control fruits, the increase in fruit respiration rate 
was significantly inhibited by SAEW during 12–24 d (P < 0.01). The 
respiration rate of SAEW-treated fruits was 65.8 %, 80.9 %, and 76.6 % 
of that of the control fruits on days 12, 18, and 24, respectively. This 
result suggests that SAEW can reduce the respiration rate of carambola 
fruits within 12–24 d, likely by inhibiting fruit microbial growth. 

The cell membrane permeability of harvested fruit peels may reflect 
its structural integrity, extent of cell senescence, and degree of cell 
damage (Chen et al., 2015, 2020a). The cell membrane permeability of 
carambola fruit peels increased with storage period (Fig. 1B). Over the 
same storage period, the cell membrane permeability of SAEW-treated 
peels was lower than that of the control peels. Notably, at the end of 
storage period, the cell membrane permeability of SAEW-treated peels 
was lower than that of the control peels by 14.98 %. This result is 
consistent with the findings of previous studies showing that electro-
lyzed water treatment effectively decreased the cell membrane perme-
ability of postharvest longan fruit and fresh-cut kiwifruit, thereby 
maintaining the cell membrane integrity of fruits during storage (Zhao 
et al. 2021; Chen et al., 2020a). Additionally, the cell membrane 
permeability (Fig. 1B) of the control and SAEW-treated fruits had pos-
itive correlations (P < 0.05, Supplementary Fig. S1) with fruit yellowing 
index (Fig. 3C), weight loss percentage (Fig. 6B), and peel browning 
index (Fig. 6D), revealing the vital role of cell membrane permeability in 
the process of fruit quality deterioration. 

Effects of SAEW on the apparent color characteristics of carambola fruits 

The apparent color characteristics of fruits are essential visual 
indices for evaluating fruit quality and are normally expressed using L*, 
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respectively. 
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a*, b*, and h◦ values (Jiang et al., 2018; Wrolstad, Durst, & Lee, 2005; 
Zhu et al., 2021). The pericarp color of carambola fruit showed a change 
from green to yellow during the storage (Fig. 6E). On day 6, The color of 
control fruit had started to turn from green to yellow, while the SAEW- 
treated fruit remained green. Especially, On day 12, SAEW was effective 
in preventing the fruit from turning yellow, while the control group had 
mostly turned yellow (Fig. 6E). The chromaticity L* value of the control 
and SAEW-treated groups increased with storage period (Fig. 2A). Over 
the same storage period, SAEW-treated fruits exhibited higher chro-
maticity L* values than the control fruits. The chromaticity a* value of 
the control fruits rapidly increased with storage period (Fig. 2B). 
Compared with the control fruits, the chromaticity a* value of SAEW- 
treated fruits slightly increased within 0–6 d and then increased 
steadily. Statistical analysis revealed that the chromaticity a* value of 
SAEW-treated fruits was significantly lower than that of the control 
fruits during 6–24 d (P < 0.05). Additionally, the chromaticity b* value 
of the control fruits tended to increase during the storage period 
(Fig. 2C). However, at the end of the storage period, SAEW treatment 
delayed the increase in chromaticity b* value, which was lower than that 
in the control fruits by 15.99 %. Compared with the changes in L*, a*, 
and b* values, the h◦ values decreased with storage period (Fig. 2D). 
Statistical analysis revealed that the chromaticity h◦ value of the SAEW- 
treated fruits was significantly higher than that of the control fruits 
during 6–24 d (P < 0.05). This suggests that SAEW can intensify the 
brightness of carambola fruit, preserve its bright green color, and delay 
fruit yellowing (Fig. 6E). In the control and SAEW-treated fruits, the 
chromaticity a* value presented a positive correlation with fruit yel-
lowing index (P < 0.05), while the reverse correlation (P < 0.05) was 
found between chromaticity h◦ value and fruit yellowing index (Sup-
plementary Fig. S1). In addition, the chromaticity b* values of the two 
treatments were positively correlated with the peel browning index (P <
0.05). These indicate that yellowing and browning of carambola fruit 

was characterized by changes in chromaticity. 
A previous report confirmed that SAEW (ACC = 21 mg/L) treatment 

for 5 min can inhibit the color change in the flesh of Nanhui peaches 
during storage (Zhou et al. 2012). SAEW combined with AEW treatment 
played an important role in delaying the color change of lettuce (Han, 
Liao, Ai, Ding & Wang 2021). In addition, 2,4-epibrassinolide can delay 
the color change in harvested carambola fruit by enhancing L* and C* 
values and inhibiting the decrease in h◦ value (Zhu et al. 2021). Bras-
sinolide treatment can delay the process of carambola fruit color change 
from green to yellow by increasing L* value and inhibiting the increase 
in a* and b* values (Duan et al., 2022). Consistently, our results show 
that SAEW treatment is effective in inhibiting the apparent color change 
and improving the quality of carambola fruit. 

SAEW treatment delays yellowing of carambola fruit by inhibiting 
chlorophyll degradation and carotenoid accumulation 

Apart from L*, a*, b*, and h◦ values, chlorophyll and carotenoids are 
crucial components that affect the apparent fruit quality (Chen et al., 
2020a). Chlorophyll and carotenoids are common pigments that play 
pivotal roles in the transformation and formation of fruit color (Ahmad 
& Ali, 2019; Duan et al., 2022). The chlorophyll content in the control 
fruits rapidly decreased during storage, whereas that in SAEW-treated 
fruits initially increased within 0–6 d but then gradually decreased 
(Fig. 3A). Compared with the control, SAEW treatment significantly 
delayed the decline in chlorophyll content. No significant difference in 
carotenoid content was observed between SAEW-treated and control 
fruits during 0–12 d. However, the carotenoid content in the SAEW- 
treated fruits was 81.5 % and 79.5 % that of the control fruits on days 
18 and 24, respectively (Fig. 3B). The yellowing index of carambola 
fruits increased with storage period (Fig. 3C). During 6–24 d, the yel-
lowing index of the control fruits was significantly higher than that of 

Fig. 2. SAEW induced variations in the apparent color characteristics of postharvest carambola fruit. (A) value of chromaticity L*; (B) value of chromaticity a*; (C) 
value of chromaticity b*; and (D) value of chromaticity h◦. Values are expressed as the mean ± standard error (n = 3). Differences in samples were based on one-way 
ANOVA with t-test. * and ** represents statistical significance at P < 0.05 and P < 0.01, respectively. 
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SAEW-treated fruits (P < 0.01). The fruit yellowing index (Fig. 3C) was 
significantly negatively correlated with chlorophyll content (Fig. 3A) in 
the control carambola fruits throughout the storage period (P < 0.05). 
These results indicate that the yellowing index of carambola was 
strongly correlated with chlorophyll and carotenoid contents. In addi-
tion, SAEW treatment could delay the yellowing of carambola by 
inhibiting the degradation of chlorophyll and accumulation of carot-
enoids, which further demonstrate that SAEW is vital for maintaining 
the apparent quality of carambola fruit. Data analysis (Supplementary 
Fig. S1) showed a positive correlation (P < 0.05) between fruit yel-
lowing index and peel browning index in control and SAEW-treated 
fruits. Also, the fruit yellowing index of control fruits was negatively 
related to the commercial acceptability rate (P < 0.05). Thus, the 
decrease in chlorophyll content as well as the increase in carotenoids 
and fruit yellowing index may be responsible for the decrease in fruit 
quality of popcorn. Thus, the delayed decrease in chlorophyll content as 
well as the increase in carotenoids and fruit yellowing index may be 
responsible for the delayed deterioration in fruit quality of SAEW- 
treated carambola fruits. 

SAEW induces the accumulation of flavonoids and polyphenols in 
carambola pulp 

Flavonoids and polyphenols are important bioactive components of 
postharvest fruits that contribute to their nutritional quality (Chen et al., 
2020a). Moreover, they act as antioxidant agents in the antioxidant 
defense system and are involved in fruit senescence regulation (Chen 
et al., 2015; Duan et al., 2022; Zhao et al., 2021). The content of fla-
vonoids in the control fruits displayed a marked increase within 0–6 d, 
and then gradually decreased until storage day 24 (Fig. 4A). During 
storage, the content of flavonoids in SAEW-treated fruits exhibited a 
different trend to that in the control fruits, showing a rapid increase at 
0–12 d and reaching the highest level on 12 d, which was maintained 
until the end of the storage period. Moreover, the flavonoid content of 
SAEW-treated fruits was 1.41-, 1.63-, and 1.64-fold higher than that of 
the control fruits on days 12, 18, and 24, respectively. This may be 
attributed to SAEW-induced the maintenance of cell membrane struc-
tural integrity and SAEW-altered activity of some enzymes, which 
resulted in the accumulation of flavonoids throughout the storage period 
(Li et al., 2020; Zhao et al., 2021). Similarly, the polyphenol content of 
SAEW-treated fruits displayed a slight reduction at 0–6 d, a rapid in-
crease during 6–12 d, and a stable level after 12 d of storage (Fig. 4B). 
Compared with the SAEW-treated group, the polyphenol content of the 
control group slightly decreased and remained at a lower level 
throughout the storage period. During 12–24 d, SAEW-treated fruits 
showed significantly higher polyphenol contents than the control fruits 
(P < 0.05). 

Zhao et al. (2021) previously demonstrated that SAEW treatment can 
improve the antioxidant capacity of fresh-cut kiwifruit by increasing the 
contents of flavonoids and total phenols. SAEW treatment delayed the 
reduction of total phenolics content in eggplant (Li et al. 2020). Bras-
sinolide treatment was also shown to delay the quality deterioration of 
carambola fruit by promoting the accumulation of total phenols and 
flavonoids (Duan et al. 2022). Altogether, we can speculate that SAEW 
treatment maintains the quality and delays the senescence of carambola 
fruit by inducing the biosynthesis of flavonoids and polyphenols. 

Effects of SAEW on the contents of reducing sugar, sucrose, vitamin C, 
total soluble sugar, TSS, and TA in carambola pulp 

The pulp of carambola fruit contains numerous nutrients and flavor 
substances, such as reducing sugar, sucrose, vitamin C, total soluble 
sugar, and TSS, and exhibits high TA, which are commonly used as fruit 
nutritional indicators (Chen et al., 2017; Duan et al., 2022; Gol et al., 
2013; Mekontso et al., 2021). The TSS content of the control fruits was 
remarkably lower than that of SAEW-treated fruits at day 6 (Fig. 5A). 

Fig. 3. Variation in the contents of peel chlorophyll (A) and carotenoids (B) as 
well as fruit yellowing index (C) of postharvest SAEW-treated and control 
carambola fruits. Values are expressed as the mean ± standard error (n = 3). 
Differences in samples were based on one-way ANOVA with t-test. * and ** 

represents statistical significance at P < 0.05 and P < 0.01, respectively. 
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Fig. 4. Changes in the pulp flavonoid (A) and total polyphenol (B) contents of postharvest carambola fruits. Values are expressed as the mean ± standard error (n =
3). Differences in samples were based on one-way ANOVA with t-test. * and ** represents statistical significance at P < 0.05 and P < 0.01, respectively. 

Fig. 5. The role of SAEW in the regulation of pulp TSS (A), TA (B), vitamin C (C), total soluble sugar (D), sucrose (E), and reducing sugar (F) contents of postharvest 
carambola fruits. Values are expressed as the mean ± standard error (n = 3). Differences in samples were based on one-way ANOVA with t-test. * and ** represents 
statistical significance at P < 0.05 and P < 0.01, respectively. 
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The contents of TA in the control and SAEW-treated groups decreased 
with storage period (Fig. 5B). Statistical analysis revealed that the 
content of TA in the control fruits was significantly lower than that in 
SAEW-treated fruits throughout the storage period (P < 0.01). Similarly, 
as the storage period increased, the level of vitamin C in carambola pulp 
decreased remarkably, whereas SAEW treatment delayed this decrease 
(Fig. 5C). 

During storage 0–24 d, the contents of sucrose and total soluble sugar 
rapidly decreased in SAEW-treated and control fruits (Fig. 5D and E). 
However, over the same storage period, higher contents of sucrose and 
total soluble sugar were observed in SAEW-treated fruits. The changes in 

the contents of reducing sugar differed compared with those in the 
contents of sucrose and total soluble sugar. In the control fruits, the 
content of reducing sugar was enhanced during 0–18 d and then shown a 
decreasing trend (Fig. 5F). Similar trend was observed in SAEW-treated 
fruits; however, the content of reducing sugar in these fruits was 
considerably higher than that in the control fruits throughout the stor-
age period. For both the treatments, the contents of vitamin C, sucrose, 
total soluble sugar, and reducing sugar showed a negative correlation (P 
< 0.05) with the fruit yellowing index (Supplementary Fig. S1). The 
contents of TA, vitamin C, sucrose, and total soluble sugar were posi-
tively (P < 0.05) correlated with commercial acceptability rate in the 

Fig. 6. Effects of SAEW on the commercial acceptability rate (A), percentage weight loss (B), firmness (C), peel browning index (D), and appearance images (E) of 
postharvest carambola fruits. Values are expressed as the mean ± standard error (n = 3). Differences in samples were based on one-way ANOVA with t-test. * and ** 

represents statistical significance at P < 0.05 and P < 0.01, respectively. 
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control and SAEW-treated fruits, but negatively (P < 0.05) correlated 
with peel browning index (except for the correlation between sucrose 
content and commercial acceptability rate in SAEW-treated fruits) 
(Supplementary Fig. S1). 

A recent study demonstrated that SAEW treatment can improve the 
nutritional indicators of pea sprouts, such as vitamin C, total protein, 
and soluble sugar (Zhang et al., 2019). Similarly, SAEW treatment 
improved the nutritional indicators of fresh-cut kiwifruit by inhibiting 
the conversion of starch into sugars and decreasing the content of TA 
(Zhao et al. 2021). In addition, Chen et al. (2020a) reported that acidic 
electrolyzed water treatment can maintain the nutritional quality of 
longan fruit by inhibiting the rate of fruit respiration. Our results also 
showed that SAEW treatment can retain higher contents of reducing 
sugar, sucrose sugar, vitamin C, total soluble sugar, TSS, and TA, which 
may be attributed to the inhibition of respiration rate and reduced 
nutrient consumption of the harvested carambola fruit. Overall, these 
results indicate that SAEW treatment improves the quality of carambola 
fruit. 

Effects of SAEW on the commercial acceptability rate, percentage weight 
loss, firmness, and peel browning index of carambola fruit 

The commercial acceptability rate, percentage weight loss, firmness, 
and peel browning index of carambola fruit are crucial indices that 
reflect its storage properties during storage. The commercial accept-
ability rate of SAEW-treated and control fruits did not change at day 0–6, 
and then rapidly declined (Fig. 6A). In addition, the commercial 
acceptability rate of the control fruits was significantly lower than that 
of SAEW-treated fruits at 12–24 d (P < 0.05). In contrast, the commer-
cial acceptability rate of SAEW-treated fruits was higher than that of the 
control fruits by 42.22 %, 32.22 %, and 33.33 % on days 12, 18, and 24, 
respectively, indicating that SAEW treatment maintains a high com-
mercial acceptability rate of fruits. The percentage weight loss in the 
control carambola fruits steadily increased with storage period (Fig. 6B). 
A similar trend was noted in SAEW-treated fruits, but with relatively 
lower percentage weight loss than the control fruits throughout the 
storage period. In contrast, the firmness of carambola fruit decreased 
during storage (Fig. 6C), but the loss was delayed by SAEW treatment. 
Statistical analysis revealed that SAEW treatment significantly inhibited 
the decrease in fruit firmness during 6–18 d (P < 0.05). The correlation 
analysis (Supplementary Fig. S1) confirms that percentage weight loss in 
the control and SAEW treatments was negatively (P < 0.01) associated 
with commercial acceptability rate and positively (P < 0.05) correlated 
with peel browning index. For firmness in both treatments, it presented 
a positive relationship (P < 0.05) with commercial acceptability rate 
and a negative relationship (P < 0.01) with peel browning index. 

The development of carambola peel browning is strongly correlated 
with pericarp tissue structure, mechanical and chilling injury, and 
pathogen infection, which along with phenolic compounds can cause the 
loss of cell membrane integrity and enzymatic browning catalyzed by 
phenol oxidase (Chen et al., 2020a; Lin et al., 2020; Zhu et al., 2021). As 
the duration of storage progressed, the browning index of carambola 
peel exhibited an increasing trend (Fig. 6D). Statistical analysis 
demonstrated that during 12–24 d, the extent of browning of SAEW- 
treated peels was significantly lower than that of the control peels (P 
< 0.01). The peel cell membrane permeability (Fig. 1B) was positively 
correlated with peel browning index (Fig. 6D) in the SAEW-treated 
group throughout the storage period (r = 0.9407, P < 0.01). These re-
sults confirm that SAEW treatment inhibits the browning of carambola 
peels by maintaining the cell membrane integrity. 

Treatment with 1-methylcyclopropene was previously shown to 
maintain the storage quality of carambola fruit by providing a high 
commercial acceptability rate and increased firmness, suppressing its 
percentage weight loss, and delaying its decay (Chen, Zhang, Lin, Lin, & 
Lin, 2013). Similarly, carambola fruit treated with brassinolide inhibited 
the occurrence of chilling injury and extended the shelf life by increasing 

flesh firmness and lowering its percentage weight loss compared with 
those in the control fruit (Duan et al. 2022). Additionally, SAEW treat-
ment maintained the high storage quality of fresh-cut kiwifruit by 
reducing percentage weight loss and retaining fruit firmness (Zhao et al., 
2021). Consistently, our results indicated that SAEW treatment inhibited 
the increase in percentage weight loss and peel browning and main-
tained higher commercial acceptability rate and increased fruit firm-
ness, resulting in better storage properties of harvested carambola. 

Conclusions 

In summary, this study confirmed that SAEW treatment can signifi-
cantly hinder fruit senescence and retain the quality and storage prop-
erties of carambola fruit. In particular, our results indicate that SAEW 
treatment inhibits cell membrane permeability, lowers respiration rate, 
decreases percentage weight loss as well as peel browning index, 
maintains fruit firmness, and enhances its commercial acceptability rate 
and apparent quality. In addition, SAEW treatment improved the 
nutritional properties of carambola fruit by inducing the accumulation 
of higher contents of flavonoids, polyphenols, reducing sugar, sucrose, 
vitamin C, total soluble sugar, TSS, and TA. These results suggest that 
SAEW treatment is a promising strategy for improving the quality and 
storage properties of harvested carambola fruit. These results indicated 
that SAEW treatment has great potential as a viable treatment to 
improve the quality and storage properties in carambola fruit 
throughout storage and could be used as a preservation technology for 
other fruits in the future. 
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