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Asterias pectinifera, a species of starfish and cause of concern in the aquaculture industry, was
recently identified as a source of non-toxic and highly water-soluble collagen peptides. In this study,
we investigated the antioxidant and anti-photoaging functions of compounds formulated using
collagen peptides from extracts of Asterias pectinifera and Halocynthia roretzi (AH). Our results
showed that AH compounds have various skin protective functions, including antioxidant effects,
determined by measuring the scavenging activity of 2,2-diphenyl-1-picrylhydrazyl radicals, as well
as anti-melanogenic effects, determined by measuring tyrosinase inhibition activity. To determine
whether ethosome-encapsulated AH compounds (E(AH)) exert ultraviolet (UV)-protective effects,
human dermal fibroblasts or keratinocytes were incubated with E(AH) before and after exposure to
UVA or UVB. E(AH) treatment led to inhibition of photoaging-induced secretion of matrix
metalloproteinase-1 and interleukin-6 and -8, which are associated with inflammatory responses
during UV irradiation. Finally, the antibacterial effects of AH and E(AH) were confirmed against both
gram-negative and gram-positive bacteria. Our results indicate that E(AH) has the potential for use
in the development of cosmetics with a range of skin protective functions.

Keywords: Asterias pectinifera-derived collagen peptides mixed with Halocynthia roretzi extracts (AH),
Ethosome-encapsulated AH (E(AH)), antioxidant, anti-photoaging, anti-inflammatory, antibacterial

Introduction

Asterias pectinifera is a starfish species known for its tenacious vitality. It is considered a harmful species as it is
capable of consuming various marine organisms, including fish and seaweed, resulting in ecosystem destruction.
Furthermore, Asterias pectinifera has rapidly increased in number over the last 10 years, thereby contributing to a
species diversity collapse in the marine environment. Despite these concerns, several reports have suggested that
components derived from these starfish have anti-cancer, antioxidant, anti-inflammatory, neuroprotective,
tyrosinase inhibitory, and anti-aging properties [1-5].

We recently reported the conjugation of starfish-derived collagens with a liposome drug delivery system, and
Asterias pectinifera-derived collagen peptides-encapsulating nanoliposomes showed a high skin absorption rate
[6]. Therefore, it is highly likely that Asterias pectinifera-derived collagen has the potential to be developed as a
cosmetic and pharmaceutical product. Along with extracts of Asterias pectinifera, those of sea squirt Halocynthia
roretzi have also been reported as having broad-spectrum bioactivities, including antioxidant, anti-diabetic, anti-
cancer, anti-inflammatory, and anti-microbial effects [7-14]. However, the effects of Halocynthia roretzi extracts
on skin aging remain to be determined.

Skin aging is caused by both intrinsic chronological aging and extrinsic factors which may be induced by
environmental stresses such as smoking and ultraviolet (UV) radiation; UV-induced skin aging is also referred to
as photoaging [15-18]. UV can be categorized into UVA, which emits radiation at 320-400 nm, UVB, at 280-320
nm, and UVC, at 100-280 nm [19]. UVA can interpenetrate the human dermal layer of the skin tissue, while UVB
can interpenetrate the epidermal layer. Exposure to UV promotes the breakdown of collagen in the skin and
disrupts the extracellular matrix (ECM) structure, leading to skin wrinkling. Therefore, skin photoaging can be
characterized by decreased collagen and increased matrix metalloproteinase (MMP) expression levels, which can
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catalyze the ECM as a proteinase, together with increased inflammatory cytokine and chemokine secretion levels
[20].

In this study, we prepared ethosome-encapsulated, Asterias pectinifera-derived collagen peptides mixed with
Halocynthia roretzi extracts (E(AH)) and investigated their antioxidant, anti-inflammatory, and anti-photoaging
effects using a human primary skin cell model. Additionally, we evaluated the antibacterial effects of Halocynthia
roretzi extracts, AH compounds, and E(AH) against Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa, some of which are common pathogens known to cause skin infection.

Materials and Methods

Preparation of Asterias pectinifera-Derived Collagen Peptides Mixed with Halocynthia roretzi Extracts (AH)

The extraction of collagen peptides from Asterias pectinifera was described in our previous work [6]. Asterias
pectinifera was briefly washed with ethanol (Duksan Co., Korea) and distilled water. Next, it was incubated in a
12.5% KOH solution to remove non-collagen substances overnight, and the supernatant containing non-collagen
substances was removed to collect the bone fragments of Asterias pectinifera. Collected bone fragments were then
placed in 0.25% tartaric acid (Duksan Co.) to purify the collagen that was attached to the bone fragments.
Furthermore, the bone fragments were sonicated at 38 kHz for 1 h to extract the collagen at 4°C by using an
HD4400 Ultrasonicator (Bandelin, Germany). Sonicated and extracted collagens were treated with 0.1% protease
to break down collagens into peptides and centrifuged at 4,000 x g for 30 min at 4°C to collect a pure collagen
solution. Subsequently, the solution was frozen at -80°C and freeze-dried for conversion into a Asterias pectinifera-
derived collagen peptide powder.

Halocynthia roretzi extracts were prepared as previously described, with minor modifications [14]. In
summary, Halocynthia roretzi extracts were washed with ethanol and distilled water, and the hemolymph was
collected. The hemolymph was then incubated with 25 mg ethylenediaminetetraacetic acid (EDTA) powder
(Duksan) and centrifuged at 4,000 xg for 30 min at 4°C. The pellet was resuspended in 10 ml 5% acetic acid
(Duksan) and sonicated at 25 kHz for 15 s. Next, 40 ml of 5% acetic acid was added to the sonicated solution and
stirred overnight at 4°C. Subsequently, the solution was centrifuged to collect the supernatant, followed by gel
filtration using a Sephadex G-50 column (Sigma-Aldrich, USA).

Preparation of Ethosome-Encapsulated AH (E(AH))

E(AH) compounds were generated using the thin-film hydration method. L-a-Phosphatidylcholine (Sigma-
Aldrich), TEGO Care CG 90 surfactant (Evonik Industries AG, Germany), and AH compounds were added to
20 ml ethanol (Duksan Co.). We used a rotary evaporator (RE100-Pro, DLAB, China) to completely remove
ethanol and form a lipid membrane on the flask wall. The lipid membrane was hydrated in 20 mL 5% ethanol and
used as an elastic ethosome. After homogenization to produce a particle with a consistent size using a
microfluidizer (M110EH, Microfluidics, USA), the unloaded components were removed using a 0.45 pM syringe
filter (Advantec, Japan) and ethosomes were stirred overnight at 4°C for stabilization.

1,1 Diphenyl-2 Picrylhydrazyl (DPPH) Assay

For the DPPH assay, 0.1 mM DPPH (Henan Allgreen Chemical Co., Ltd., China) in methanol was prepared.
The DPPH solution (800 ul) was mixed with 200 pl of each compound. The mixture was shaken by pipetting and
incubated at 23°C for 30 min. The absorbance at 517 nm was measured using an Epoch2 microplate spectrophotometer
(BioTek, USA). Ascorbic acid (AA) (Duksan) was used as a positive control. The data were calculated as [100 —
(sample value/control value)].

Mushroom Tyrosinase Inhibition (MTI) Assay

The tyrosinase solution contained 0.1 M phosphate buffer, 1.5 mM tyrosine (Sigma-Aldrich), and 2,000 U/ml
tyrosinase (Sigma-Aldrich). Twenty microliters of each compound were added to a 96-well plate, and 280 pl
tyrosinase solution was added. The mixture was incubated at 42°C for 15 min and absorbance at 490 nm was
measured using a microplate spectrophotometer. The data were calculated as [100-100 x [(sample in tyrosinase
buffer- sample in buffer)/(blank in tyrosinase buffer-blank in buffer)]].

Cells

Human keratinocytes (HaCaT) and dermal fibroblasts (HDF) were previously described [17]. HaCaT cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Mediatech Inc., USA) supplemented with 10%
fetal bovine serum (FBS) (GenDEPOT, USA), 100 U/ml penicillin, and 100 pg/ml streptomycin (Mediatech Inc.).
HDF cells were cultured in RPMI 1640 medium (Mediatech Inc.) supplemented with 10% FBS, 25 mM HEPES,
100 U/ml penicillin, and 100 pg/ml streptomycin. We cultured the cells at 37°C in a 5% CO, incubator and
cultured them every 3-4 days.

Cell Viability Assay

HaCaT and HDF cells were seeded in 96-well plates. After 24 h, the medium was changed, with or without
E(AH). At 24 and 48 h, the previous medium was discarded and the 3-(4, 5-dimethyl thiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT; Sigma-Aldrich) was added to the cells and incubated at 37°C in a 5% CO,
incubator for 4 h. Dimethyl sulfoxide (DMSO) was added for 30 min, and the absorbance at 570 nm was measured
using a Varioskan LUX multimode microplate reader (Thermo Scientific, USA).
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UV Irradiation

UV irradiation was performed as previously described [17]. Cells were seeded in plates and incubated
overnight. Before UV irradiation, the cells were washed twice with PBS and the medium was replaced. HDF cells
were exposed to UVA (3.0 J/cm”) whereas HaCaT cells were exposed to UVB (0.03 J/cm?). UVA was supplied with
T-8.L 365 nm tubes and UVB was supplied with T-8.M 312 nm tubes using a BioSUN System Illuminator (Vilber
Lourmat, France).

Enzyme-Linked Immunosorbent Assay (ELISA)

MMP-1, IL-6 and IL-8 secretion levels from cell supernatant were measured using ELISA kits (R&D, USA).
ELISA was performed using the manufacturer’s instructions, and absorbance at 450 nm was measured using a
microplate spectrophotometer.

Antibacterial Assay

The antibacterial assay was performed with methicillin-susceptible Staphylococcus aureus (MSSA) (RN6630),
methicillin-resistant Staphylococcus aureus (MRSA) (MW?2), Escherichia coli (ATCC 43889, and ATCC 43890),
and Pseudomonas aeruginosa (PA14) according to the instructions of the Clinical and Laboratory Standards
Institute [21].

For the paper disc diffusion assay, LB agar plates were used for E. coli growth, and TSB agar plates were used for
S. aureus and P, aeruginosa. After inoculation of bacteria, we placed 8 mm filter paper discs, to which 20 ul of the
sample solution was applied, in sterile conditions. Agar plates were incubated at 37°C for 24 h, and then the
diameters of the clear zones around the paper discs were measured.

To evaluate the minimum inhibitory concentration (MIC), bacteria were cultured for 24 h in LB or TSB media
at 37°C. Then, 100 pl of the adjusted bacterial solution was added to each well of a 96-well plate, followed by the
addition of 100 pl of two-fold serial dilutions of the Halocynthia roretzi extracts or AHO5 compounds to the 96-
well plate to obtain concentrations from 1.56 to 100%. The plates were incubated overnight, and the absorbance
was measured at 600 nm to observe the antibacterial activity.

To evaluate the antibacterial effects of the compounds, the colony-forming unit assay was performed. AHO05
compounds or E(AH) were prepared and added to bacterial suspensions. After overnight incubation at 37°C, the
bacterial suspensions were serially diluted and each dilution was plated onto LB or TSB plates. The plates were
incubated overnight, and the number of colonies was counted the next day.

Statistical Analysis
Statistical comparisons between the experimental groups were performed using an unpaired two-tailed
Student’s t-test or one-way ANOVA (GraphPad Prism), and statistical significance was set at p < 0.05.

Results

Antioxidant and Tyrosinase Inhibition Effect of AH Compounds

To investigate the cosmeceutical potential of the AH compounds, we extracted collagen from Asterias
pectinifera and combined it with different ratios of Halocynthia roretzi extracts, as previously published [6]. Five
different composites of Asterias pectinifera-derived collagen peptides relative to the Halocynthia roretzi extracts
were formulated (Table 1). AH50 represents a 0.5 ratio of Asterias pectinifera-derived collagen peptides to
Halocynthia roretzi extracts, whereas AHO1 represents a 0.01 ratio of Asterias pectinifera-derived collagen
peptides to Halocynthia roretzi extracts.

First, we examined the antioxidant activities of the AH compounds and performed an extracellular 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay. As shown in Fig. 1A, 0.2% AH (AHO05, AH10, AH25, and AH50)
showed 85% antioxidant activity, similar to that of ascorbic acid (AA), which was used as a positive control. Along
with the antioxidant effect, we also examined tyrosinase activity using a mushroom tyrosinase inhibition (MTT)
assay. Tyrosinase is known to play an important role in melanin synthesis, or melanogenesis [22]. While
hyperactivation of melanogenesis results in hair, eye, and skin pigmentation, the inhibition of melanin synthesis is
linked with a skin-whitening effect [23, 24]. Therefore, the MTI assay represents the skin-whitening effect by
evaluating tyrosinase activity. As shown in Fig. 1B, the tyrosinase effect of AH compounds was similar to that of
AA, whichisapositive control and a well-known tyrosinase inhibitor [25]. Our results showed that different ratios
of Asterias pectinifera-derived collagen peptides to Halocynthia roretzi extracts did not cause significant
differences in tyrosinase inhibition. Altogether, these data support the antioxidant and skin-whitening effects of
the AH compounds.

Table 1. Formulation of Asterias pectinifera-derived collagen peptide mixed with Halocynthia roretzi extracts
(AH).

Sample Asterias pectinifera-derived Halocynthia roretzi Asterias pectinifera-derived collagen peptide:
name collagen peptide (g) extract (ml) Halocynthia roretzi extract ratio (w/v)
AHO1 0.001 0.1 0.01
AHO05 0.005 0.1 0.05
AHI10 0.01 0.1 0.1
AH25 0.025 0.1 0.25
AHS50 0.05 0.1 0.5
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Fig. 1. Asterias pectinifera-derived collagen peptides mixed with Halocynthia roretzi extracts (AH) show
antioxidant activity and tyrosinase inhibitory effect. (A) To evaluate the extracellular antioxidant level of the AH
extracts, the scavenging activities of DPPH radicals were measured with various concentrations of AH extracts. Ascorbic acid
(AA) was used as a positive control (1 mg/ml). (B) Various concentrations of AH were incubated with the tyrosine and
tyrosinase solution and a mushroom tyrosinase inhibition (MTI) assay was performed. AA was used as a positive control
(0.3 mg/ml). Values are expressed as the mean + SD of three determinations. Statistical analysis: ***p < 0.001 vs. control (Ctl);
##p < 0.01, ###p <0.001 vs. each concentration of AHO1.
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Fig. 2. Ethosome-encapsulated AH (E(AH)) shows antioxidant activity and tyrosinase inhibitory effect. (A)
The scavenging activities of DPPH radicals by E(AH) at various concentrations were measured. Ascorbic acid (AA) was used as
a positive control (0.03 mg/ml). (B) Mushroom tyrosinase inhibition (MTI) assay was performed using E(AH) compounds.
Statistical analysis: ***p < 0.001 vs. Ctl.

Antioxidant and Tyrosinase Inhibitory Effects of E(AH)

To deliver AH compounds more efficiently to skin tissue, we used a conjugated ethosome-based drug delivery
system to generate an ethosome-encapsulated Asterias pectinifera-derived collagen peptides mixture with
Halocynthia roretzi extracts (E(AH)), as previously described [6]. Before examining the diverse effects of E(AH)
in vitro, we wanted to test the antioxidant and tyrosinase inhibitory effects of E(AH). Figs. 2A and 2B indicated
that even at low concentrations E(AH) can still scavenge free radicals and has significant tyrosinase inhibitory
activities similar to those of AA.

Anti-Photoaging Effect of E(AH) Compounds In Vitro

Next, we determined whether E(AH) has an anti-photoaging effect. First, we evaluated the cytotoxicity of the
E(AH) treatment on human dermal cells, as shown in Fig. 3A. HaCaT and HDF cells were treated with various
concentrations of E(AH) for 24 and 48 h, and cell viability was measured using the MTT assay. We observed
decreased cell viability in cells treated with a high concentration of E(AH); however, the 0.094% dose did not show
cytotoxicity in either HaCaT or HDF cells (Fig. 3B). Therefore, for the subsequent experiments, 0.05, 0.1, and 0.2%
E(AH) doses were used. Furthermore, we examined the viability of UV-irradiated cells before and after treatment
with E(AH), as shown in Fig. 3C. HDF cells were irradiated with UVA, whereas HaCaT cells were irradiated with
UVB while epigallocatechin-3-gallate (EGCG), a major component of green tea catechin which has anti-cancer
properties, was used as a positive control 26, 27]. Pre- or post-UV exposure with various concentrations of E(AH)
did not cause a reduction in cell viability, whereas EGCG-treated cells showed a significant reduction in cell
viability compared with the control (Fig. 3D).

MMPs are a family of zinc-binding metalloproteinases that catalyze type L, II, and ITI collagen in the ECM and
contribute to the development of disease pathologies, including arthritis and cancer [28, 29]. Furthermore,
fragmentation of native fibrillar collagen by MMPs, especially MMP-1, induces skin wrinkling and results in skin
senescence. Therefore, MMP-1 can be used as a marker for skin senescence and is classified as a senescence-
associated secretory phenotype [18, 20]. Photoaging was induced by UV irradiation in HaCaT and HDF cells, as
shown by the increased MMP-1 secretion levels (Figs. 4A and 5A). Treatment with 0.1 or 0.2% E(AH) suppressed
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Fig. 3. E(AH) treatment does not cause cytotoxicity in UV-irradiated cultured human epidermal keratinocytes
(HaCaT) and human dermal fibroblasts (HDF). (A) A schematic view of the MTT assay in E(AH)-treated HaCaT and
HDEF cells. (B) HaCaT and HDF cells were treated with various concentrations of E(AH). After incubation, MTT assay was
performed to measure the cell viability of E(AH). All data were indicated as mean + SD of at least three independent
experiments. Statistical analysis: *p < 0.05, **p < 0.01. (C) Schematic views of the MT T assay in UV-irradiated cells before and after
treatment of the E(AH). (D) HaCaT and HDF cells were treated with either a control (Ctl), epigallocatechin gallate (EGCG), or
various concentrations of E(AH) before or after irradiation with UVA (3.0 J/cm®) or UVB (0.03 J/cm®). At 48 h, cell viability was
examined by MTT assay. EGCG was used as a positive control for the following experiments. All data were indicated as mean +
SD of at least three independent experiments. Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctl-treated cells.

UVB-induced MMP-1 secretion to a greater extent than EGCG-treated HaCaT cells (Fig. 4A), whereas E(AH)
treatment led to an anti-photoaging effect after UVA exposure in HDF cells (Fig. 5A).

Along with collagenase secretion levels, photoaging-induced IL-6 and IL-8 production was measured following
E(AH) treatment in UV-exposed cells. As shown in Figs. 4 and 5, IL-6 and IL-8 production were significantly
impaired by E(AH) treatment in HaCaT and HDF cells. Surprisingly, the secretion of MMP-1, IL-6, and IL-8 was
decreased by 10- or 50-fold compared to that in the control cells in 0.2% E(AH)-treated cells. Collectively, these
data indicate that E(AH) alleviates UV-induced photoaging and has anti-inflammatory functions.
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Fig. 4. E(AH) treatment in human epidermal keratinocytes (HaCaT) inhibits the secretion of photoaging-
induced matrix metalloproteinase-1 (MMP-1) and cytokines. HaCaT cells were treated with a Ctl, EGCG, or various
concentrations of E(AH) before or after irradiation with UVB (0.03 J/cm®). After 48 h, (A) MMP-1, (B) IL-6, and (C) IL-8
secretion levels in the supernatant were measured by ELISA assay. All data were indicated as mean + SD of at least three
independent experiments. Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctl-treated cells.
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Fig. 5. E(AH) treatment in human dermal fibroblasts (HDF) leads to inhibition of photoaging-induced
secretion of MMP-1 and cytokines. HDF cells were treated with a Ctl, EGCG, or various concentrations of E(AH) before
or after irradiation with UVA (3.0 J/cm®). After 48 h, (A) MMP-1, (B) IL-6,and (C) IL-8 secretion levels in the supernatant were
measured by ELISA assay. All data were indicated as mean + SD of at least three independent experiments. Statistical analysis:
*p <0.05,**p <0.01,***p < 0.001 vs. Ctl-treated cells.
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Fig. 6. AH and E(AH) show antibacterial activities against multiple bacterial strains. (A) For paper disc diffusion
assay S. aureus, E. coli, and P. aeruginosa were cultured overnight. Filter paper discs (8 mm) were soaked in Halocynthia roretzi
extracts and placed on the plate and incubated at 37°C for 24 h. Then, the diameter of the clear zone was measured. (B) A paper
disc diffusion assay was performed to examine the antibacterial effect of AH compounds against S. aureus, E. coli, and
P. aeruginosa. (C) Bacteria in the exponential growth phase were inoculated in Halocynthia roretzi extracts or AH compound-
containing media broth. After overnight incubation, absorbance at 600 nm was measured. (D) AH05 compound or E(AH)
were added to bacterial suspensions of S. aureus, E. coli, and P. aeruginosa. Next day, bacterial suspensions were serially diluted
and plated onto the LB or TSB plate to measure the colony-forming units. All data were indicated as mean + SD of at least three
independent experiments.

Antibacterial Activities of E(AH)

Next, we explored whether AH and E(AH) components would have any antibacterial activity. Gram-negative
bacteria, including E. coli, are easily spread and may cause food poisoning, and P. aeruginosa are typically classified
as a hospital-acquired infectious pathogen [30]. Furthermore, antibiotic-resistant bacteria, such as methicillin-
susceptible S. aureus (MSSA) and methicillin-resistant S. aureus (MRSA), threaten public health despite antibiotic
development [31].

First, we confirmed the antibacterial effect of the Halocynthia roretzi extracts using a paper disc diffusion assay
(Fig. 6A). Next, we measured the bacterial growth inhibitory effect of AH compounds against MSSA, MRSA,
E. coli, and P. aeruginosa. As shown in Fig. 6B, AH compounds had an antibacterial effect against these bacteria
regardless of the amount of Asterias pectinifera-derived collagen peptides. To determine the specific
concentration of these compounds that delayed or inhibited bacterial growth, we measured the minimum
inhibitory concentration (MIC). As shown in Fig. 6C, Halocynthia roretzi extracts and AHO5 were able to inhibit
the growth of all the bacteria that we tested, with the lowest MIC of 1.56% in our study. Together with these
compounds, E(AH) also showed 99.9% antibacterial activities in the colony-forming unit assay (Fig. 6D).

Discussion

In this study, we investigated the cosmetic potential of collagen peptides extracted from starfish species mixed
with sea squirt extracts. Asterias pectinifera is widely distributed in Korea and eastern Russia, and along the
coastlines of Japan and China. Despite being considered a critical marine pest because of the damage it inflicts on
aquaculture fisheries, it is a potential source of numerous bioactive materials, including steroids, saponins,
steroidal glycosides, anthraquinones, alkaloids, phospholipids, and peptides, which are involved in diverse
biological activities. Here, we report the multi-functional effects of ECAH) on the skin, including the antioxidant,
anti-aging, and antibacterial effects, which may make it useful as a pharmaceutical material.

Halocynthia roretzis is considered to have multifunctional biological properties. For example, the vanadium-
binding protein and fatty acid extracts from Halocynthia roretzi have an anti-diabetic effect by inhibiting
adipogenesis [8, 9] and lipopolysaccharide-induced inflammatory responses by targeting nuclear factor kappa B
and mitogen-activated protein kinase (MAPK) signaling pathways [10, 32]. In addition, Halocynthia roretzi
hydrolysates induce apoptosis in cancer cells and exert anti-cancer and antioxidant effects [11, 33]. Furthermore,
Plitidepsin (Aplidin) is a drug compound that originated from the Mediterranean sea squirt Aplidium albicans
and its anti-cancer effects have been proven by several studies [7, 34-36]. Plitidepsin can induce apoptosis in
various human cancer cells by targeting the MAPK and epidermal growth factor receptor signaling pathways [7].
Moreover, considering that Plitidepsin shows high antiviral activity against SARS-CoV-2 compared to
Remdesivir [13], there may be further reason to investigate the potential of Halocynthia roretzi extracts as new
antiviral and antibacterial therapeutics.

The body walls of starfish consist of tissues and muscles that are mainly connected by collagens [37-39].
Collagen is a major structural protein that makes skin tissue more resilient and strong, and together with elastin, is
widely used in various bio industries such as tissue regeneration. Therefore, efforts have been made to extract
collagen from different animals, such as pigs, fish, and cattle, for use as a cosmetic material. However, among
collagens from different sources, those isolated from starfish, especially Asterias pectinifera, are of lower molecular
weight, which results in more efficient delivery and better absorbency into the skin [40-42]. Liposome-mediated
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transport is considered a novel method for delivering diverse cargos, such as drugs, vaccines, and nucleic acids, to
a target region, as they are less cytotoxic and can degrade naturally [43-45]. Ethosomes are nanoliposomes that
contain a high proportion of ethanol (20-45%), which differentiates them from regular liposomes [46].
Compared to conventional liposomes, ethosomes can pass through the skin layer, even the epidermis and dermis
layer; thus, ethosome delivery shows high permeability and absorbency, especially in the skin. Based on these
findings, pharmaceutical delivery systems using ethosomes are in the spotlight, especially with regard to drugs for
the skin [47-51]. Our data support that ethosomes serve to overcome the low absorption of collagen peptides into
the skin and can be used to maximize the skin permeation of E(AH).

MMPs belong to a family of extracellular zinc-dependent enzymes whose main function is to remodel and
degrade the ECM. MMPs induce the cleavage of collagen and elastin, which contribute to skin aging and wrinkle
formation. Chronic exposure to UV can cause oxidative damage by inhibiting the activities of endogenous
antioxidant enzymes and the accumulation of an abnormal amount of melanin due to increased ROS production.
E(AH) treatment may also lead to significant inhibition of the photoaging-induced secretion of MMP-1, IL-6, and
IL-8, which are associated with inflammatory responses during UV irradiation. Regardless of pre- or post-
treatment, E(AH) promoted similar skin protective effects, resulting in significant suppression of UV-induced
MMP-1 and cytokine production in human skin cells. Given that MMP-1 is an important mediator in UV-
irradiated skin damage and the formation of wrinkles, it is important to further delineate the E(AH)-mediated
alteration of specific signaling pathways that lead to the reduction of MMP-1 and inflammatory cytokine
production.

S. aureus colonizes the skin in 20-30% of the population and causes 80-90% of all skin and soft tissue infections
in humans worldwide [52-54]. MRSA remains a serious threat to public health owing to its widespread resistance
to conventional multidrug antibiotics [55]; thus, it is necessary to investigate novel compounds with promising
antibacterial activities against MRSA. Here, we confirmed the antibacterial activities of AH and E(AH) against
both common gram-negative and gram-positive bacteria, including MRSA. Given that our data support a broad
spectrum of antibacterial activities of AH and E(AH), there is potential for further investigation into the
antibacterial role of E(AH) using an in vivo skin infection model.

Taken together, our results suggest that E(AH) is a promising material for the prevention of skin photoaging.
Our findings also encourage the further investigation of the effects of E(AH) on skin photoaging in an animal
model. Identification and characterization of the active component of E(AH) for anti-inflammatory and
antibacterial activities are important, and our current work provides insight into the multi-functional properties
of E(AH) for use in the development of novel cosmetics with a broad range of skin protective functions.
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