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Abstract: This study aims to determine the physicochemical quality of seagrape (Caulerpa lentillifera) 

as a freshness label for products cultivated in different seasons. The applied post-harvest storage 

experiments compared between, within and without seawater that led to oxidative stress condi-

tions. Water content, malondialdehyde (MDA) compound, total phenolic content (TPC), and chlo-

rophyll content were observed at 0, 3, 6, and 9 days of storage. The storage without seawater showed 

sharper quality reductions by reaching 20–40% of water loss, 70–90% of MDA production, 15–25% 

of TPC reduction, and 40–60% of total chlorophyll degradation. The storage within seawater 

showed lower quality reductions due to the specific growth rates still reaching 5–10%. This study 

found that the greater the physicochemical quality, the slower the decomposition rates of the stored 

seagrape during storage. Therefore, the seagrapes’ obvious discoloration occurred earlier in winter, 

followed by summer and spring. Kinetics of chlorophyll degradation on seagrape in different sea-

sons meet different order-reactions during storage. Furthermore, alternating current electric field 

(ACEF) treatment with 125 kV/m of intensity for 60 min can lower the spring seagrapes’ physico-

chemical quality by reaching 10–30% of inhibition, resulting in the shelf-life extension for up to 12 

days of post-harvest storage. 
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1. Introduction 

Seagrape (Caulerpa lentillifera, C. lentillifera) is a species of green algae that is mostly 

cultivated and commercialized in Asia, especially in the temperate region [1]. Fresh 

seagrape is a product that has been exported to domestic and international markets due 

to its high nutritional value when consumed in society [2]. The thallus freshness, bright 

green color, and compact texture indicate the turgor pressure quality in the seagrape cell 

wall is still good. Since seagrapes’ commercial activity need shipping and storage during 

its delivery process, thus proper packaging and preservation treatment is required to 

maintain its quality freshness. Seagrape is perishable after harvesting due to it containing 

more than 90% of water [3], thus it requires immediate post-harvest handling to keep its 

quality freshness. Several prototypes of packaging to store the fresh seagrape products 

have been described, but these only can maintain their shelf-life and quality less than a 

week [1,2,4]. This phenomenon is caused by the occurrence of the desiccation effect on 

seagrape after harvested due to the improper environment, which leads to oxidative stress 

conditions [5–7].  

Seagrape is sensitive to osmotic pressure and low temperature and, in particular, it 

is easily damaged if stored in cold storage and tap water [8]. Hence, the current preserva-

tion methods that have been applied to seagrape are mostly the conventional processed 

technology such as drying and brining [9,10]. Djaeni and Sari [11] reported industrial dry-

ing of seagrape was usually performed at a heat air dryer about 50–80 °C for around 12 h. 

However, it was shown that the energy consumption increases exponentially as the dry-

ing temperature rises [9]. On the other hand, the brining method to produce salted 

seagrape is a process using high concentration of chemical compound [12]. Moreover, 

those methods are considered as creating a processed product, which is far from the mar-

ket interest demanding this commodity in the fresh product form (salad) to gain more 

nutritional value [1]. 

Alternating current electric field (ACEF) technology is non-chemical low energy pro-

cessing to maintain a commodity’s freshness for a long shelf-life by interfering with its 

physiological, microbiological, and enzymatic activities [13]. Muthukumaran et al. [14] 

claimed the increased quality and decreased operating costs can be easily attained by this 

treatment, and this treatment is also applicable to any high-sensitive food products. Our 

previous studies showed the application of electric field (EF) in maintaining the physico-

chemical properties as well as extending the shelf-life of different food products (juice, 

fruit, vegetable, and meat) during storage [15–18]. However, the structure and physiolog-

ical metabolism of seagrape following harvesting are distinct from those products. Addi-

tionally, the electric field effect is different for each agricultural product due to the differ-

ences in bio-conductivity including the cell structure and water content. Moreover, the 

influence of electric fields on physicochemical properties in the harvested macroalgae is 

rarely discussed. 

Previous studies explained the environmental conditions (including seasonal tem-

perature) that influence the normal growth of seagrape [19,20]. Since seagrape grows well 

in tropical countries year-round [1], this study aims to observe the physicochemical qual-

ity of seagrape in a sub-tropical country that has different seasons. Moreover, the post-

harvest study related to the shelf-life factor of seagrape is rarely found. Therefore, this 

study also aims to apply an ACEF treatment to examine its impact in preserving the phys-

icochemical quality and extending the shelf-life of seagrape during post-harvest storage. 

This study is expected to improve the consumer perspective and seagrape market ac-

ceptance. 

2. Materials and Methods 

2.1. Materials 

Fresh samples of seagrape (150 ± 10 g) in different seasons [Spring (March–June) with 

the average temperature of 20–30 °C; Summer (July–October) with the average 
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temperature of >30 °C; and Winter (November–February) with the average temperature 

of <20 °C] were purchased from a seagrape farmer (Heshu Food Company Ltd., Pingtung, 

Taiwan). The samples were stored in a plastic bag within seawater and packed inside a 

polystyrene box. The harvested seagrape needs to be purified immediately inside a pool 

with seawater circulation for 24 h that aims to recover the wounded-thalli after harvested. 

Furthermore, the samples need 24 h of shipping time (at 27 ± 0.8 °C) to Bioproduct Devel-

opment Laboratory at National Chung Hsing University (Taichung City, Taiwan). All 

chemical compounds used in this study were analytical standard as follows: acetone so-

lution (Choneye, Taiwan), thiobarbituric acid (TBA) (Panreac, Spain), trichloroacetic acid 

(TCA) (Daejung, Korea), Folin-Ciocalteau phenol reagent (Panreac, Spain), and sodium 

carbonate (Na2CO3) (Katayama, Japan), and gallic acid (Scharlab, Spain). 

2.2. Sample Preparation and Packaging 

The samples were divided into two groups as follows; the storage within seawater 

(around 80 mL of seawater), and the storage without seawater (modified container). The 

sample group without seawater were dried from its seawater attachment with clean ab-

sorbent sheets without any pressure. About 5 g fresh branch was put into the modified 

container and the seawater storage (Figure 1). The modified container was a transparent 

polystyrene container (volume 5 × 5 × 5 cm3, thickness 0.1 cm) consisting of a wet absor-

bent sheet from 100% of virgin wood pulp (Cheng Loong Corp., Taiwan) poured with 5 

mL seawater and a dry holed polymer pad. According to Terada et al. [7], the wet absor-

bent layer aims to maintain the relative humidity (±RH 90%) of the container during stor-

age time, and the dry holed layer aims to prevent harvested seagrape C. lentillifera from 

direct contact with the wet layer while experiencing the humidity. Paull and Chen [21] 

also proposed a packaging type with minimum gas exchange rates to keep the physical 

quality of the harvested seaweed Gracilaria salicornia during post-harvest storage. There-

fore, the containers were shielded with the tape to avoid the free air exchange. The sam-

ples were stored for nine days and examined triplicate to study the oxidative stress effect 

during post-harvest storage. The quality indicators (malondialdehyde (MDA), total phe-

nolic content (TPC), and chlorophyll content) of the stored samples were analyzed every 

3 days in the laboratory at room temperature (25 ± 0.8 °C) with around 16:8 h of light: dark 

cycle. 

 

Figure 1. Packaging prototype for the oxidative stress environment (A) storage without seawater 

(B) storage within seawater. 

2.3. Alternating Current Electric Field (ACEF) Treatment for Oxidative Stress Suppression on 

Seagrape 

The ACEF treatment method in this study was slightly modified based on Hsieh et 

al. [17]. The electric field generator of the ACEF device (Model 7470, Extech Electronics 

Co. Ltd., New Taipei, Taiwan) provides a maximum output voltage of 20 kV/cm. The 

ACEF device used to generate an electric current into the two-tier parallel board had a 

shelf spacing of 6 cm, an output voltage of 7.5 kV/cm (a generated electric field strength 
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of 125 kV/m, and a frequency of 50 Hz). The spring seagrapes’ storage without seawater 

were placed between the two-tier board and treated for 60 min at 25 °C. After treating 

with the ACEF, the samples were stored at 25 °C for nine days and examined in triplicate 

to study the oxidative stress effect during post-harvest storage. The treated samples 

(ACEF group) were compared to the untreated samples (control group). The quality indi-

cators (MDA, TPC, chlorophyll content) of the stored-samples were analyzed every three 

days in the laboratory at room temperature (25 ± 0.8 °C) with around 16:8 h of light: dark 

cycle. 

2.4. Water Content Assay 

According to Terada et al. [7], the water content is considered as weight loss after 

each storage period (M%). The weight loss was calculated according to Equation (1) [22]. 

M (%) = 
𝑊𝑖−𝑊𝑡

𝑊𝑖
 × 100 (1) 

where Wi is the fresh seagrapes’ initial weight after dried from surface seawater, and Wt 

is the seagrape weight after specific storage at time t. 

2.5. Malondialdehyde (MDA) Assay 

As an indication of oxidative stress, a without-light excess experiment was conducted 

with slight modifications according to Jaballi et al. [23]. Fresh seagrape branch (0.5 g) ex-

tracted by grounding within sea-sand with pestle and mortar. The extract was homoge-

nized with 3 mL of 0.5% TBA in 20% TCA. The homogenate boiled at 95 °C for 30 min. 

The solutions were incubated in cold water for 10 min, then centrifuged at 10,000 × g for 

10 min (Hettich Zentrifugen Mikro-120, Tuttlingen, Germany). The absorbance at 532 and 

600 nm were recorded with an ultraviolet–visible (UV-Vis) Spectrophotometer (Chrom 

Tech CT-8600, Taipei, Taiwan) to calculate the malondialdehyde compound (ε = 155 mM−1 

cm−1) based on Equations (2) and (3). 

MDA (𝜇 mol g−1) = A532 − A600/155 (2) 

nmol MDA = 𝜇 mol × (mL solution) × 1000) (3) 

2.6. Total Phenolic Content (TPC) Assay 

The sample extraction was adapted from García-Sánchez et al. [24]. Fresh seagrape 

branch (0.25 g) crushed in sea-sand with pestle and mortar. It was then extracted using 

2.5 mL of 80% methanol overnight at 4 °C. The solution was then centrifuged at 4500 g for 

20 min. The TPC of collected supernatant (2 mL) measured with Folin–Ciocalteu’s method 

according to Nurjanah et al. [25]. Standard solution 5 mL distilled water and 0.5 mL of 

50% Folin–Ciocalteu phenol reagent were added to the glass tube. After 5 min, 1 mL of 

5% Na2CO3 then added and incubated in darkness for 60 min. The solution was homoge-

nized and measured at the absorbance of 725 nm. The TPC of seagrape was expressed in 

mg gallic acid equivalents (GAE) per 100 g fresh samples. The gallic acid calibration was 

calculated based on Equation (4). 

y = 0.0055x − 0.00005 (R2 = 0.997) (4) 

2.7. Chlorophyll Content Assay 

The chlorophyll content assay was slightly modified based on Guo et al. [26]. Fresh 

seagrape branch (0.2 g) was ground in sea-sand and 2 mL of 80% acetone with pestle and 

mortar until colorless. The extracted solution was then transferred to 2 mL centrifuge 

tubes and placed in the dark for 15 min. The tubes were centrifuged for 15 min at 4000 × 

g. Furthermore, 1 mL supernatant was taken into a 10 mL flask, and added 9 mL of 80% 
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acetone. The absorbance recorded at 630, 645, 647, 663, and 664 nm. The chlorophyll con-

tent of the fresh seagrape is calculated with Equations (5) and (6). 

Chlorophyll a (mg g−1) = 11.85(A664) − 1.54(A647) − 0.08(A630)  (5) 

Total chlorophyll (mg g−1) = 8.02(A663) + 20.21(A645) (6) 

2.8. Kinetic Analysis 

General kinetic models of zero, first and second order reactions were used to obtain 

the order of bioactivity reaction (in particular chlorophyll degradation) on seagrape 

through Equations (7)–(9), respectively. 

C − C0 = k × t 
(7) 

ln (C/C0) = k × t (8) 

(1/C) − (1/C0) = k × t (9) 

where C is the compound content at a specific time/day, C0 is the compound content at 

time/day 0, k is the rate constant, and t is the storage time [27]. 

2.9. Principal Component Analysis (PCA)  

The protocol of PCA was performed in the correlation (Pearson) type according to 

Vidal [28]. The goal of this PCA is to analyze the correlations between the variables and 

to find out if the changes in physicochemical quality of seagrape are very different from 

the quality in different sample conditions during post-harvest storage. The means (n = 3) 

of total chlorophyll content, TPC, MDA compound, and water loss on seagrape were in-

dicated as the variables. Those variables were then analyzed by using XLSTAT software 

(Microsoft, Washington, USA) in response to the storage treatment differences that indi-

cated as the observation labels. The correlation output was set up in a level of test signifi-

cance at 5%. 

2.10. Statistical Analysis 

All of the data derived from each indicator were expressed as means, and standard 

deviations were expressed as the error bars. Statistical data-processing was analyzed with 

SPSS 22 software (SPSS Institute, New York, USA). Statistical analysis was performed with 

one-way analysis of variance (ANOVA) Tukey’s multiple range tests, and statistical sig-

nificance was defined at p < 0.05 [26]. Each analysis in this study was performed in tripli-

cate. 

3. Results and Discussion 

3.1. Effect of Oxidative Stress on Water Content of Seagrape 

Almost the entire algae tissues consisted of water by showing more than 85% of mois-

ture according to many works of literature. Under water-limited conditions, the algae can-

not regulate their water content that leads to oxidative stress [29]. Corresponding to the 

result in Figure 2, the weight loss of the seagrape without seawater during storage in every 

season is increasing as the representative of water loss [7,30]. While the without-seawater 

storage loses water content, the within-seawater storage increases their weight up to 10% 

after nine days of storage (Figure 2). This phenomenon occurred due to the growth rate of 

the harvested seagrape keeps continuing if it is stored in seawater. 

However, the improper storage due to water-limited condition may be considered as 

an oxidative stress condition by showing a lack of specific growth rates (<1% d−1). Guo et 

al. [26,31] reported the specific growth rate of seagrape C. lentillifera in China is around 

1% to 7% d−1 in temperatures of 20 to 30 °C and salinities of 30 to 40. Shiroma in Terada et 

al. [7] also mentioned the growth of seagrape in winter takes a longer time than in sum-

mer. Figure 2 also shows the winter seagrape on the within-seawater storage experiencing 
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greater weight loss than the spring and summer. This phenomenon might be due to sev-

eral branches had been experienced several cellular damages (limped and yellowish 

thalli) that are influenced by their environment and cultivation process, then it becomes 

more severe during post-harvest storage. 

 

Figure 2. Oxidative stress effect on water content of seagrape in different seasons during post-

harvest storage. The data express means (n = 3) with the error bar shows standard deviation. a–f 

Means express the significant differences in the same storage time (p < 0.05). A–D Means express the 

significant differences in the same treatment (p < 0.05). 

Terada et al. [7] described the water content that remained at around 75% within a 

week of storage without seawater indicating the seagrape is still fresh by maintaining its 

photosynthesis performance (an ability of desiccated seagrape to increase the maximum 

quantum yields after re-immersion in seawater). However, in this study, the water content 

around 75% (Figure 2) indicates that the seagrapes’ quality might not be considered fresh 

due to the occurrence of high discoloration on winter seagrape on day 6. In contrast, the 

quality freshness of seagrape in summer and spring for the without-seawater storage 

might be guaranteed up to one week by showing the water content still remained over 

85% and their discoloration occurred after over one week of storage. Previous studies 

mentioned the water content inside a sample tends to affect its discoloration that is influ-

enced by the storage environment such as temperature, pH, etc. [32–35]. The weight loss 

in this study represents the physical quality of the stored-seagrape to show the membrane 

fluidity state, where it became limp as well as the oxidative stress period lengthening 

[21,36]. Although seagrape has high desiccation-tolerance, prolonged oxidative stress di-

minishes algae rehydrate ability that damages the cell structure, and increases the water 

loss during post-harvest storage [7,37]. However, this study reveals that the lower the 

water content the faster the discoloration occurred on seagrape. Furthermore, this study 

also indicates the water content (thalli weight) of the seagrape represents the physical state 

of the seagrape, which increases the thalli weight by growing new stalks during storage 

within seawater. 
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3.2. Effect of Oxidative Stress on Malondialdehyde Compound of Seagrape 

Based on Figure 3A, the seagrapes’ generated MDA compound during post-harvest 

storage is increasing significantly for the without-seawater storage. Saito et al. [38] re-

ported that seagrape contains a high level of polyunsaturated fatty acid (PUFA) and mul-

tiple essential amino acids and lipids [39,40]. Oxidative stress induces the biochemical 

compounds of algae that are prone to be lost indirectly with cell viability loss [41]. Oxida-

tive stress leads to the damage of PUFA that causes lipid peroxidation, which is an oxida-

tive free radical that generates MDA compound on seagrapes’ membrane phospholipids 

[36]. Wang et al. [42] also reported that the multiple cellular changes caused the repair 

capacity loss and higher membrane permeability of the seagrape under oxidative stress 

(osmotic pressure). Lipid peroxidation from oxidative stress on algae started by the abiotic 

stresses that trigger the imbalanced reactive oxygen species (ROS) production in the me-

tabolism cell of algae, resulting in the chain breakage and the induction of membrane flu-

idity and permeability [43].  
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Figure 3. Oxidative stress effect on malondialdehyde (MDA) compound of seagrape in different 

seasons during post-harvest storage (A) MDA compound (B) generated MDA compound rates. 

The data express means (n = 3) with the error bar shows standard deviation. a–f Means express the 

significant differences in the same storage time (p < 0.05). A–D Means express the significant differ-

ences in the same treatment (p < 0.05). The star marks express the significant differences as respec-

tively * (p < 0.05), and ** (p < 0.01). 

The membrane quality loss of seagrape in this study is imaged by Figure 3B, the stor-

age without seawater and within seawater generating MDA up to 80% and 60%, respec-

tively. The case of an increased MDA on the within-seawater storage might be caused by 

the harvesting treatment that damages the seagrapes’ tissue and cell wall. Also, this phe-

nomenon may happen because the within-seawater storage might not be the proper envi-

ronment, but it keeps the MDA in a lower compound than the without-seawater storage. 

Gaschler and Stockwell [44] described how lipid peroxidation has the main role in altering 

the membrane cell integrity, which is that the higher the generated-products the greater 

the generated-damages. Kong et al. [45] mentioned MDA is an essential physiological sta-

tus indicator during plant growth, which is generated by lipid peroxidation under stress 

conditions. In this study, the seagrape may experience the stress condition by showing 

less than 10% of specific growth rates after nine days of storage within seawater. This 

phenomenon may be caused by the excess provided nutrients are not optimal, the stem 

will grow new stalks and make the algae weaken by sharing nutrients to grow new stems 

in the limited-seawater case. 

3.3. Effect of Oxidative Stress on TPC of Seagrape  

The TPC result in this study shows similarity to the TPC content of seagrape found 

in the other sub-tropical countries, where it contains TPC of less than 10 mg GAE g−1 in 

fresh weight (Figure 4). However, the TPC of stored-seagrape is decreasing as well as the 

oxidative stress time lengthens (Figure 4A). Kim et al. [46] also reported the TPC of ki-

wifruit Actinidia arguta decreased during post-harvest handling and storage. Studies indi-

cated that the phenolic compound was broken down into intermediate metabolites in al-

gae, thus implying that the phenol had been degraded through a biodegradation process 

[47]. Furthermore, phenolic compounds are easily converted to ROS due to 
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photoinhibition in aquatic organisms, resulting in the activation of antioxidant defenses 

[47,48]. In this study, the degradation of TPC caused by oxidative stress occurred under 

both post-harvest storages, and the degradation may trigger further enzymatic reactions 

that lead to possible cell damage. TPC of spring seagrape shows higher content than in 

the summer and winter, resulting in lower degradation rates due to oxidative stress con-

dition (Figure 4B). This may indicate the higher the biomass compositions the slower the 

decomposition rates will occur on seagrape during oxidative stress. 

 

 

Figure 4. Oxidative stress effect on total phenolic content of seagrape in different seasons during 

post-harvest storage (A) total phenolic content (TPC) (B) TPC degradation rates. The data express 

means (n = 3) with the error bar shows standard deviation. a–d Means express the significant differ-

ences in the same storage time (p < 0.05). A–D Means express the significant differences in the same 

treatment (p < 0.05). The star marks express the significant differences as respectively * (p < 0.05), 

and ** (p < 0.01). 
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Post-harvest handling and the environment have the main roles in influencing the 

nutritional compositions of seagrape [49]. Nurjanah et al. [25] mentioned the chemical 

compositions including TPC are also influenced by sunlight, habitat, harvesting time, her-

bivore presence, and plant health conditions. As evidence; Caulerpa spp. in tropical coun-

tries contains TPC of more than 15 mg GAE g−1 and in subtropical countries contains TPC 

less than 15 mg GAE g−1 [25,41,50–52]. Furthermore, Mekinić et al. [53] also reported the 

TPC of brown seaweed varies in different locations and countries. On the other hand, 

several studies reported that the TPC is also influenced by the kind of solvents during 

extraction process. Monteiro et al. [54] reported a vary of TPC on green alga Ulva rigida 

derived from different extraction solvents. 

3.4. Effect of Oxidative Stress on Chlorophyll Content of Seagrape 

Chlorophyll is the abundance of pigment (chemical compound) found in green algae. 

This pigment is the main compound that influences the physical color and photosynthesis 

ability of seagrape. According to Figure 5, we found that the chlorophyll a and the total 

chlorophyll content is higher in spring that followed by summer and winter, respectively. 

Paul et al. [55] reported seagrape C. lentillifera from Kissing Point (Townsville, Australia) 

contains 2.58 mg g−1 of chlorophyll a and 4.10 mg g−1 of total chlorophyll content, which is 

shown with close similarities with the spring seagrape (Figure 5A,C). This phenomenon 

might be caused by the submerged light intensity in spring being lower than in summer 

and winter. Guo et al. [26] also reported the lower irradiance resulting in higher chloro-

phyll content of the cultivated seagrape C. lentillifera. 
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Figure 5. Oxidative stress effect on chlorophyll content of seagrape in different seasons during post-

harvest storage (A) chlorophyll a content (B) chlorophyll a degradation rates (C) total chlorophyll 

content (D) total chlorophyll content degradation rates. The data express means (n = 3) with the 

error bar shows standard deviation. a–f Means express the significant differences in the same storage 

time (p < 0.05). A–D Means express the significant differences in the same treatment (p < 0.05). The 

star marks express the significant differences as respectively ** (p < 0.01), and *** (p < 0.001). 

The degradation of chlorophyll content due to stressed condition indicates the occur-

rence of photoprotection mechanism over reducing light absorbance by reducing the con-

tent of chlorophyll [56]. However, some studies have reported many enzymes caused 

chlorophyll degradation in several key mechanisms that covered by Pongsri et al. [57], in 

particular; chlorophyllase (CHLASE), chlorophyll-degrading peroxidase (CHL-POX), 

pheophytinase (PPH), and Mg-dechelatase (MD). By oxidative stress effects during stor-

age, the chlorophyll content of seagrape in a particular storage for a long time is oxidized 

by CHLASE that remove phytol chain to yield chlorophyllide (bright green thalli). Acids 

that occupy Mg2+ ion in pheophytin cleaved by MD and PPH then replaced by H+ ions to 

produce pheophytin, resulting in swamp-green thalli (initial color loss). CHL-POX also 

oxidizes chlorophyll to produce C13-hydroxychlorophyll (colorless) in the presence of 

ROS and phenolic compounds.  

Based on Figure 5B,D, the chlorophyll a and total chlorophyll content of the seagrape 

in the storage without seawater is decreasing as the oxidative stress period lengthens by 

reaching 45% and 60% of degradation rates, respectively. The seagrape in the storage 

within seawater is also exceeding 20% and 30% of total chlorophyll degradation rates. As 

the result, the chlorophyll degradation is marked with the changes of the initial color of 

seagrape during the storage time lengthens. Therefore, we conclude that oxidative stress 

leads to chlorophyll degradation during post-harvest storage. This result is corresponding 

to Aiamla-or et al. [58] and Luo et al. [59] who reported the stored-broccoli had experi-

enced high chlorophyll degradation with significant color changes during storage. In this 

case, we can indicate the pigment concentration in plants is mostly affected by solar irra-

diation (light irradiance), environment conditions (ocean current and nutrient), and post-

harvest handling and storage. 
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3.5. Effect of Cultivation Season on Physicochemical Quality of Seagrape under Post-Harvest 

Storage 

Previous studies have reported that spring and summer are the best time to cultivate 

algae or seaweed due to its higher biomass and specific growth rates [60,61]. In this study, 

we found the physicochemical quality of seagrape are significantly different in different 

seasons. The chlorophyll content and TPC of seagrape in spring has higher physicochem-

ical quality than in summer and winter. The results from this research corresponding to 

the seasonal effect on the chemical content compositions, physiology, and growth of algae 

or seaweed [30,62]. Furthermore, Moreira et al. [63] and Gosch et al. [64] reported PUFA 

on algae was higher in winter than summer and spring, which results in higher lipids to 

generate MDA [65]. This phenomenon due to the lower threshold of the temperature of 

survival of this seagrape changes from warm temperature in summer to the cold temper-

ature in winter. The degree of unsaturation of the fatty acids of membranes increases to 

maintain the membranes in their functional liquid-crystalline state not to form a solid gel-

state. Choo et al. [66] also reported that MDA in winter is generated with higher com-

pounds when grown in seawater medium.  

This study has characterized directly the thalli physical state of seagrape in these 

three different seasons by observing the obvious discoloration (pheophytin, chlorophyl-

lide, and pheophorbide yield) on the seagrapes’ appearance. The establishment of an oxi-

dative stress effect on membranes composition changes their physical states as the thalli 

color become darker. As a result, the spring seagrape has a longer time to experience dis-

coloration than the summer seagrape, and the winter seagrape experienced faster discol-

oration along with faster spoilage. Discoloration focused on in this study is due to the 

storage environment especially oxygen and irradiance that may catalyze chlorophyll oxi-

dation reactions to cause the thalli color to become dark green, swamp green, brown-

green, bright green, and colorless [57,67,68]. Therefore, this study has proven that oxida-

tive stress will reduce the physicochemical quality of seagrape during post-harvest stor-

age. 

The consequence of aerobic metabolism is inevitably accumulating ROS on seagrape 

to act in signaling events such as a response to photosynthesis, growth, and adaptation to 

the stressed environment [69–71]. The toxicity of ROS will lead to the physicochemical 

deterioration in seagrape due to the oxidative stress during post-harvest storage. Nofiani 

et al. [72] explained the hemolytic activity observation was used to monitor the lysis of 

seagrape. Hemolytic activity might interfere with the membrane cells and induce hemo-

lytic anemia as the presence of astringent phenolic content on seagrape. Furthermore, Jes-

persen et al. [73] explained the chlorophyll degradation caused by the presence of H2O2 

and some phenolic compounds. In this study, desiccation caused by oxidative stress may 

play the role in changing some of the phenolic compounds to become astringent as well 

as producing ROS to generate MDA, resulting in the chlorophyll degradation. 

3.6. Effect of Oxidative Stress on Kinetics of Storage Time to the Chlorophyll Content of Seagrape 

in Different Cultivated Seasons 

Previous studies reported different samples will display different kinetic reactions of 

chlorophyll degradation during storage [68,74]. Nonetheless, Sonar et al. [75] reported 

corresponding results to this study, which is the possibility to apply multi-order reactions. 

Based on the kinetics table for of the storage within seawater and without seawater in 

different cultivated seasons (Table 1), the all-order reactions are revealed as the mecha-

nisms of enzymatic-chlorophyll degradation. The result in spring indicates second-order 

reaction as the kinetics of chlorophyll degradation for the storage within seawater and 

without seawater, where both reactions show the highest coefficient of determination (R2 

= 0.9999 and 0.9991, respectively). Furthermore, the result in summer indicates the first-

order reaction as the kinetics of chlorophyll degradation for both the storage within sea-

water and without seawater with R2 = 0.9999 and 0.9986, respectively. In winter, the result 
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indicates the zero-order reaction as the kinetics of chlorophyll degradation for the storage 

within seawater and without seawater by showing the highest R2 (0.9928 and 0.9393, re-

spectively) than other reactions. 

Table 1. The k and R2 value for kinetics of total chlorophyll degradation on seagrape in different 

seasons during nine days of post-harvest storage. 

Cultivation Season 
Post-Harvest Stor-

age 

Zero-Order Reaction First-Order Reaction 
Second-Order  

Reaction 

k R2 k R2 k R2 

Spring 
Within SW −0.1228 0.9968 −0.0283 0.749 0.0084 0.9999 

Without SW −0.1923 0.9982 −0.0598 0.9984 0.0191 0.9991 

Summer 
Within SW −0.1606 0.9986 −0.0455 0.9999 0.013 0.9995 

Without SW −0.1642 0.9871 −0.0703 0.9986 0.0287 0.9986 

Winter 
Within SW −0.0371 0.9928 −0.0349 0.9891 0.033 0.9846 

Without SW −0.041 0.9393 −0.0729 0.8417 0.0757 0.874 

The selected order reaction is indicated by the highest R2. Abbreviation: SW = Seawater. 

In this study, different seasons follow different kinetic reactions of chlorophyll deg-

radation with different speed-rates. This phenomenon might be caused by the physico-

chemical properties in each season. In winter, the lower physicochemical quality of 

seagrape acts as the catalyst to experience early discoloration and faster chlorophyll deg-

radation follow zero-order reaction. The higher physicochemical quality in summer and 

spring follow first-order and second-order reactions, in which the occurrence of decom-

position is slower to experience chlorophyll degradation and discoloration. Several stud-

ies have reported zero-order reaction as the kinetic for chlorophyll degradation and color 

change [76,77], which may be related to the early discoloration on winter seagrape. None-

theless, the first-order reaction describes the chlorophyll degradation caused by enzyme 

activity [78,79], which may result in the higher pheophorbide yield as the oxidative stress 

condition lengthens. Alike the first-order reaction, the second-order reaction is also indi-

cated as the appropriate kinetic order to explain the chlorophyll degradation due to en-

zyme activity over time according to Benlloch-Tinoco et al. [80]. 

3.7. Effect of ACEF on Physicochemical Quality of Seagrape during Post-Harvest Storage 

According to the observation on the physicochemical quality of seagrape cultivated 

in different seasons, the spring seagrape was found to be the best cultivar that has the 

greatest physicochemical quality during storage than other seasons. Therefore, the ACEF 

technology has been applied to the spring seagrape in this study. Since the oxidative stress 

condition leads to the imbalance ROS accumulation, it enhanced the MDA production that 

is causing chlorophyll degradation to reduce the TPC and water content on seagrape dur-

ing post-harvest storage. In this study, the application of EF technology aims to suppress 

the ROS production according to Zhao et al. [81]. Furthermore, the ACEF treatment is 

seemed to have a significant effect in maintaining the physicochemical quality of seagrape 

during post-harvest storage that can be seen in Figure 6. 

3.7.1. Effect of ACEF on Water Content of Seagrape 

The oxidative stress effect will remove the unbound water due to the seagrape tissues 

consisting of more than 90% of water [1,2]. Because of the expanding steam above the 

surface of the seagrape, it results in vapor pressure differentials being created that are 

strong enough to break the cellular structure [22]. This study indicates the phenomenon 

might cause high cell wall permeability on seagrape to experience water loss. The water 

loss of seagrapes in this study was continuously increased during storage. This result is 

corresponding with the previous studies that covered by Contreras-Porcia et al. [82], 

which reported the occurrence of significant water loss on algae due to oxidative stress 
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condition. However, this study reveals the effect of ACEF in lowering water loss by reach-

ing a 10% reduction after nine days of storage (Figure 6A).  
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Figure 6. Effect of alternating current electric field (ACEF) on physicochemical quality of seagrape 

in spring during post-harvest storage (A) water loss (B) MDA (C) TPC (D) chlorophyll a content (E) 

total chlorophyll content. The data express means (n = 3) with the error bar shows standard devia-

tion. The star marks express the significant differences as respectively * (p < 0.1), ** (p < 0.05), and *** 

(p < 0.01). 

The result in this study corresponds with Cao and Gao [83], they reported that EF is 

a preservation method of physical modification. Furthermore, the ACEF preservation 

technology in this study may show better performance in reducing the weight loss of 

seagrape after nine days of storage. Respectively, the application of 4-methoxy cinnamic 

acid and on a mushroom and E-beam irradiation at a dose of 1 kGy on lime only reduces 

less than 5% of weight loss after 9 days of storage [57,84]. Nevertheless, the effectiveness 

might be affected by the initial condition and the characteristic of the fresh treated sample 

after harvested. 

3.7.2. Effect of ACEF on MDA of Seagrape 

Seagrape packaging may also be determined as an oxidative stress condition, which 

is the algae stored in a dehydrated condition environment [7,29]. Since seagrape contain 

high polyunsaturated fatty acids (PUFA), oxidative stress leads to the damage of PUFA 

that causing lipid peroxidation on seagrapes’ membrane phospholipids [36,38]. Free rad-

icals are detected in MDA, a product of lipid peroxidation and damaged cell membrane 

integrity index resulting from oxidative stress and enzymatic activities [85–87]. Tavakoli 

et al. [88] and Abedi et al. [89] have investigated the effectiveness of electric fields effect 

in interfering with the chlorophyll pigments, which found to be effectively reduced the 

free fatty acid (PUFA) and peroxidase value (ROS) of refined sunflower oil.  

As with water content reduction, this study also reduces the generated MDA com-

pound on the ACEF group during nine days of storage (Figure 6B). Bensalem et al. [90] 

found a significant effect of EF on the permeability and structure change of membrane cell 

wall in microalgae Chlamydomonas reinhardtii. Hu et al. [84] reported the similarity to the 

result in this study, in which the water content of seagrape is reduced and the generated 

MDA in seagrape is increased with the lengthening of storage time. Nonetheless, the 

ACEF treatment inhibited the production of MDA on seagrape that is corresponding with 



Processes 2021, 9, 1011 18 of 26 
 

 

the result proposed by Yan et al. [91]. This study showed a significant effect in reducing 

the MDA production of seagrape during nine days of storage. This study found the ACEF 

treatment might maintain the seagrapes’ water content level by lowering the MDA prod-

uct during post-harvest storage. 

3.7.3. Effect of ACEF on TPC of Seagrape 

Regarding the presence of phenolic content, it is also affecting the post-harvest qual-

ity status of seagrape that will change due to enzymatic activity during post-harvest treat-

ment [3,92]. Based on Figure 6C, the TPC of seagrape was decreasing continuously from 

day 0 to day 9. The phenomenon may be caused by the non-enzymatic detoxification sys-

tem of seagrape to resist the ROS during storage [93]. Jiang et al. [94] stated that the pres-

ence of phenolic compounds helps contribute to the sensorial attributes (taste, color, tex-

ture, and aroma). This study found the obvious degradation of seagrapes’ color and tex-

ture (Figure 7). However, ACEF treatment reveals a promising result by reducing the TPC 

degradation of seagrape under oxidative stress packaging.  
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Figure 7. The appearance of seagrapes during post-harvest storage. The abbreviation of letters; C 

for control group and A for ACEF group. The abbreviation of numbers; 0 for day-0, 3 for day-3, 6 

for day-6, 9 for day-9, and 12 for day-12. 

Hsieh et al. [17] explained the correlation between the TPC and membrane cell integ-

rity, in which inhibiting the enzymatic activity will suppress the degradation of TPC as 

well as the membrane cell integrity. Petriccione et al. [95] found post-harvest treatment 

with chitosan that produced less MDA and mass loss (<5% inhibition after 10 days of 
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storage), resulting in fewer phenolic compounds on grapes. This study reveals that the 

more compact the membrane tissues the lower the degradation occurred on seagrape. 

Zhao et al. [81] claimed that plant injury is related to an elevated antioxidant system to 

resist ROS accumulation. This indicates that TPC in seagrape can be maintained with 

ACEF treatment through enzymatic activity inhibition that leads to a shelf-life extension. 

3.7.4. Effect of ACEF on Chlorophyll Content of Seagrape 

The oxidative stress led by ROS accumulation enhanced the seagrapes’ chlorophyll 

degradation that confirms stressed condition depress the chlorophyll fluorescence [26,96]. 

Chlorophyll is the pigment photosynthesis of seagrape, which is degraded due to enzyme 

activities once it experiences photoinhibition [31,57,97]. Chlorophyll degradation in many 

studies is described to be caused by enzymatic reactions due to the oxidative stress con-

dition in this study. The chlorophyll degradation in the control group is severe as the post-

harvest storage lengthens. However, the ACEF group was found to prevent the high deg-

radation in Figure 6D,E. This phenomenon may be caused by the effectivity of ACEF in 

interfering with the chlorophyll pigment of seagrape during treatment, primarily on the 

chemical bonds between the pyrrole ring and the central magnesium ions of chlorophyll. 

This result is similar to Zhang et al. [98] that showed a significant effect of EF that could 

form chlorophyll aggregated structures, thereby increasing chlorophylls’ stability. 

Pongsri et al. [57] described the mechanism of enzyme activities in decomposing the 

chlorophyll structure of the agricultural product that results in the chlorophyll content 

degradation. The result in this study might show a similarity to Sánchez-Vega et al. [99] 

to overcome the chlorophyll degradation by diminishing the chlorophyll-degrading en-

zymes with EF application. The movement of chlorophyll pigments (Mg2+ in porphyrin 

ring and carboxyl side chain) are moving toward electrode (cathode and anode) surfaces 

when subjected to electric fields [88,89]. In this study, ACEF may be slowing the phytol 

removal, the production of ROS, and the migration of pheophytin in replacing the Mg2+ 

during the chlorophyll decomposition mechanism. The ACEF treatment in this study 

might have a better performance compared to the application of diethyldithiocarbamic 

acid by Fang et al. [100] and micro-vacuum storage by Sun and Li [77]. This study showed 

a significant effect in inhibiting the chlorophyll degradation of seagrape during 9 days of 

storage (Figure 7). 

3.8. Principal Component Analysis (PCA) on Physicochemical Quality of Seagrape 

PCA is an advanced tool of statistical analysis to study similarities and patterns in 

the data among samples that remain unclear, which can easily interpret the grouping re-

lationships on multivariate data of bioactive compounds or functional properties in foods 

[101]. The PCA results in Figure 8 show a higher weight of covariance matrices that allo-

cate up to 94.01% of the variability of the data among the analyzed variables. The correla-

tion matrix table shows that the physicochemical variables are significantly different at p 

< 0.05, which indicates the variables have a high correlation with each other during post-

harvest storage. As we can see from the correlation table in Figure 8, the total chlorophyll 

and TPC is significantly positively correlated (r = 0.939) that indicates the higher the chlo-

rophyll content the higher the TPC in seagrape. The total chlorophyll and MDA is signif-

icantly negatively correlated (r = −0.816) that indicates the lower the chlorophyll content 

the higher the MDA compound in seagrape. Furthermore, the MDA and the water loss 

have a significantly positively correlated (r = 0.621) that indicates the higher the water loss 

the higher the generated MDA compound on seagrape. On the other hand, TPC is signif-

icantly negatively correlated with MDA compound (r = −0.870) that indicates the higher 

the TPC the lower the generated MDA compound as well as the water loss that occurred 

on seagrape. Finally, total chlorophyll and TPC have a significantly positively correlated 

to the water loss (r = −0.621 and r = −0.658) that indicates the higher the water loss the 

higher the lower the chlorophyll and TPC of seagrape during post-harvest storage. 
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The biplot chart in Figure 8 shows the sample variance distribution when subjected 

to the analyzed variables, represented by the PCA 1 dimension that covers 88.32% of the 

initial information. It determined positively linked variables between total chlorophyll 

and TPC. The individual sample that contains high TPC and chlorophyll has less MDA 

compound, and the sample has less chlorophyll and TPC has higher water loss. Nonethe-

less, some samples contain a high MDA compound and less chlorophyll and TPC have 

less water loss due to the difference in storage conditions. The correlation results above 

correspond to previous studies that have explained the relationship between each variable 

in this study. In summary, the aggregation of phenolic compounds is regarded as an adap-

tive mechanism to prevent plants against cellular oxidative stress conditions by detoxify-

ing ROS [102,103], which are reduced during the oxidation process. The imbalance of ROS 

accumulation during oxidative stress conditions leads to the occurrence of photoinhibi-

tion that degrades the chlorophyll content of seagrape [7,26,43,97,104]. ROS also generates 

the MDA production to break the cell wall of seagrape that forces the occurrence of os-

motic water loss during oxidative stress conditions [5,29]. 

 

Figure 8. Principal component analysis (PCA) on physicochemical quality of seagrape during 

post-harvest storage. 

4. Conclusions 

The cultivation season is a vital factor in influencing the physicochemical properties 

of seagrape and their changes during post-harvest storage (p < 0.05). The results of this 

study show the second-order reaction in terms of the kinetics of chlorophyll degradation 

on seagrape cultivated in spring. The loss of chlorophyll is less than in summer and win-

ter, indicating the spring seagrape has a better quality performance during post-harvest 

storage. The storage experiment results show that the seawater immersion may stabilize 

the seagrapes’ osmotic pressure and suppress the oxidative stress, resulting in a longer 

shelf-life with the greater content of water, chlorophyll, phenolic, and MDA accentuation. 

Furthermore, this study reveals the effectiveness of ACEF as the first non-processed tech-

nology to preserve the fresh seagrape product by suppressing the ROS accumulation 
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during oxidative stress condition. The novelty of this treatment can lower the water loss 

(p < 0.01), chlorophyll degradation (p < 0.01), MDA production (p < 0.01), and phenolic 

reduction (p < 0.05) of desiccated fresh seagrape by reaching 10–30% of inhibition, result-

ing in the shelf-life extension of seagrape up to 12 days of storage. The results of this study 

are preliminary research, and it needs to be enriched for future research in the optimiza-

tion of seagrape preservation methods, especially the mechanism of EF treatment related 

to the metabolism pathway and enzymatic activity of seagrape during the post-harvest 

stage. However, this study can be used to lead the perspective of consumers in buying 

seagrape products and the farmer in forecasting the seagrape acceptance in the market. 
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