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Abstract: Sulfated polysaccharides prepared from marine algae are potential ingredients in
nutraceutical, pharmaceutical, and cosmeceutical industries. In the present study, the antioxidant,
anti-melanogenesis, and photoprotective effects of sulfated polysaccharides obtained from
Ecklonia maxima (EMC) were investigated to evaluate their potential in cosmetic. EMC was successfully
prepared through Celluclast-assisted extraction and ethanol precipitation, and it contained 79.88%
of sulfated polysaccharides that with 69.37% carbohydrates and 10.51% sulfate. EMC effectively
suppressed 2,2-azobis(2-amidinopropane) hydrochloride (AAPH)-induced oxidative stress in vitro in
Vero cells and in vivo in zebrafish. Furthermore, EMC significantly inhibited mushroom tyrosinase
and reduced melanin synthesis in alpha-melanocyte-stimulating hormone-stimulated B16F10 cells.
In addition, EMC remarkably attenuated photodamage induced by UVB irradiation in vitro in
human keratinocytes (HaCaT cells) and in vivo in zebrafish. Furthermore, EMC effectively inhibited
wrinkle-related enzymes and improved collagen synthesis in UVB-irradiated human dermal fibroblasts
(HDF cells). These results indicate that EMC possesses strong antioxidant, anti-melanogenesis,
and photoprotective activities, and suggest that EMC may be an ideal ingredient in the pharmaceutical
and cosmeceutical industries.
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1. Introduction

Skin is the largest organ of the human body and plays various physiological functions. The skin is
directly exposed to the environment. Thus, it is continually damaged by environmental factors such as
chemicals, fine dust particles, and ultraviolet (UV) irradiation [1]. These environmental factors cause
various effects on the skin including oxidative stress, inflammatory responses, melanin accumulation,
and collagen degradation, leading to skin aging [2–5]. The appearance of the skin directly contributes
to personal beauty [6]. Some reports indicated that people are more satisfied with their life if their skin
looks younger than their actual age [6,7]. Thus, a skincare product which could remarkably suppress
skin aging may have a great market demand. In recent decades, the discovery of an ingredient from
natural resources to be used in cosmeceutical industries has attracted researcher’s attention.
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Seaweeds are rich in natural compounds such as fatty acids, phenolic compounds, sterols, proteins,
and polysaccharides [8–12]. In particular, seaweeds possess a high amount of polysaccharides [13].
Sulfated polysaccharides isolated from seaweeds have been reported to produce numerous
health benefits such as activating the immune system, antioxidant, anti-coagulant, UV protective,
liver protective, anti-inflammatory, antimicrobial, and anti-cancer activities [14–21]. Wang et al. (2019)
isolated sulfate polysaccharides (HFPS) from the brown seaweed Hizikia fusiforme and evaluated
the UV protective effects of HFPS [15]. The results indicated that HFPS effective protects against
UVB-induced photodamage in both in vitro and in vivo models [15]. Marques et al. (2019) isolated
sulfated polysaccharides (UFPS) from the greed seaweeds Udotea flabellum and evaluated anticoagulant
and antitumor activities of UFPS [19]. The results indicated that UFPS possesses strong anticoagulant
and antitumor effects [19].

Ecklonia maxima is a brown seaweed typically found along the southern Atlantic coast of Africa.
Polysaccharides from E. maxima have been reported to have anti-diabetes, anticancer, and antioxidant
activities [22–24]. However, the cosmeceutical potential of polysaccharides isolated from E. maxima
has not been evaluated so far. The objectives of the present research are as follow: to isolate the
polysaccharides from the brown seaweed E. maxima through enzyme-assisted extraction; to evaluate
the potential of the polysaccharides from E. maxima in the cosmeceutical industry. In the present
study, the polysaccharides from E. maxima were prepared by enzyme-assisted extraction, and their
cosmeceutical potential were evaluated through evaluating their antioxidant, anti-melanogenesis,
and UV protective effects.

2. Materials and Methods

2.1. Chemicals and Regents

Dulbecco’s modified Eagle medium (DMEM), Roswell Park Memorial Institute-1640
(RPMI-1640) medium, Ham’s nutrient mixtures medium (F-12 medium), penicillin-streptomycin
(P/S), trypsin-EDTA, and fetal bovine serum (FBS) were purchased from Gibco-BRL (Grand
Island, NY, USA). PIP ELISA kit was purchased from TaKaRa Bio Inc (Shiga, Japan).
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), α-melanocyte-stimulating
hormone (α-MSH), acridine orange, 2,2-azobis(2-amidinopropane) hydrochloride (AAPH),
1,3-Bis (diphenylphosphino) propane (DPPP), 2,7-dichlorofluorescein diacetate (DCFH2-DA),
diaminofluorophore 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM-DA),
(Kusatsu, Japan) and the ELISA kits used for the analysis of human matrix metalloproteinases
(MMPs) were purchased from Sigma (St. Louis, MO, USA). All other chemicals used in this study were
of analytical grade.

2.2. Determination of the Approximate Composition of E. maxima

The seaweed E. maxima was kindly provided by Prof. John J. Bolton, University of Cape Town,
South Africa. The approximate composition of E. maxima including moisture, ash, protein, lipid,
and carbohydrate contents, was determined according to the methods described by the Association of
Official Analytical Collaboration (AOAC) International [25].

2.3. Preparation of Polysaccharides from E. maxima

The lyophilized seaweed powder (10 g) was hydrolyzed with Celluclast from Trichoderma reesei
(Sigma, St. Louis, MO, USA, ≥700 units/g) (1:100:5, w/v/v) for 24 h under the optimal conditions (pH 4.5,
50 ◦C). After hydrolysis, the enzyme was inactived (100 ◦C, 10 min) and the pH was adjusted to 7 with
1 M NaOH. Then the Celluclast-assisted extract of E. maxima was obtained and named EM. EM was
mixed with 95% ethanol (1:2, v/v) and kept at 4 ◦C for 24 h. Then, the precipitates were collected and
considered as the crude polysaccharides of E. maxima, which are referred as EMC.
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2.4. FT-IR Characterization

The FT-IR spectra of EMC and the commercial fucoidan were analyzed using an FT-IR spectrometer
(Bruker, Karlsruhe, Germany) according to a previously described protocol [26].

2.5. Evaluation of the Enzyme Inhibitory Effect of EMC

The inhibitory effect of EMC on tyrosinase was determined according to the protocol described in
at previous study [27]. In addition, the inhibitory effects of EMC on elastase and collagenase were
determined according to the methods described by Wang et al. [28].

2.6. Maintenance of Cell Lines and Zebrafish

Monkey kidney fibroblasts (Vero cells, ATCC®CCL-81™, Manassas, VA, USA) were cultured in
RPMI-1640 medium (10% FBS and 1% P/S) and seeded at a density of 1 × 105 cells/mL for experiments.
Human epidermal keratinocytes (HaCaT cells, ATCC® PCS-200-001™, Manassas, VA, USA) and mouse
melanoma cells (B16F10 cells, ATCC®CRL-6475™, Manassas, VA, USA) were cultured in DMEM
medium (10% FBS and 1% P/S). HaCaT cells and B16F10 cells were seeded at a density of 1 × 105 and
3 × 104 cells/mL, respectively. Human dermal fibroblasts (HDF cells, ATCC®PCS201012™, Manassas,
VA, USA) were cultured in the medium mixed with F-12 and DMEM (1:3) supplemented with 10% FBS
and 1% P/S. HDF cells were seeded at a concentration of 5.0 × 104 cells/mL for experiments.

The zebrafish were maintained following the conditions described previously [14,15].
The experiment was approved by the Animal Care and Use Committee of the Jeju National University
(Approval No. 2019-O-0074).

2.7. Determination of the Effect of EMC on AAPH-Induced Oxidative Stress

2.7.1. In Vitro Assay

To investigate the in vitro antioxidant activity of EMC, the protective effect of EMC against
AAPH-induced oxidative stress was determined. Vero cells were seeded in a 24-well plate and
incubated for 24 h. The cells were treated with EMC and stimulated with AAPH. The intracellular ROS
scavenging and cytoprotective effects of EMC on AAPH-stimulated Vero cells were evaluated by the
DCF-DA and the MTT assays, respectively [29,30]. In addition, the effect of EMC on AAPH-induced
apoptosis was determined with the Hoechst staining assay according to the protocol described by
Wang et al. [31].

2.7.2. In Vivo Assay

The in vivo antioxidant activity of EMC was investigated in zebrafish stimulated with AAPH.
At 7–9 h post-fertilization (hpf), the zebrafish embryos placed in a 12-well plate (15 embryos per group)
were treated with EMC (25, 50, and 100 µg/mL). After 1 h, AAPH (15 mM) was added to the medium
and the embryos were incubated with AAPH until 24 hpf. And then, the embryos were incubated with
the fresh media until analysis. At 2 days post-fertilization (dpf), the heart beating rate of zebrafish was
determined. And the intracellular ROS generation, cell death, and lipid peroxidation were determined
at the 3 dpf according to the protocol described by Kim et al. [32]. The relative fluorescence intensities
of whole zebrafish body were determined using Image J software.
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2.8. Determination of the Effect of EMC on α-MSH-Stimulated Melanogenesis

B16F10 cells were seeded in a 6-well plate and incubated for 24 h. Cells were treated with EMC
(25, 50, and 100 µg/mL) and stimulated with α-MSH (50 nM). The α-MSH-stimulated cells were harvested
after 72 h incubation. Then, the melanin content and the relative intracellular tyrosinase activity of
α-MSH-stimulated cells were determined according to the method described by Heo. et al. [33].

2.9. Determination of the Effect of EMC on Photodamage Induced by UVB Irradiation

2.9.1. In Vitro in HaCaT Cells

HaCaT cells were seeded and incubated with EMC (25, 50, and 100 µg/mL). EMC-treated HaCaT
cells were irradiated with UVB (30 mJ/cm2) in PBS solution (1×). The intracellular ROS level and
the viability of UVB-irradiated HaCaT cells were investigated with the DCF-DA and the MTT assay,
respectively [15,34]. In addition, the apoptosis body formation in UVB-irradiated HaCaT cells was
detected with the Hoechst staining assay according to the protocol described by Wang et al. [15].

2.9.2. In Vitro in HDF Cells

HDF cells were seeded and treated with EMC (25, 50, and 100 µg/mL). EMC-treated cells were
exposed to UVB (50 mJ/cm2). Then, the intracellular ROS level and the viability of UVB-irradiated
HDF cells were determined with the DCF-DA and the MTT assays, respectively [28]. In addition,
the collagen synthesis level and the expression of MMPs were assessed with ELISA using the cell
culture medium [28,35,36].

2.9.3. In Vivo Assay

At 2 dpf, the zebrafish larvae (10 larvae/group) were treated with EMC (25, 50, and 100 µg/mL)
for 1 h and exposed to UVB (50 mJ/cm2). The UVB-irradiated zebrafish larvae were further incubated
for 6 h. The ROS levels, cell death, NO production, and lipid peroxidation were determined according
to the methods described by Wang et al. [35].

2.10. Statistical Analysis

The experiments were performed in triplicates. Data are expressed as the mean ± standard error
(SE), and one-way ANOVA was used to compare the mean values of each treatment in SPSS 17.0.
Significant differences between the means were identified with the Tukey’s test.

3. Results and Discussion

3.1. Chemical Composition

E. maxima is the dominant kelp on the west coast of South Africa, and plays an important role
in the South African aquaculture and kelp industries [37]. This seaweed is mainly harvested for
alginate extraction and abalone feed. E. maxima is rich in bioactive compounds such as phlorotannins,
steroids, and polysaccharides [38–40]. Especially, E. maxima has been reported to contain a high
amount of polysaccharides [23]. In the present study, we prepared polysaccharides from E. maxima
through Celluclast-assisted extraction and ethanol precipitation and evaluated the antioxidant,
anti-melanogenesis, and UV protective effects of the polysaccharides to explore their potential
in cosmetics.
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As Table 1 shows, the moisture, ash, protein, lipid, and carbohydrate content of E. maxima were
37 ± 0.17%, 25.52 ± 0.40%, 12.01 ± 0.18%, 1.04 ± 0.08%, and 51.83 ± 0.48%, respectively. These results
indicated that E. maxima is rich in minerals and carbohydrates, and further confirmed that it contains a
high amount of polysaccharides. As shown in Table 2, the yields of the Celluclast-assisted extract of
E. maxima (EM) and the crude polysaccharides obtained from EM (EMC) were 28.07% and 19.24%,
respectively. The protein contents of EM and EMC were 4.33± 0.32% and 2.45± 0.28%, and the phenolic
contents of EM and EMC were 6.23± 0.45% and 4.31± 0.16%, respectively. In addition, the carbohydrate
contents of EM and EMC were 42.37 ± 0.48% and 69.37 ± 0.16%, respectively. The sulfate contents of
EM and EMC were 6.29 ± 0.56% and 10.51 ± 0.23%, respectively. Altogether, EM and EMC contain
48.66% and 79.88% sulfated polysaccharides, respectively. These results demonstrate that the protein
and phenolic contents were reduced and the carbohydrate and sulfate contents were enriched during
ethanol precipitation. EMC contains near 80% sulfated polysaccharides content and could be thought
as sulfated polysaccharides.

Table 1. The proximate composition of Ecklonia maxima.

Composition Content (%)

Moisture 4.37 ± 0.17
Ash 25.52 ± 0.40

Protein 12.01 ± 0.18
Lipid 1.04 ± 0.08

Carbohydrate 51.83 ± 0.48

The experiments were conducted in triplicates and the data are expressed as the mean ± SE.

Table 2. Chemical composition of EM and EMC obtained from E. maxima.

Sample EM EMC

Yield (%) 28.07 19.24
Protein content (%) 4.33 ± 0.32 2.45 ± 0.28

Phenolic content (%) 6.23 ± 0.45 4.31 ± 0.16
Carbohydrate content (%) 42.37 ± 0.48 69.37 ± 0.16

Sulfate content (%) 6.29 ± 0.56 10.51 ± 0.23
Sulfated polysaccharides (%) 48.66 79.88

Sulfated polysaccharides = carbohydrate content + sulfate content; EM: Celluclast-assisted extract of E. maxima;
EMC: the crude polysaccharides obtained from EM. The experiments were conducted in triplicates and the data are
expressed as the mean ± SE.

EMC was characterized through the FT-IF spectrum and the result was compared to the commercial
fucoidan. As Figure 1 shows, the signal at 1625 cm−1 was assigned to H-O-H, which indicated the
presence of moisture in the sample. The absorption band at 1025 cm−1 represented the stretching
vibrations of the C-O-C glycosidic band vibration. An intense peak at 1200 cm−1 was observed due to the
sulfate stretching vibrations (S = O). The bending sulfate vibrations (C-O-S) are represented through the
absorptions at 845 cm−1. According to these results, we confirmed that EMC is sulfated polysaccharides.
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Figure 1. FT-IR spectra of EMC and commercial fucoidan.

3.2. Protective Effect of EMC against AAPH-Stimulated Oxidative Stress

Oxidative stress is an imbalance between oxidants and antioxidants. It is mainly caused by
ROS and could lead to cellular damage [41]. Accumulation of cellular oxidative damage leads to
various diseases such as inflammation, cardiovascular diseases, diabetes, obesity, and abnormal
aging [13]. Thus, the inhibition of oxidative stress is thought to be a strategy to prevent these diseases
as well as against aging. Various studies have reported that the sulfated polysaccharides isolated
from seaweeds have antioxidant properties [13,14,26,42]. Wang et al. (2020) isolated the sulfate
polysaccharides (CFPS) from the enzymatic digest of Codium fragile and evaluated the antioxidant
activity of CFPS [14]. The results demonstrated that CFPS remarkably suppressed oxidative stress
induced by hydrogen peroxide in both in vitro and in vivo models [14]. Jayawardena et al. (2020)
isolated sulfated polysaccharides from Padina boryana (PBP) and evaluated the antioxidant activity of
PBP in both in vitro and in vivo models. The results indicated that PBP significantly protected Vero
cells and zebrafish against oxidative stress induced by hydrogen peroxide [26]. Wang et al. (2019)
isolated sulfated polysaccharides from the edible seaweed Sargassum fulvellum (SFPS) and investigated
the effect of SFPS on AAPH-induced oxidative stress. The results indicated that SFPS effectively
suppressed AAPH-induced oxidative stress in vitro in Vero cells and in vivo in zebrafish [42].

In the present study, the effect of EMC on AAPH-induced oxidative stress was investigated
using in vitro and in vivo models. The in vitro antioxidant activity of EMC was investigated by
measuring the intracellular ROS level, viability, and apoptosis body formation of AAPH-stimulated
Vero cells. As shown in Figure 2A, AAPH significantly increased intracellular ROS levels in Vero cells.
However, the intracellular ROS levels of EMC-treated cells were remarkably and dose-dependently
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decreased. Additionally, the viability of AAPH-stimulated Vero cells was significantly reduced.
However, the viability of AAPH-stimulated Vero cells was effectively improved through the EMC
treatment (Figure 2B). In addition, AAPH significantly induced apoptosis in Vero cells. In contrast,
the number of apoptotic bodies in EMC-treated cells was remarkably decreased in a dose-dependent
manner (Figure 2C). The in vivo antioxidant activity of EMC was investigated using a zebrafish model
and the results are summarized in Figure 3. The survival rate of zebrafish exposed to AAPH was
significantly reduced but remarkably increased through the EMC treatment in a dose-dependent
manner (Figure 3A). In addition, EMC effectively improved the heat beating disorder caused by AAPH
(Figure 3B). Further results indicated that EMC remarkably suppressed ROS generation (Figure 3C),
cell death (Figure 3D), and lipid peroxidation (Figure 3E) in AAPH-stimulated zebrafish. All effects were
dose-dependent. These results indicated that EMC possesses potent in vitro and in vivo antioxidant
activities, and suggest the anti-aging potential of EMC. 
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Figure 2. EMC suppresses 2,2-azobis(2-amidinopropane) hydrochloride (AAPH)-induced oxidative
damage in vitro in Vero cells. (A) Intracellular ROS scavenging effect of EMC in AAPH-stimulated
Vero cells; (B) protective effect of ECM against AAPH-induced cell death in Vero cells; (C) protective
effect of EMC against AAPH-induced apoptosis in Vero cells. The intracellular ROS level, cell viability,
and apoptotic body formation were evaluated through DCF-DA, MTT, and Hoechst 33342 staining
assays, respectively. Apoptosis levels were measured using Image J software. The experiments were
conducted in triplicates, and the data are expressed as the mean ± SE. * p < 0.05, ** p < 0.01 as compared
to the AAPH-treated group and ## p < 0.01 as compared to the control group.
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Figure 3. EMC attenuates AAPH-induced oxidative damage in vivo in zebrafish. (A) Survival rate of
zebrafish; (B) heart beating rate of zebrafish; (C) intracellular ROS generation of AAPH-stimulated
zebrafish; (D) cell death of AAPH-stimulated zebrafish; (E) lipid peroxidation of AAPH-stimulated
zebrafish. The relative fluorescence intensities of whole zebrafish body were determined using Image J
software. The experiments were conducted in triplicates, and data are expressed as the mean ± SE.
* p < 0.05, ** p < 0.01 as compared to the AAPH-treated group and ## p < 0.01 as compared to the
control group.

3.3. Anti-Melanogenesis Effect of EMC

Melanin plays an important role in UV-induced photodamage of the skin. It is also the key
pigment that contributes to the color of skin, eyes, and hair in humans [27]. However, overproduction
of melanin could cause pigment disorders such as freckles and moles [43,44]. Melanogenesis is a
physiological process that involves many melanocyte-related enzymes. Tyrosinase is the rate-limiting
enzyme involves melanin biosynthesis. Thus, a compound that effective inhibits the activity or the
amount of tyrosinase may have the potential in anti-melanogenesis.

In the present study, the inhibitory effect of EMC on mushroom tyrosinase was determined.
As Figure 4A shows, EMC inhibited 17.87, 20.88, and 26.31% of tyrosinase at the concentration of 25,
50, and 100 µg/mL, respectively. This indicated that EMC could inhibit tyrosinase in a dose-dependent
manner and suggest the potential of EMC for anti-melanogenesis. Further results indicated that EMC not
only reduced the melanin content, but also suppressed the intracellular tyrosinase activity (Figure 4B,C).
Both effects were dose-dependent. These results demonstrate that EMC has an anti-melanogenesis
effect and may be a potential ingredient to prepare cosmetics for skin whitening in the cosmetic industry.
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Figure 4. EMC inhibits mushroom tyrosinase and melanogenesis in α-MSH-stimulated B16F10 cells.
(A) Inhibitory effect of EMC on mushroom tyrosinase; (B) inhibitory effect of EMC onα-MSH-stimulated
melanin synthesis in B16F10 cells; (C) relative intracellular tyrosinase activity of α-MSH-stimulated
B16F10 cells. The experiments were conducted in triplicates, and data are expressed as the mean ± SE.
* p < 0.05, ** p < 0.01 as compared to the α-MSH -treated group and ## p < 0.01 as compared to the
control group.

3.4. Protective Effect of EMC Against UVB-Induced Photodamage

Skin is the largest organ in humans. It covers the surface of the body and is directly exposed
to environmental factors such as UV irradiation, chemicals, and environmental pollution. Of these
environmental factors, UV irradiation is thought to be the primary factor causing skin damage.
Overexposure to UV leads to sunburn, erythema, wrinkling, hyperpigmentation, and skin cancer [34,35].
UVB, a subtype of UV, is thought to cause more stress to the skin than other subtypes of UV. Previous
reports suggested that UVB causes both epidermic and dermic damage by stimulating intracellular
ROS generation [15,28]. The above data indicated that EMC possesses potent ROS scavenging effect
and suggests the photoprotective potential of EMC. In order to investigate the photoprotective effect of
EMC, the effect of EMC on UVB-induced damage was evaluated in vitro in HaCaT cells and HDF cells,
as well as in vivo in zebrafish.

The intracellular ROS level of UVB-irradiated HaCaT cells was significantly increased compared
to that in non-irradiated cells (Figure 5A). Intracellular ROS levels were decreased in EMC-treated
cells (Figure 5A). In addition, the viability of HaCaT cells was significantly decreased through UVB
irradiation while, the viability of cells was remarkably increased through the EMC treatment in a
dose-dependent manner (Figure 5B). Furthermore, EMC significantly reduced the apoptotic body
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formation induced by UVB irradiation (Figure 5C). These results indicated that EMC effectively
suppressed epidermic damage caused by UVB irradiation through ROS scavenging.
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Figure 5. EMC protects HaCaT cells against UVB-induced photodamage. (A) Intracellular ROS
scavenging effect of EMC in UVB-irradiated HaCaT cells; (B) protective effect of ECM against
UVB-induced cell death; (C) protective effect of EMC against UVB-induced apoptosis. The intracellular
ROS level, cell viability, and apoptotic body formation was evaluated by with the DCF-DA, MTT, and
Hoechst 33342 staining assays, respectively. Apoptosis levels were measured using Image J software.
The experiments were conducted in triplicates, and the data are expressed as the mean ± SE. * p < 0.05,
** p < 0.01 as compared to the UVB-irradiated group and ## p < 0.01 as compared to the control group.

Elastase and collagenase are two proteases that degrade elastin and collagen, which are two
important structural and functional proteins in the skin [28]. Degradation of collagen and elastin leads
to skin thickness and loss of elasticity, which are the major characteristics of wrinkling in aged skin.
Thus, an elastase or collagenase inhibitor may be a potential candidate to decrease skin wrinkling.
As shown in Figure 6A,B, EMC inhibited 11.44, 18.05, and 25.51% of elastase and 7.79, 29.25, and
36.79% of collagenase at concentration of 25, 50, and 100 µg/mL, respectively. These results displayed
that EMC has the inhibitory effects on elastase and collagenase, and may be a potential anti-wrinkle
agent. Therefore, the protective effect of EMC on UVB-induced dermic damage was investigated in
further studies. As shown in Figure 6C, EMC significantly decreased the intracellular ROS levels in
UVB-irradiated HDF cells. In addition, the viability of UVB-irradiated HDF cells was increased with
EMC treatment (Figure 6D). Both effects were dose-dependent. This indicated that EMC protected
HDF cells against UVB-induced dermic damage. Furthermore, the collagen synthesis level and MMPs
expression levels of UVB-irradiated HDF cells were measured. As shown in Figure 7A, the collagen
synthesis level of UVB-irradiated HDF cells was significantly decreased; however, it remarkably
increased in EMC-treated cells. In addition, the MMPs expression levels in UVB-irradiated HDF
cells were significantly increased especially MMP-1 and MMP-2 (Figure 7B–F). However, the MMPs
expression levels in UVB-irradiated HDF cells were effectively and dose-dependently reduced through
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the EMC treatment (Figure 7B–F). These results demonstrated that EMC protects against UVB-induced
degradation of collagen, as well as inhibits the expression of MMPs.

The in vivo photoprotective effect of EMC was investigated in a zebrafish model. As shown in
Figure 8, UVB irradiation significantly induced intracellular ROS generation, cell death, NO production,
and lipid peroxidation. However, EMC remarkably reduced intracellular ROS level (Figure 8A),
decreased the cell death level (Figure 8B), suppressed NO production (Figure 8C), and attenuated
lipid peroxidation (Figure 8D) in UVB-irradiated zebrafish. All the effects were dose-dependent.
Collectively, these results indicate that EMC has strong photoprotective effect in vitro in both human
epidermic and dermic cells, and in vivo in zebrafish model.

In summary, the above results demonstrated that EMC possesses antioxidant, anti-melanogenesis,
and photoprotective effects. It may be a potential candidate for skincare products in the
cosmeceutical industry.Antioxidants 2020, 9, x 11 of 15 
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Figure 6. EMC inhibits wrinkle-related enzymes and protects human dermal fibroblasts (HDF) cells
against UVB-induced damage. (A) Inhibitory effect of EMC on elastase; (B) inhibitory effect of EMC
on collagenase; (C) intracellular ROS scavenging effect of EMC in UVB-irradiated HDF cells; (D)
protective effect of EMC on UVB-induced cell death in HDF cells. The intracellular ROS level and cell
viability of UVB-irradiated HDF cells were evaluated by DCF-DA assay and MTT assay, respectively.
The experiments were conducted in triplicates, and data are expressed as the mean ± SE. * p < 0.05 as
compared to the UVB-irradiated group and ## p < 0.01 as compared to the control group.
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Figure 7. EMC improves collagen content and inhibits the expression of MMPs in UVB-irradiated
HDF cells. (A) Collagen contents in UVB-irradiated HDF cells; (B) MMP-1 expression levels; (C)
MMP-2 expression levels; (D) MMP-8 expression levels; (E) MMP-9 expression levels; (F) MMP-13
expression levels. The amounts of collagen and MMPs were assessed using the ELISA kits following
manufacturer’s instructions. The experiments were conducted in triplicates, and data are expressed
as the mean ± SE. * p < 0.05, ** p < 0.01 as compared to the UVB-irradiated group and ## p < 0.01 as
compared to the control group.
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Figure 8. EMC protects zebrafish against UVB-induced damage. (A) ROS generation of UVB-irradiated
zebrafish; (B) cell death; (C) NO production; and (D) lipid peroxidation. The relative fluorescence
intensities of whole zebrafish body were determined using Image J software. The experiments were
conducted in triplicates, and data are expressed as the mean ± SE. * p < 0.05, ** p < 0.01 as compared to
the UVB-irradiated group and ## p < 0.01 as compared to the control group.
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4. Conclusions

In the present study, the sulfated polysaccharides from E. maxima (EMC) were prepared through
enzyme-assisted extraction and the cosmeceutical effects of EMC were evaluated using both in vitro
and in vivo models. The results suggested that EMC has the potential to suppress oxidative stress,
reduce melanogenesis, and inhibit photodamage. The present study suggests that EMC may be used
as a cosmetic or a therapeutic agent to prevent or treat skin aging. However, to develop EMC as a
therapeutic or cosmetic agent, a clinical study is vital in further research.

Author Contributions: L.W. and Y.-J.J. designed this study and wrote the manuscript. L.W., H.-W.Y. and T.U.J.
performed the experiments. L.W. and H.-G.L. analyzed the data. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was financially supported by a grant from the Marine Biotechnology program (20170488)
funded by the Ministry of Oceans and Fisheries, Korea.

Conflicts of Interest: The authors declare to possess no competing interests.

References

1. Zhu, X.; Jiang, M.; Song, E.; Jiang, X.; Song, Y. Selenium deficiency sensitizes the skin for UVB-induced
oxidative damage and inflammation which involved the activation of p38 MAPK signaling. Food Chem.
Toxicol. 2015, 75, 139–145. [CrossRef] [PubMed]

2. Mussard, E.; Jousselin, S.; Cesaro, A.; Legrain, B.; Lespessailles, E.; Esteve, E.; Berteina-Raboin, S.; Toumi, H.
Andrographis paniculata and Its Bioactive Diterpenoids Protect Dermal Fibroblasts against Inflammation
and Oxidative Stress. Antioxidants 2020, 9, 432. [CrossRef] [PubMed]

3. Xiao, J.; Liu, B.; Yongliang, Z. Effects of rambutan (Nephelium lappaceum) peel phenolics and
Leu-Ser-Gly-Tyr-Gly-Pro on hairless mice skin photoaging induced by ultraviolet irradiation. Food Chem.
Toxicol. 2019, 129, 30–37. [CrossRef] [PubMed]

4. Taofiq, O.; Rodrigues, F.; Barros, L.; Barreiro, M.F.; Ferreira, I.C.F.R.; Oliveira, M.B.P.P. Mushroom ethanolic
extracts as cosmeceuticals ingredients: Safety and ex vivo skin permeation studies. Food Chem. Toxicol. 2019,
127, 228–236. [CrossRef]

5. Won, Y.-S.; Seo, K.-I. Sanggenol L promotes apoptotic cell death in melanoma skin cancer cells through
activation of caspase cascades and apoptosis-inducing factor. Food Chem. Toxicol. 2020, 138, 111221.
[CrossRef]

6. Boo, Y.C. Human Skin Lightening Efficacy of Resveratrol and Its Analogs: From in Vitro Studies to Cosmetic
Applications. Antioxidants 2019, 8, 332. [CrossRef]

7. Honigman, R.; Castle, D.J. Aging and cosmetic enhancement. Clin. Interv. Aging 2006, 1, 115–119. [CrossRef]
8. Del Olmo, A.; Picon, A.; Nuñez, M. Preservation of five edible seaweeds by high pressure processing: Effect

on microbiota, shelf life, colour, texture and antioxidant capacity. Algal Res. 2020, 49, 101938. [CrossRef]
9. Zhang, C.; Zhang, L.; Gao, J.; Zhang, S.; Liu, Q.; Duan, P.; Hu, X. Evolution of the functional groups/structures

of biochar and heteroatoms during the pyrolysis of seaweed. Algal Res. 2020, 48, 101900. [CrossRef]
10. Naseri, A.; Marinho, G.S.; Holdt, S.L.; Bartela, J.M.; Jacobsen, C. Enzyme-Assisted extraction and

characterization of protein from red seaweed Palmaria palmata. Algal Res. 2020, 47, 101849. [CrossRef]
11. Vilar, E.G.; O’Sullivan, M.G.; Kerry, J.P.; Kilcawley, K. Volatile compounds of six species of edible seaweed:

A review. Algal Res. 2020, 45, 101740. [CrossRef]
12. Tanna, B.; Choudhary, B.; Mishra, A. Metabolite profiling, antioxidant, scavenging and anti-proliferative

activities of selected tropical green seaweeds reveal the nutraceutical potential of Caulerpa spp. Algal Res.
2018, 36, 96–105. [CrossRef]

13. Wang, L.; Oh, J.Y.; Kim, H.S.; Lee, W.; Cui, Y.; Lee, H.G.; Kim, Y.-T.; Jeon, Y.-J.; Ko, J.Y. Protective effect of
polysaccharides from Celluclast-assisted extract of Hizikia fusiforme against hydrogen peroxide-induced
oxidative stress in vitro in Vero cells and in vivo in zebrafish. Int. J. Biol. Macromol. 2018, 112, 483–489.
[CrossRef]

14. Wang, L.; Oh, J.Y.; Je, J.G.; Jayawardena, T.U.; Kim, Y.-S.; Fu, X.; Jeon, Y.-J. Protective effects of sulfated
polysaccharides isolated from the enzymatic digest of Codium fragile against hydrogen peroxide-induced
oxidative stress in in vitro and in vivo models. Algal Res. 2020, 48, 101891. [CrossRef]

http://dx.doi.org/10.1016/j.fct.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25460360
http://dx.doi.org/10.3390/antiox9050432
http://www.ncbi.nlm.nih.gov/pubmed/32429312
http://dx.doi.org/10.1016/j.fct.2019.04.020
http://www.ncbi.nlm.nih.gov/pubmed/31009737
http://dx.doi.org/10.1016/j.fct.2019.03.045
http://dx.doi.org/10.1016/j.fct.2020.111221
http://dx.doi.org/10.3390/antiox8090332
http://dx.doi.org/10.2147/ciia.2006.1.2.115
http://dx.doi.org/10.1016/j.algal.2020.101938
http://dx.doi.org/10.1016/j.algal.2020.101900
http://dx.doi.org/10.1016/j.algal.2020.101849
http://dx.doi.org/10.1016/j.algal.2019.101740
http://dx.doi.org/10.1016/j.algal.2018.10.019
http://dx.doi.org/10.1016/j.ijbiomac.2018.01.212
http://dx.doi.org/10.1016/j.algal.2020.101891


Antioxidants 2020, 9, 724 14 of 15

15. Wang, L.; Oh, J.Y.; Yang, H.-W.; Kim, H.S.; Jeon, Y.-J. Protective effect of sulfated polysaccharides from a
Celluclast-assisted extract of Hizikia fusiforme against ultraviolet B-Induced photoaging in vitro in human
keratinocytes and in vivo in zebrafish. Mar. Life Sci. Technol. 2019, 1, 104–111. [CrossRef]

16. Dimitrova-Shumkovska, J.; Krstanoski, L.; Veenman, L. Potential Beneficial Actions of Fucoidan in Brain and
Liver Injury, Disease, and Intoxication-Potential Implication of Sirtuins. Mar. Drugs 2020, 18, 242. [CrossRef]

17. Saraswati; Giriwono, P.E.; Iskandriati, D.; Tan, C.P.; Andarwulan, N. Sargassum Seaweed as a Source of
Anti-Inflammatory Substances and the Potential Insight of the Tropical Species: A Review. Mar. Drugs 2019,
17, 590. [CrossRef]

18. Riccio, G.; Lauritano, C. Microalgae with Immunomodulatory Activities. Mar. Drugs 2019, 18, 2. [CrossRef]
19. Marques, M.L.M.; Presa, F.B.; Viana, R.L.S.; Costa, M.S.S.P.; Amorim, M.O.R.; Bellan, D.L.; Alves, M.G.C.F.;

Costa, L.S.; Trindade, E.S.; Rocha, H.A. Anti-Thrombin, Anti-Adhesive, Anti-Migratory, and Anti-Proliferative
Activities of Sulfated Galactans from the Tropical Green Seaweed, Udotea flabellum. Mar. Drugs 2018, 17, 5.
[CrossRef]

20. Adrien, A.; Bonnet, A.; Dufour, D.; Baudouin, S.; Maugard, T.; Bridiau, N. Anticoagulant Activity of Sulfated
Ulvan Isolated from the Green Macroalga Ulva rigida. Mar. Drugs 2019, 17, 291. [CrossRef]

21. Jun, J.-Y.; Jung, M.-J.; Jeong, I.-H.; Yamazaki, K.; Kawai, Y.; Kim, B.-M. Antimicrobial and Antibiofilm
Activities of Sulfated Polysaccharides from Marine Algae against Dental Plaque Bacteria. Mar. Drugs 2018,
16, 301. [CrossRef] [PubMed]

22. Dörschmann, P.; Bittkau, K.S.; Neupane, S.; Roider, J.; Alban, S.; Klettner, A. Effects of Fucoidans from Five
Different Brown Algae on Oxidative Stress and VEGF Interference in Ocular Cells. Mar. Drugs 2019, 17, 258.
[CrossRef] [PubMed]

23. Daub, C.D.; Mabate, B.; Malgas, S.; Pletschke, B.I. Fucoidan from Ecklonia maxima is a powerful inhibitor of
the diabetes-related enzyme, α-glucosidase. Int. J. Biol. Macromol. 2020, 151, 412–420. [CrossRef] [PubMed]

24. Olasehinde, T.A.; Mabinya, L.V.; Olaniran, A.O.; Okoh, A.I. Chemical characterization, antioxidant properties,
cholinesterase inhibitory and anti-amyloidogenic activities of sulfated polysaccharides from some seaweeds.
Bioact. Carbohydr. Diet. Fibre 2019, 18, 100182. [CrossRef]

25. Cunniff, P. Official methods of analysis of the Association of Official Analytical Chemists International.
Arlington. AOAC Int. 1995, 11, 6–7.

26. Jayawardena, T.; Wang, L.; Sanjeewa, K.K.A.; Kang, S.I.; Lee, J.-S.; Jeon, Y.-J. Antioxidant Potential of Sulfated
Polysaccharides from Padina boryana; Protective Effect against Oxidative Stress in In Vitro and In Vivo
Zebrafish Model. Mar. Drugs 2020, 18, 212. [CrossRef]

27. Wang, L.; Cui, Y.R.; Yang, H.-W.; Lee, H.G.; Ko, J.-Y.; Jeon, Y.-J. A mixture of seaweed extracts and
glycosaminoglycans from sea squirts inhibits α-MSH-Induced melanogenesis in B16F10 melanoma cells.
Fish. Aquat. Sci. 2019, 22, 11. [CrossRef]

28. Wang, L.; Lee, W.W.; Oh, J.-Y.; Cui, Y.R.; Ryu, B.; Jeon, Y.-J. Protective Effect of Sulfated Polysaccharides from
Celluclast-Assisted Extract of Hizikia fusiforme Against Ultraviolet B-Induced Skin Damage by Regulating
NF-κB, AP-1, and MAPKs Signaling Pathways In Vitro in Human Dermal Fibroblasts. Mar. Drugs 2018, 16, 239.
[CrossRef]

29. Dong, H.; Zheng, L.; Yu, P.; Jiang, Q.; Wu, Y.; Huang, C.; Yin, B. Characterization and Application of
Lignin–Carbohydrate Complexes from Lignocellulosic Materials as Antioxidants for Scavenging In Vitro
and In Vivo Reactive Oxygen Species. ACS Sustain. Chem. Eng. 2019, 8, 256–266. [CrossRef]

30. Gu, J.; Pei, W.; Tang, S.; Yan, F.; Peng, Z.; Huang, C.; Yang, J.; Yong, Q. Procuring biologically active
galactomannans from spent coffee ground (SCG) by autohydrolysis and enzymatic hydrolysis. Int. J. Biol.
Macromol. 2020, 149, 572–580. [CrossRef]

31. Wang, L.; Jo, M.-J.; Katagiri, R.; Harata, K.; Ohta, M.; Ogawa, A.; Kamegai, M.; Ishida, Y.; Tanoue, S.;
Kimura, S.; et al. Antioxidant effects of citrus pomace extracts processed by super-heated steam. LWT 2018,
90, 331–338. [CrossRef]

32. Kim, S.C.; Kim, E.-A.; Kim, Y.-S.; Yu, S.-K.; Choi, C.; Lee, J.-S.; Kim, Y.-T.; Nah, J.-W.; Jeon, Y.-J. Protective
effects of polysaccharides from Psidium guajava leaves against oxidative stresses. Int. J. Biol. Macromol. 2016,
91, 804–811. [CrossRef] [PubMed]

33. Heo, S.-J.; Ko, S.-C.; Kang, S.-M.; Cha, S.-H.; Lee, S.-H.; Kang, -H.; Jung, W.-K.; Affan, A.; Oh, C.; Jeon, Y.-J.
Inhibitory effect of diphlorethohydroxycarmalol on melanogenesis and its protective effect against UV-B
radiation-induced cell damage. Food Chem. Toxicol. 2010, 48, 1355–1361. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s42995-019-00006-1
http://dx.doi.org/10.3390/md18050242
http://dx.doi.org/10.3390/md17100590
http://dx.doi.org/10.3390/md18010002
http://dx.doi.org/10.3390/md17010005
http://dx.doi.org/10.3390/md17050291
http://dx.doi.org/10.3390/md16090301
http://www.ncbi.nlm.nih.gov/pubmed/30150576
http://dx.doi.org/10.3390/md17050258
http://www.ncbi.nlm.nih.gov/pubmed/31052228
http://dx.doi.org/10.1016/j.ijbiomac.2020.02.161
http://www.ncbi.nlm.nih.gov/pubmed/32070744
http://dx.doi.org/10.1016/j.bcdf.2019.100182
http://dx.doi.org/10.3390/md18040212
http://dx.doi.org/10.1186/s41240-019-0126-3
http://dx.doi.org/10.3390/md16070239
http://dx.doi.org/10.1021/acssuschemeng.9b05290
http://dx.doi.org/10.1016/j.ijbiomac.2020.01.281
http://dx.doi.org/10.1016/j.lwt.2017.12.024
http://dx.doi.org/10.1016/j.ijbiomac.2016.05.111
http://www.ncbi.nlm.nih.gov/pubmed/27296444
http://dx.doi.org/10.1016/j.fct.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20211676


Antioxidants 2020, 9, 724 15 of 15

34. Wang, L.; Ryu, B.; Kim, W.-S.; Kim, G.H.; Jeon, Y.-J. Protective effect of gallic acid derivatives from the
freshwater green alga Spirogyra sp. against ultraviolet B-Induced apoptosis through reactive oxygen species
clearance in human keratinocytes and zebrafish. Algae 2017, 32, 379–388. [CrossRef]

35. Wang, L.; Kim, H.S.; Oh, J.Y.; Je, J.G.; Jeon, Y.-J.; Ryu, B. Protective effect of diphlorethohydroxycarmalol
isolated from Ishige okamurae against UVB-induced damage in vitro in human dermal fibroblasts and
in vivo in zebrafish. Food Chem. Toxicol. 2020, 136, 110963. [CrossRef]

36. Wang, L.; Kim, H.-S.; Je, J.-G.; Oh, J.-Y.; Kim, Y.-S.; Cha, S.-H.; Jeon, Y.-J. Protective Effect of
Diphlorethohydroxycarmalol Isolated from Ishige okamurae Against Particulate Matter-Induced Skin
Damage by Regulation of NF-κB, AP-1, and MAPKs Signaling Pathways In Vitro in Human Dermal
Fibroblasts. Molecules 2020, 25, 1055. [CrossRef]

37. Anderson, R.J.; Rand, A.; Rothman, M.D.; Share, A.; Bolton, J. Mapping and quantifying the South African
kelp resource. Afr. J. Mar. Sci. 2007, 29, 369–378. [CrossRef]

38. Rengasamy, K.R.R.; Kulkarni, M.G.; Stirk, W.A.; Van Staden, J. Eckol-A new plant growth stimulant from the
brown seaweed Ecklonia maxima. Environ. Biol. Fishes 2014, 27, 581–587. [CrossRef]

39. Rengasamy, K.R.; Aderogba, M.A.; Amoo, S.O.; Stirk, W.A.; Van Staden, J. Potential antiradical and
alpha-glucosidase inhibitors from Ecklonia maxima (Osbeck) Papenfuss. Food Chem. 2013, 141, 1412–1415.
[CrossRef]
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