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Abstract: Macroalgae represent valuable marine resources, being rich in bioactive glyceroglycolipids with antioxidant and anti-
inflammatory properties. In this study, the extraction processes for glyceroglycolipids from Palmaria palmata, Chorda filum,
and Enteromorpha clathrata were systematically optimized. Using single-factor and response surface methodologies, optimal
extraction conditions were established, achieving yields of 69.96 mg/g, 65.14 mg/g, and 85.73 mg/g, respectively. The resultant
extracts were subsequently evaluated for their antioxidant and hygroscopic-moisturizing activities. It was observed that the
glyceroglycolipid extracts exhibited a significant, concentration-dependent increase in the scavenging of DPPH, hydroxyl, and
ABTS radicals, although their overall efficacy remained lower than that of vitamin C. In terms of hygroscopic and moisturizing
properties, the extracts performed better than hyaluronic acid but were inferior to glycerol across varying humidity conditions.
Further purification employing liquid-liquid extraction, thin-layer chromatography, and silica gel column chromatography
enabled the isolation of specific glyceroglycolipid fractions. Additionally, treatment of Channa argus fillets with these
glyceroglycolipids resulted in improved physicochemical indices compared to the control group, effectively delaying spoilage.
These findings underscore the potential of marine macroalgae-derived glyceroglycolipids in food preservation, providing a
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solid foundation for further research and application within the food industry.
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1 Introduction

Macroalgae are multicellular algae inhabiting marine
ecosystems, typically attached to rocks or the seabed, where they
serve as important habitats and sources of nutrition for marine
organisms'’. They display a wide range of morphologies and are
taxonomically classified into three main groups: red (Rhodophyta),
green (Chlorophyta), and brown algae (Phaeophyta)®. Due to their

structural complexity, macroalgae synthesize a variety of nutrients
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and bioactive compounds”, and certain species possess not only
nutritional value but also demonstrated medicinal properties*®. As
rich reservoirs of natural products, macroalgae frequently contain
glyceroglycolipids—compounds whose presence and bioactivity are
closely associated with macroalgal biodiversity.

lipid—sugar
ubiquitously present in cell membranes and exhibit a broad

Glyceroglycolipids are conjugates that are
spectrum of bioactivities®®. Structurally, they are characterized by a
glycerol backbone linked to sugar moieties and fatty acids, which
distinguishes them from other glycolipid classes such as
sphingolipids or those with atypical lipid components. Common
glyceroglycolipids identified in macroalgae include sulfoquinovosyl
diacylglycerol (SQDG), digalactosyl diacylglycerol (DGDG), and
monogalactosyl diacylglycerol (MGDG)¥'"”, which vary in their
fatty acid composition and the pattern of sugar substitution at the sn-
3 position. Macroalgae constitute a significant natural source of
diverse glyceroglycolipids. In recent years, multiple studies have
successfully isolated glyceroglycolipids from various macroalgal
species, including Ahnfeltia tobuchiensis"", Chondria armata®,
Gracilaria  verrucosa", and other red algae™'; Fucus
vesiculosus™, Laminaria gurjanovae'®, Sargassum wightii'”, and
other brown algae!"**"; Codium tomentosum™", Ulva rigida®®, Ulva
pertusa®), Tydemania expeditionis®, and other green algae™?".
Further investigations have also identified glyceroglycolipids in

Caulerpa taxifolia®® and characterized complex lipids in other
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green algae using techniques such as thin-layer chromatography
(TLC) and high-performance liquid chromatography (HPLC)®. The
bioactivity of these compounds is strongly influenced by the degree
of fatty acid saturation and chain length®), encompassing a wide
range of effects such as anti-algal®”, antioxidant®'!, antiviral®, anti-
inflammatory®, and antibacterial®*, thereby highlighting their
considerable potential for applications in medicine, food, and
cosmetics.

P. palmata is an economically important macroalga distributed
along the eastern coasts of the Atlantic and Pacific Oceans™!. Rich
in polysaccharides, phytosterols, and fatty acids®™, P. palmata has
demonstrated a wide range of notable bioactivities. Existing studies
have identified SQDG, DGDG, and MGDG in P. palmata, and
these glyceroglycolipids exhibit antioxidant and anti-inflammatory
properties®”. C. filum, a brown alga of the Laminariaceac family
distributed in temperate Northern Hemisphere waters®, has been
reported to contain glyceroglycolipids with antioxidant activity,
although current research remains geographically limited and
focused on preliminary characterization®. In contrast, studies on E.
clathrata have mainly addressed its polysaccharides and
physiological functions™’, while reports on glyceroglycolipid
extraction or activity from this species are scarce both domestically
and internationally, indicating a significant research gap. These
edible, renewable macroalgae are abundant in temperate and cold-
temperate seas, providing accessible raw materials for large-scale
utilization. Our preliminary studies confirmed the presence of
glyceroglycolipids in P. palmata and C. filum, supporting further
exploration of their extraction and functional evaluation.

Although research on macroalgal glyceroglycolipids began in
the last century™'l, progress remains limited due to species diversity
and structural complexity, and many glyceroglycolipids remain
unidentified®”. Structural variations, including fatty acid chain
length and glycosyl composition, affect biosynthesis, metabolism,
and bioactivity. Artificial synthesis, although offering controllable
purity™?, is hindered by high costs, environmental concerns, and
reduced biological activity, making naturally derived
glyceroglycolipids more desirable. However, efficient separation
and purification remain challenging because of their high structural
similarity, restricting practical application.

Glyceroglycolipids exhibit a diverse range of bioactivities,
encompassing antibacterial, antioxidant, and immunomodulatory
effects. For instance, MGDG has demonstrated potent antibacterial
activity against pathogens such as Haemophilus influenzae™, and
its efficacy is influenced by both acyl structure™” and the degree of
galactosyl
glyceroglycolipids have been reported to inhibit Bacillus cereus,
while SQDG can suppress the proliferation of Escherichia coli
JM190%). Their antioxidant properties are equally noteworthy,
given that excessive free radicals contribute to cellular damage and
aging**l. Consistent with this, studies have shown that lipid
extracts from algae possess free radical scavenging activity*”, and
polar lipids from Grateloupia turuturu exhibit combined antioxidant
and anti-inflammatory effects®”. Additionally, MGDG, DGDG, and
SQDG have demonstrated anti-inflammatory activity in mouse

fatty acid chain unsaturation.  Furthermore,

models®'.  Sulfated glyceroglycolipids have shown antiviral
properties since 198952, Despite the edible and economic value of
P. palmata, C. filum, and E. clathrata, systematic studies on their
glyceroglycolipid extraction, purification, chemical profiling, and
multifunctional bioactivities remain limited, and no comprehensive
integrating  hygroscopicity, ability,

evaluation moisturizing

antioxidant activity, and food preservation has been reported.
Therefore, this study aims to address these research gaps by
establishing an efficient extraction and purification strategy for
glyceroglycolipids from the three macroalgae, characterizing their
chemical profiles, and systematically evaluating their antioxidant,
hygroscopic, moisturizing, and preservative activities. These efforts
highlight the innovative aspect of this work and underscore its
necessity for advancing macroalgal utilization and supporting their
applications in natural preservatives and functional materials.

2 Materials and methods

2.1 Macroalgae and reagents

The dried samples of P. palmata, C. filum, and E. clathrata
were purchased from Jiangsu Blue Ocean Marine Biotechnology
Co., Ltd. After cleaning and oven-drying, the seaweed material was
ground using a mechanical grinder and sieved through a 40-mesh
screen for subsequent use. Glycolipid standards, including SQDG,
DGDG, and MGDG, were obtained from Avant Polar Lipids
(USA). S. marcescens was sourced from our laboratory collection
and was cultured in LB medium at 37°C. Snakehead fish (Channa
argus) were purchased from a seafood market in Lianyungang,
Jiangsu Province.
2.2 Extraction, isolation, and purification

Five grams of dried macroalgae powder were placed in an
Erlenmeyer flask and extracted under ultrasonic assistance. The
single-factor experiments investigated four factors, including liquid-
solid ratio, extraction temperature, methanol volume fraction, and
extraction time. Each factor was tested at five levels, with ranges of
15-35 mL/g, 35-75°C, 50-90%, and 1-3 h, respectively. The extract
was decanted, and the residue was subjected to a second extraction
using an equal volume of methanol. The combined extracts were
then centrifuged, and the supernatant was collected. The precipitate
was rinsed with pure water, and the rinse solution was combined
with the supernatant. Methanol was subsequently removed via
filtration and rotary evaporation under reduced pressure to obtain
the crude extracts. The methanol extract yield was calculated using
the following formula, where m; was the mass of the methanol
extract (g), and m, was the mass of the macroalgae dry powder (g).

Y(%) = (m, /my) x 100% (1)

The liquid-solid ratio (4), extraction temperature (B), methanol
volume fraction (C), and extraction time (D) were selected as
variables, with glyceroglycolipid content as the response. A four-
factor, three-level response surface design was employed to
optimize the extraction conditions for the three macroalgae species.

The glyceroglycolipid content in the methanol extracts was
estimated spectrophotometrically by quantifying the sugar moieties
using a modified phenol-sulfuric acid method®*¥. This method
determines the total sugar content, which is expressed as glycolipid
content based on the structural composition of common macroalgal
glyceroglycolipids (e.g., MGDG, DGDG), where sugar units
constitute a significant and relatively constant mass fraction.
Galactose was selected as the standard because it is the primary
monosaccharide constituent of the glycosyl headgroups in the most
prevalent glyceroglycolipids found in macroalgae, such as MGDG
and DGDG. Specifically, a calibration curve was established using
galactose standards (0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL). For
each assay, 1 mL of the standard or the sample solution (1 mg/mL
in pure water) was mixed with 1 mL of a 5% (w/v) phenol aqueous
solution. Then, 5 mL of concentrated sulfuric acid was added
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rapidly to the mixture. The solution was vortexed immediately and
incubated at 80°C for 20 min. After cooling to room temperature,
the absorbance was measured at 490 nm against a pure water blank.
The glyceroglycolipid content in the samples was calculated as
follows: The total sugar content, expressed as galactose equivalents
(GE), was directly obtained from the galactose standard curve. This
value was then used to represent the glyceroglycolipid content in
the sample, under the assumption that the detected sugar signal
primarily originates from the glycosyl head groups of the
glyceroglycolipids. The results are expressed as the mass of
glycolipid per mass of the crude extract.

To isolate glyceroglycolipids via liquid-liquid extraction, 5 g of
the crude extract was dissolved in 250 mL of deionized water and
thoroughly shaken. The solution was then sequentially extracted
three times with dichloromethane, ethyl acetate, and n-butanol, each
using a volume equivalent to twice that of the aqueous phase. The
organic phases were collected and evaporated under reduced
pressure to obtain the corresponding fractions. Each fraction was
analyzed by thin-layer chromatography (TLC) on silica gel G
plates, using a mobile phase of chloroform: methanol: water
(75:25:3, v/v/v). After development, the plates were sprayed with
50% ethanol-sulfuric acid, heated at 110°C for 10 min for
visualization, and compared against SQDG, DGDG, and MGDG
standards. For Fourier transform infrared (FTIR) spectroscopy
analysis, dried fractions were mixed with KBr, ground, and pressed
into pellets (400-4000 cm™). Further purification was achieved by
silica gel column chromatography (100-200 mesh, 4.0x40.0 cm) at
a flow rate of 1.0 mL/min. The column was eluted sequentially
with the following solvents, each using two column volumes:
A) petroleum ether, B) ethyl acetate, C) a 1:1 (v/v) mixture of ethyl
acetate and methanol, and D) methanol. Target glyceroglycolipid
spots were identified by TLC (iodine vapor visualization) and
scraped for collection. Antioxidant activities, including DPPH,
hydroxyl radical, and ABTS radical scavenging assays, were
assessed according to the kit protocols.

2.3 Measurement of hygroscopic and moisturizing activity

Hygroscopicity was evaluated by accurately weighing 0.1 g of
glyceroglycolipid extracts, glycerol, or hyaluronic acid into
weighing bottles, which were then immediately sealed with lids.
The samples were placed in desiccators maintained at controlled
relative humidities (43% and 81%). After removing the lids, the
desiccators were sealed. Sample mass was recorded at designated
time intervals (4, 12, 24, 36, 48, and 60 h) at room temperature,
with three replicates per treatment group. Moisture absorption rate
(%) was calculated using the following equation:

Moisture absorption rate(%) = (M, — My)/My)x 100%  (2)

where, M, is the sample mass at a given time point, g, and M, is the
initial sample mass before placement in the desiccator, g.

Aqueous solutions (10% w/v) of the glyceroglycolipid extracts,
glycerol, and hyaluronic acid were prepared. For each weighing
bottle, the mass was recorded before and after sample addition. The
bottles were then placed in desiccators with their lids removed, and
the desiccators were sealed. The samples were weighed at 4, 12, 24,
36, 48, and 60 h under room temperature conditions with three
replicates per group. The moisture retention rate was calculated as:

Moisture retention rate (%) = (1 - (M, — M5)/M,)x100%  (3)

where, M, is the initial mass of the sample, g, and Mj; is the mass of
the sample at a given time point, g.

2.4 Antibacterial activity and preservative property of
glyceroglycolipids extracts

Antibacterial ~ activity =~ was  evaluated by  testing
glyceroglycolipid extracts at concentrations of 4, 6, and 8 mg/mL
against S. marcescens. For the fish preservation assay, fresh C.
argus fish were prepared by removing the head, tail, scales, and
internal organs, rinsed, drained, and sliced into portions of
approximately 35 g each. The fish slices were then immersed for
20 min in 1% (w/v) solutions of glyceroglycolipid extracts derived
from the three macroalgae species and their respective fractions;
control slices were treated with distilled water. After draining and
removing excess surface moisture, all samples were packed in
polyethylene ziplock bags and stored at 4°C. Physicochemical
parameters, including electrical conductivity, were measured at 48-
hour intervals over a 10-day storage period. Conductivity was
determined by homogenizing 2 g of minced fish tissue in 20 mL of
deionized water, allowing the mixture to stand for 20 min, filtering
the supernatant, and measuring its conductivity using a conductivity
meter. For thiobarbituric acid (TBA) value analysis, 2.5 g of the
sample was mixed with 10 mL of water and 12.5 mL of 20% (w/v)
trichloroacetic acid, allowed to stand for 40 min, centrifuged at
8000 r/min for 10 min, filtered, and the filtrate was diluted to
25 mL. Subsequently, 5 mL of the diluted supernatant was reacted
with 5 mL of 0.02 mol/L TBA solution in a boiling water bath for
20 min. After cooling, the absorbance was measured at 532 nm.
Total volatile basic nitrogen (TVB-N) and total bacterial count were
determined according to the Chinese National Standards GB
5009.228-2016 and GB 4789.2-2010, respectively.
2.5 Statistical analysis

All experiments were performed in triplicate, and results are
expressed as mean +SD (n=3). Data analysis and visualization were
conducted using Origin 2021, GraphPad Prism 10, and SPSS 14.0.
The optimization of extraction parameters was achieved through
response surface methodology using Design-Expert 13.1 software.
A second-order polynomial model was generated by multiple
regression analysis of the Box—Behnken design data. The model’s
goodness of fit was evaluated using the coefficient of determination
(R?), adjusted R?, and predicted R Its validity and the significance of
the regression terms were assessed by analysis of variance (ANOVA)
at a 95% confidence level. Tukey’s post hoc tests were applied
where appropriate. Statistical significance was defined as p<0.05.

3 Results and discussion

3.1 Optimization of the extraction process of crude
glyceroglycolipids from macroalgae

P. palmata, C. filum, and E. clathrata were utilized to optimize
the extraction of crude glyceroglycolipids. As the optimal
conditions for P. palmata had been previously established and
published, the optimization efforts in this study concentrated on C.
filum and E. clathrata. Based on prior research, the liquid—solid
ratio, extraction temperature, methanol concentration, and
extraction time were identified as key factors influencing extraction
efficiency. As shown in Figure la, an increase in the liquid-solid
ratio initially enhanced both the methanol extract yield and the
glyceroglycolipid content. Maximum values were observed at a
ratio of 25 mL/g for C. filum (yield: 13.53%; glyceroglycolipid
content: 55.14 mg/g) and 20 mL/g for E. clathrata (yield: 8.47%;
glyceroglycolipid content: 92.34 mg/g), beyond which both
parameters declined. An appropriate solvent volume facilitates the
dissolution of target compounds. However, an excess may reduce
extraction efficiency and increase operational costs.
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Effects of liquid-solid ratio, extraction temperature, methanol volume ratio, and extraction time on the extraction efficiency of

glyceroglycolipids from C. filum and E. clathrate

Figure 1b indicates that extraction temperature positively
influenced methanol extract yield and glyceroglycolipid content up
to an optimum of 55°C for C. filum (yield: 6.01%; glyceroglycolipid
content: 56.13 mg/g) and 65°C for E. clathrata (yield: 8.34%;
glyceroglycolipid content: 78.43 mg/g). Further temperature
increases led to a decline in both parameters, likely attributable to
the degradation Elevated
temperatures enhanced extraction by promoting cavitation bubble

of heat-sensitive  constituents.
formation and improving solvent diffusion, although optimization
was necessary to avoid thermal degradation of the target
compounds. Figure 1c demonstrates that a methanol concentration
of 80% yielded the highest extraction efficiency, with C. filum
achieving a yield of 8.2% and a glyceroglycolipid content of
56.96 mg/g, and E. clathrata reaching 9.01% yield and 88 mg/g
content. Figure 1d reveals that both methanol extract yield and
glyceroglycolipid content initially increased with extraction time,
peaking at 2.5 h for C. filum (yield: 5.6%; content: 52.13 mg/g) and
2 h for E. clathrata (yield: 5.77%; content: 82.51 mg/g). Beyond
these optimal durations, a decline was observed, likely due to
compound degradation and inefficient energy utilization.

Using liquid—solid ratio (4), extraction temperature (B),
methanol volume ratio (C), and extraction time (D) as variables and
glyceroglycolipid content from C. filum as the response, a
Box—Behnken design was implemented with Design-Expert 13
software. Multiple regression analysis yielded the quadratic model:

Y =63.46+1.19A+4.02B+5.49C + 1.06D —2.78AB+

0.884C —0.084D +1.89BC - 1.75BD - 1.20CD—-
6.40A” —6.50B*> —9.61C* —7.84D* @)
Analysis of variance (ANOVA) revealed that the model was

highly significant (p<0.0001), while the lack-of-fit was not
significant (p>0.05), confirming a good model fit. The model

exhibited a high coefficient of determination (R*=0.9769), with an
adjusted R* of 0.9538 and a predicted R* of 0.8806, indicating strong
agreement between the predicted and experimental values. The
relationship between the independent factors and the response was
quadratic, enabling the prediction of optimal extraction conditions
(Figure 2). The relative influence of the factors was ranked as
follows: extraction time>extraction temperature>liquid—solid ratio>
methanol volume fraction. The model predicted a maximum
glyceroglycolipid content of 65.03 mg/g under the following
optimal parameters: a liquid-solid ratio of 25.34 mL/g, an extraction
temperature of 58.37°C, a methanol volume fraction of 83.23%, and
an extraction time of 2.53 h. For practical application, these
conditions were adjusted to 25 mL/g, 58°C, 83%, and 2.5 h.
Extraction under these adjusted conditions yielded 65.14+1.11 mg/g
of glyceroglycolipids from C. filum, a value closely aligned with the
predicted optimum, thereby validating the model’s reliability.

A four-factor, three-level response surface experiment was
designed using Design-Expert 13 software to investigate the effects
of liquid—solid ratio (4), extraction temperature (B), methanol
volume ratio (C), and extraction time (D) on glyceroglycolipid
content from E. clathrate. Multiple regression analysis produced the
quadratic equation:

Y =85.88+ 1.354 +0.88B+ 1.51C + 1.00D + 3.24AB—
3.44AC —0.20AD - 1.68BC - 0.63BD — 1.71CD-
459A7 —2.69B* —3.09C* - 3.13D" (5)

ANOVA revealed the model was highly significant (p<0.0001)
and that the lack-of-fit was non-significant (»p>0.05), confirming a
good model fit. The model’s coefficient of determination (R*) was
0.9535, with an adjusted R*> of 0.9071 and a predicted R* of 0.7506,
indicating a strong correlation between the observed and predicted
values. A quadratic relationship existed between the independent
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Behnken design model of glyceroglycolipids content from C. filum

factors and the response, allowing for the prediction of optimal
extraction parameters. The relative influence of the factors on
glyceroglycolipid content was ranked as follows:
time>liquid-solid  ratio>methanol
temperature.

extraction
volume  ratio>extraction
As detailed in Figure 3, significant interactive effects were
observed between the liquid-solid ratio and extraction temperature,
as well as between the liquid—solid ratio and extraction time
(»<0.0001). The model predicted a maximum glyceroglycolipid
content of 86.25 mg/g for E. clathrata at a liquid-solid ratio of
21.32 mL/g, extraction temperature of 68.16°C, methanol volume
ratio of 79.79%, and extraction time of 2.06 h. For practical
application, these parameters were adjusted to 21 mL/g, 68°C, 80%,
and 2 h for practicality. Extraction under these optimized conditions
yielded 85.73+1.51 mg/g, which closely matched the predicted
value, thereby confirming the accuracy of the model.
3.2 Antioxidant activity of glyceroglycolipids extracts from
macroalgae

Oxygen readily forms reactive oxygen species (ROS), which
induce cellular damage and contribute to food spoilage via oxidative
processes, resulting in discoloration and nutrient degradation.
Antioxidants can retard lipid peroxidation, thereby extending the
shelf life and maintaining the quality of food products. Given their
safety and diverse bioactivities, natural antioxidants derived from
plant sources—particularly macroalgae—have garnered increasing
interest®. Accordingly, this study assessed the antioxidant activity
of glyceroglycolipid extracts from P. palmata, C. filum, and E.
clathrata as potential natural preservatives.

As shown in Figure 4a, all three extracts exhibited dose-
dependent DPPH radical scavenging activity, with E. clathrata
reaching 58.12% at 8 mg/mL, followed by P. palmata (54.26%) and
C. filum (40.16%). Notably, the activities of E. clathrata and P.
palmata exceeded those previously reported for glyceroglycolipids
extracted from E. kurome and U. lactuca, which showed 42.59%
and 27.14% scavenging activity, respectively,
concentration®™.
polysaccharides,

at the same
compared to seaweed-derived
glyceroglycolipids demonstrate significantly
enhanced antioxidant potential. For instance, these values surpassed
the 30% scavenging activity reported for Sargassum muticum
polysaccharides at 4 mg/mLP¢,

Hydroxyl radical scavenging (Figure 4b) likewise exhibited a
concentration-dependent increase. E. clathrata extract reached
52.11% at 4 mg/mL, whereas P. palmata and C. filum achieved
53.12% and 56.2% at 16 mg/mL, respectively. The overall order of
efficacy was: Vitamin C (Vc)>E. clathrata>C. filum>P. palmata.
For ABTS radicals (Figure 4c), scavenging also rose with
concentration. C. filum showed the highest activity among extracts
(58.7% at 4 mg/mL), followed by P. palmata (56.2%) and E.
clathrata (55.48% at 8 mg/mL). These values also surpassed those
previously reported for glyceroglycolipids extracted from E. kurome
(20.3%) and U. lactuca (9.7%). Moreover, all tested
glyceroglycolipid extracts outperformed the approximately 10%
scavenging activity reported for Gracilaria lemaneiformis
polysaccharides at 10 mg/mL"". This marked contrast highlights the
distinct advantage of the polar lipid-based glyceroglycolipids over
carbohydrate-dominated polysaccharides in neutralizing cationic
radicals. The superior scavenging efficiency at significantly lower
concentrations  further = demonstrates  the  potential  of
glyceroglycolipids as a more potent and economically viable class
of natural antioxidants. In summary, the antioxidant activities of all
extracts increased with their

Furthermore,

concentration, and relative
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effectiveness varied depending on the specific assay. However, all
glyceroglycolipid extracts demonstrated lower antioxidant capacity
compared to vitamin C, which is likely attributable to the presence
of non-active components in the crude extracts. Unlike vitamin C,
which is prone to degradation over time, the amphiphilic structure
of glyceroglycolipids confers greater stability and enhanced
membrane permeability, thereby offering the potential for more
sustained antioxidant protection. These findings suggest that
macroalgal  glyceroglycolipids represent promising
antioxidants with broad application potential.

natural
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Figure 4 Scavenging activity of glyceroglycolipids extracts from
three marine macroalgae on DPPH free radicals (a), hydroxyl
radicals (b), and ABTS free radicals (c)

3.3 Hygroscopic moisturizing activity of
glyceroglycolipids extracts from seaweed macroalgae
Humectants are substances capable of absorbing and retaining

and

moisture across a wide range of relative humidity conditions and
over extended periods, widely utilized in the food and cosmetic
industries to enhance texture and hydration. Currently, most
commercially available humectants are synthetic, which has raised
safety concerns and consequently driven the demand for natural,
non-toxic alternatives. Algae—including both macroalgaec and
microalgae—are rich sources of natural bioactive compounds,
positioning their extracts as promising candidates for next-
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generation natural humectants. For example, extracts from marine
macroalgae have shown moisturizing abilities often surpassing
hyaluronic acid®.

This study assessed the moisture absorption and retention of
glyceroglycolipid extracts from P. palmata, C. filum, and E.
clathrata to evaluate their potential as natural preservatives and
cosmetic ingredients. At 43% relative humidity (RH), the extracts
exhibited progressive moisture absorption over 48 h before reaching
a plateau (Figure Sa). The order of moisture absorption capacity
was: glycerol>P. palmata>C. filum>E. clathrata>hyaluronic acid.
The maximum absorption rates reached 26.14% for P. palmata,
22.75% for C. filum, and 18.96% for E. clathrata—all exceeding
the moisture absorption reported for crude fucoidan from Sargassum
fusiforme. At 81% RH, moisture absorption increased markedly
within the first 48 h (Figure 5b). C. filum and E. clathrata extracts
plateaued at 25.07% and 27.19%, respectively, while P. palmata
continued increasing to 37.07%. The order of effectiveness was
glycerol, P. palmata, E. clathrata, C. filum, then hyaluronic acid.
These absorption rates surpassed those reported for polysaccharides
(19.07%)"%.  Although  glycerol
demonstrated superior efficacy, the natural, non-toxic, and eco-
friendly glyceroglycolipid extracts outperformed hyaluronic acid.
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Figure 5 Moisture absorbing activity (a: RH=43%; b: RH=81%)
and moisture retention rate (c) of glyceroglycolipids extracts from
three species of macroalgae

All three extracts exhibited significant moisturizing effects,
characterized by a rapid decline in moisture retention within the
initial 48 h. After 60 h, the retention rates were 24.41% for P.
palmata, 19.54% for C. filum, and 18.45% for E. clathrata,
compared to 26.39% for glycerol and 16.13% for hyaluronic acid
(Figure 5c). The order of moisturizing efficacy was: glycerol>P.
palmata>C. filum>FE. clathrata>hyaluronic acid, exceeding the
performance reported for Dendrobium candidum extracts (~50% at
6 h)*). The observed moisturizing activity is likely attributed to the
amphiphilic  structure of glyceroglycolipids, wherein their
hydrophilic sugar chains effectively bind water molecules, thereby
helping to maintain skin or substrate hydration.

3.4 Purification and preparation of glyceroglycolipids from
crude extracts
3.4.1 Liquid-liquid extraction and FTIR analysis

Liquid-liquid extraction of glyceroglycolipid extracts from
three macroalgac was conducted using dichloromethane, ethyl
acetate, and n-butanol, and the yields are summarized in Table 1.
The highest yields were obtained from the n-butanol extracts,
followed by the dichloromethane and ethyl acetate.
Chromatographic analysis (Figure 6) revealed that the extracts from
P. palmata—dichloromethane (Al), ethyl acetate (A2), and n-
butanol (A3)—contained DGDG and MGDG, with SQDG being
less prominent. The extracts from C. filum—dichloromethane (B1),
ethyl acetate (B2), and n-butanol (B3)—showed the presence of
DGDG, while the extracts from E. clathrata—dichloromethane
(C1), ethyl acetate (C2), and n-butanol (C3)—contained MGDG.

Table 1 The yield and extraction rate of glyceroglycolipids
analogues compounds from three species of macroalgae

Extraction rate/%

Yield/%

Macroalgae Dichloromethane  Ethyl acetate N-butanol
extracts extracts extracts
P. palmata 11.49+0.95 2.55+0.39 (A1) 2.41+0.29 (A2) 3.56+0.37 (A3)
C. filum 12.33£0.35 2.46+0.31 (B1) 2.25+0.16 (B2) 4.40+0.40 (B3)

E. clathrate 11.40+0.34  2.37+0.22 (C1)

Note: Data are presented as mean+=SD, n=3.

3.28+0.26 (C2) 4.34+0.27 (C3)

: -
T
- 11 MGDG
s ik @ DGDG
|
SQDG

Al !! A3 | Bl B2 B3 Clen@2.:C3

Note: Al, A2, and A3 correspond to the dichloromethane, ethyl acetate, and n-

butanol extracts from P. palmata, respectively. Similarly, BI-B3 and C1-C3

represent the corresponding extracts from C. filum and E. clathrata, respectively.

Figure 6 TLC analysis of the glyceroglycolipids extracts by liquid-
liquid extraction from three macroalgae

FTIR spectroscopy provides insights into the chemical structure
of molecules by detecting the characteristic absorption of specific
bonds or functional groups. Glyceroglycolipids, as amphiphilic
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lipids composed of a glycerol backbone linked to sugar headgroups
and fatty acid tails, exhibit a distinct FTIR fingerprint. To further
characterize the key fractions identified by TLC (Figure 6), FTIR
analysis was performed on the ethyl acetate and n-butanol fractions
from P. palmata, the dichloromethane and ethyl acetate fractions
from C. filum, and the dichloromethane fraction from E. clathrata.
The acquired spectra (Figure 7) revealed characteristic absorptions
consistent with glyceroglycolipid structures across all five samples.
Critically, all spectra showed a strong, complex absorption envelope
in the 1000-1200 cm™ region, which is characteristic of C-O
stretching vibrations within carbohydrate moieties. Within this
region, the prominent and sharp bands centered between 1030 and
1100 cm™ can be specifically assigned to the C—O-C stretching
vibrations of the glycosidic bonds linking the sugar units to the
glycerol backbone, a key diagnostic feature for this compound
class™. Absorptions around 1400 cm” may result from bending
vibrations of methyl/methylene groups, free carboxyl groups, or
C—C stretching vibrations. Further confirming the lipidic nature,
several fractions—specifically the ethyl acetate fractions of P.
palmata and C. filum, and the dichloromethane fraction of E.
clathrata—displayed sharp carbonyl (C=0) stretching bands
between 1702 and 1742 cm™, indicative of ester linkages from the
acyl chains. The presence of hydroxyl groups, another essential
component, was evidenced by broad absorptions in the 3200-
3600 cm” range. Additionally, weak but discernible bands near
2920 and 2850 cm” were observed, corresponding to the
asymmetric and symmetric C—H stretching vibrations of methylene
groups in the fatty acid chains. Collectively, this set of spectral
features strongly supports the successful enrichment of
glyceroglycolipids in the selected fractions.
3.4.2 Silica gel column chromatography separation and thin layer
chromatography preparation

To enable detailed characterization, glyceroglycolipids were
enriched and purified from the crude extracts. Following
preliminary screening by TLC and HPLC, the ethyl acetate fractions
of P. palmata and C. filum were selected for further separation via
silica gel column chromatography (100-200 mesh, 4.0x40 cm). This
step generated four distinct sub-fractions from each algal extract:

HP1-HP4 from P. palmata with masses of 0.431, 0.528, 0.537, and
0.477 g, respectively; and SZ1-SZ4 from C. filum with masses of
0.422, 0.498, 0.505, and 0.394 g, respectively. TLC analysis against
authentic standards elucidated the glyceroglycolipid composition of
the principal sub-fractions (Figure 8a): HP3 contained MGDG,
SQDG, and MGDG3; HP2 contained SQDG and MGDG; SZ3
contained DGDG and MGDG; and SZ4 contained MGDG.
Quantitative HPLC indicated that the target glyceroglycolipids
collectively accounted for more than 50% of the peak area in these
enriched sub-fractions. To isolate individual compounds for
structural and bioactivity assessment, the most compositionally
diverse sub-fraction, HP3, was further purified by preparative TLC.
This yielded three discrete glyceroglycolipids: SQDG (11.9 mg),
DGDG (9.3 mg), and MGDG (7.1 mg) (Figure 8b). The isolation
yield aligns with that reported by Katsuoka et al.y, confirming the
effective purification of three major glyceroglycolipids from P.
palmata.

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavelength/cm™

Note: a: dichloromethane extracts from E. clathrate; b: ethyl acetate extracts from
C. filum; c: dichloromethane extracts from C. filum; d: n-butanol extracts from P.
palmata; e: ethyl acetate extracts from P. palmata

Figure 7 Infrared spectroscopy analysis of different extracts

-2 -

.
R

a. Thin layer chromatography analysis

LE

MGDG

) DGDG

¢ | SQDG

b. Preparation of glyceroglycolipids by TLC

Note: HP1-HP4 and SZ1-SZ4 represent the purified glyceroglycolipid sub-fractions obtained from the ethyl acetate extracts of P. palmata and C. filum, respectively, via

silica gel column chromatography, with their specific compositions (e.g., MGDG, DGDG, SQDG) as identified by comparison with standards.

Figure 8 Thin layer chromatography analysis (a) and preparation of glyceroglycolipids by TLC (b)

A preliminary cost analysis was conducted based on processing
250 g of P. palmata. The estimated unit costs were 704 RMB/mg
for SQDG, 450 RMB/mg for DGDG, and 613 RMB/mg for
MGDG. These costs are lower than current market prices for
commercial glyceroglycolipid standards (approximately 788 RMB/
mg for SQDG, 500 RMB/mg for DGDG, and 680 RMB/mg for
MGDG), indicating the economic feasibility of the extraction and

purification process developed in this study.

3.5 Antibacterial activity and preservative property of

glyceroglycolipids extracts from macroalgae in C. argus fillet
During meat storage and spoilage, various microorganisms—

such as Lactobacillus spp., Pseudomonas spp., Enterobacteriaceae,

and Serratia marcescens—contributed to degradation. Notably, S.

marcescens, which is ubiquitous in soil, water, and on plant and
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animal surfaces, is a known contaminant of dairy, meat, and seafood
products. It produces red pigments that cause undesirable
discoloration in these foods. To evaluate the preservative potential
of glyceroglycolipids extracts, their inhibitory effects against S.
marcescens were tested. The results showed that extracts from P.
palmata and C. filum inhibited S. marcescens at 8 mg/mL, whereas
E. clathrate extracts showed no significant activity at this or lower
concentrations (data not shown). Preservation performance was
further assessed using C. argus fillets during refrigerated storage.
The effects of C. filum and E. clathrata extracts on key spoilage
indicators are presented in Figure 9; corresponding data for P.
palmata extracts have been published previously.

Microbial proliferation under refrigeration conditions leads to
the decomposition of fats and proteins in C. argus fillets, resulting
in spoilage. The total bacterial count serves as a key hygiene
indicator, with a safety threshold of 6 lg CFU/g established for
aquatic products. As shown in Figure 9a, bacterial counts
increased in both control and treated fillets. However, the control
group exceeded the safety threshold by day 6. Treatment with
glyceroglycolipid extracts from the three macroalgae effectively
delayed microbial growth. By day 10, total bacterial counts
remained below the 6 lg CFU/g limit in groups treated with ethyl
acetate extracts of C. filum (5.94 1g CFU/g) and P. palmata (5.96 1g
CFU/g), n-butanol extracts of P. palmata (5.98 1g CFU/g), and
dichloromethane extracts of E. clathrata (5.99 lg CFU/g), thereby
extending the shelf life by four days compared to the control.
Microbial degradation generates ionic small molecules from
proteins and lipids, which increases electrical conductivity—an
indicator of freshness loss. Figure 9b illustrates that conductivity
increased progressively during refrigerated storage. Among the C.
filum treatments, the ethyl acetate extract resulted in the lowest
conductivity, whereas the crude glyceroglycolipid extract exhibited
the highest. For E. clathrata, the dichloromethane extract yielded
the lowest conductivity. Although the crude extracts displayed
slightly weaker activity than the control, the treated groups with C.
filum and E. clathrata extracts generally exhibited reduced
conductivity, indicating better preservation of freshness.

Fish freshness is closely related to pH, which typically
decreases initially due to postmortem lactic acid accumulation and
subsequently increases as microbial protein breakdown generates
alkaline compounds®. Figure 9c illustrates an initial decline in pH
followed by a gradual rise during refrigerated storage. By day 10,
control fillets reached a pH of 7.43, whereas samples treated with
various glyceroglycolipid extract fractions maintained significantly
lower pH values (dichloromethane extracts: 7.03—7.23; ethyl acetate
extracts: 7.01-7.11; n-butanol extracts: 7.12—7.32), demonstrating
the preservative efficacy of the glyceroglycolipids. Total Volatile

Basic Nitrogen (TVB-N), which reflects the degradation of proteins
into ammonia and amines, serves as another key freshness indicator,
with higher values indicating advanced spoilage. As shown in
Figure 9d, TVB-N levels increased substantially from day 2 onward.
The control group exceeded the Level Il freshness limit of 20 mg/
100 g by day 6, rendering the fillets inedible. In contrast, several
treatment groups did not surpass this threshold until day 8 or 10.
Specifically, on day 10, the ethyl acetate and n-butanol extracts of
P. palmata exhibited TVB-N values of 20.66 and 21.28 mg/100 g,
respectively, while the ethyl acetate extract of C. filum and the
dichloromethane extract of E. clathrata showed values of 20.96 and
20.94 mg/100 g. These findings indicate that glyceroglycolipid
extracts effectively retard protein degradation and spoilage
progression.

Lipid oxidation is a primary cause of meat quality deterioration,
leading to the formation of malondialdehyde (MDA), which is
quantified via thiobarbituric acid (TBA) assays”. A TBA value
exceeding 1.0 mg/kg is generally considered indicative of
spoilage®. Figure 9e shows that TBA values increased in all
groups during refrigeration. However, by day 10, the control group
surpassed the 1.0 mg/kg threshold, whereas several treated groups
remained below this limit. Among the effective treatments,
TBA values (from lowest to highest) were as follows: butanol
extract from P. palmata (0.824 mg/kg)<ethyl acetate extract from
P. palmata (0.812 mg/kg)<dichloromethane extract from E.
clathrate (0.913 mg/kg), among others. These results confirmed
the antioxidant capacity of glyceroglycolipids in inhibiting
lipid oxidation. In summary, glyceroglycolipid extracts from the
three macroalgae exhibited significant antimicrobial, antioxidant,
and preservative properties, extended the shelf life of fish fillets,
and demonstrated considerable potential as natural food
preservatives.

Building upon the confirmation of the preservative efficacy of
glyceroglycolipid extracts through the aforementioned key chemical
indicators, this study further evaluated their overall quality-
preserving effects on fish fillets during storage via direct visual
assessment. Selected high-performing extract treatments—ethyl
acetate and n-butanol extracts from P. palmata, ethyl acetate extract
from C. filum, and dichloromethane extract from E. clathrata—
were subjected to systematic observation and documentation of
macro- morphological changes over time. A comprehensive sensory
evaluation was also conducted, covering color, texture (Figure 10),
and odor (detailed sensory data are provided in Table 2). These
results demonstrated that treatments with ethyl acetate extracts from
C. filum and dichloromethane extracts from E. clathrate exhibited
superior preservative performance, significantly extending the shelf
life of the fish fillets.

Table 2 Sensory evaluation indicators of C. argus fillets during storage

Ethyl acetate extracts from P.

N-butanol extracts from P.
palmata

Ethyl acetate extracts from C. Dichloromethane extracts from
Sfilum E. clathrate

color, but the texture remains
firm and springy (rebounds
after pressing). A slight fishy
odor is detectable.

loose, the surface is free of

The fish meat is firm and elastic, with depressions caused by finger pressure disappearing immediately. The cross-section of the muscle is glossy and free of any

The meat shows slight
yellowing in color. However,
the texture remains firm and  the texture remains firm and
resilient (rebounds upon resilient (rebounds upon
pressing), and no fishy odor is pressing), and no fishy odor is
detected. detected.

The meat shows slight
yellowing in color. However,

The meat has become slightly The meat has become slightly

Time/d Control
palmata
0 off-odor.
The meat Sh.OWS weakgned The meat has turned yellow in  The meat has turned yellow in
elasticity, with depressions A
h color, but the texture remains
recovering slowly after .
6 . f . firm and springy (rebounds
pressing and leaving slight . .
. after pressing). A slight fishy
finger marks. A faint fishy :
. odor is detectable.
odor is detectable.
. . The meat has become soft and The meat has become soft and
The meat has turned yellowish .
. loose, the surface is free of
1o 0 color, the surface has

become slimy, and it emits a

strong putrid odor pressing, and emits a putrid

odor. odor.

mucus, it recovers slowly after mucus, it recovers slowly after
pressing, and emits a putrid

soft and loose, the surface soft and loose, the surface
shows no mucus, and a slight ~ shows no mucus, and a slight
acidic odor is detectable. acidic odor is detectable.
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Figure 9  Effects of glyceroglycolipids extracts on total bacterial count (a), electrical specific conductance (b), pH (c), TVB-N content (d),
and TBA content (e) of C. argus fillets during storage
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Figure 10 The influence of different extracts on the preservation effect of C. argus fillets during storage

In recent years, research on the application of glycolipids in the
food industry has gradually increased. Ferdouse et al.*” found that
adding glycolipids from Aspergillus oryzae altered the flavor and
metabolic profile of sake yeast, while incorporating glycolipids into
milk and cheese inhibited the growth of Listeria monocytogenes™.
The ability of glyceroglycolipids to preserve the quality of fish
fillets may be attributed to their inherent properties. Due to their
unique amphiphilic structure, glyceroglycolipids are both
hydrophilic and lipophilic. When the lipophilic end penetrates the
fish tissue, the hydrophilic long-chain end is exposed to air, where it
can bind with water molecules in the atmosphere, thereby
maintaining the moisture content of snakehead fish fillets and
exerting a humectant effect. Meanwhile, the antioxidant and
antibacterial activities of glyceroglycolipids help inhibit lipid
oxidation and bacterial proliferation in the fish, contributing to
effective preservation. Other researchers have also found that
glycolipids in ethyl acetate extracts of macroalgae exhibit inhibitory
effects against pathogens such as Clostridium difficile™. Given their
antioxidant, moisturizing, and antibacterial properties, macroalgae-
derived glyceroglycolipids show promising potential as novel
preservatives. Moreover, naturally sourced and safe macroalgae
undoubtedly represent an ideal material for developing new natural
preservation agents.

4 Conclusions

This study successfully established a systematic workflow for
the extraction and characterization of glyceroglycolipids from three
underutilized macroalgae (P. palmata, C. filum, and E. clathrate).
By optimizing extraction parameters, substantial yields of bioactive
compounds were achieved. Comprehensive in vitro evaluations
further confirmed that these glyceroglycolipid extracts exhibit
significant antioxidant, hygroscopic, and preservative capacities,
which are comparable or even superior to some existing natural
alternatives. The findings strongly indicate that these marine-
derived glyceroglycolipids are promising, sustainable candidates to
replace synthetic additives the food, cosmetic, and
pharmaceutical industries, potentially offering new pathways for the
high-value utilization of macroalgal resources.

However, this work has several limitations that should be

in

acknowledged. First, the study focused on crude or semi-purified
glyceroglycolipid extracts. While bioactive, these mixtures contain
co-extracted compounds, making it difficult to unequivocally
attribute the observed effects solely to specific glyceroglycolipid

molecular species. Second, the bioactivity evaluations were
conducted in vitro. The efficacy, metabolic fate, and potential
toxicity of these extracts in in vivo systems remain unknown and are
crucial for assessing their practical applicability. Finally, the
economic feasibility and scalability of the proposed extraction and
purification process were not evaluated, which is a critical factor for
industrial adoption.

Based on these limitations, the following specific directions are
proposed for future research: 1) Employ advanced purification
techniques (preparative HPLC or counter-current chromatography)
to isolate individual, highly pure glyceroglycolipids (MGDG,
DGDG, SQDG) for structure-specific bioactivity assessment.
2) Validate the promising in vitro activities, particularly the
antioxidant and preservative effects, through in vivo studies using
suitable animal models. 3) Conduct a comprehensive techno-
economic analysis to assess the scalability and cost-effectiveness of
the production pipeline, from algal biomass to purified product.
Addressing these points will be essential to translate these
promising natural compounds from the laboratory to commercial
applications.
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