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As a well-known aromatic herb rich in various bioactive molecules, the extract of Crithmum maritimum is
widely used in cosmetics. However, the extraction process for Crithmum maritimum is far from perfect.
Moreover, the water- and oil-soluble components are too complex to be compatible with each other.
Thus, the traditional water- or oil-based extracts of Crithmum maritimum encompass only water- or oil-
soluble components, respectively. The effective components being incomplete results in significantly
reduced effects. Therefore, obtaining a full-component extract of Crithmum maritimum is imperative to
ensure its full functionality. Herein, a full-component extract of Crithmum maritimum based on
miscibility between polyol and oil was developed by extracting water-soluble active substances with
a ternary solvent, followed by mixing them with oil extracts of Crithmum maritimum. In ternary solvents,
most water-soluble compounds of Crithmum maritimum can be extracted by ethanol. During
evaporation, the water-soluble components are transferred and dissolved in hexanediol from the solvent.
Thus, by blending hexanediol with caprylic/capric triglyceride (GTCC), we successfully created a potent

Received 12th June 2024 full-component extract of Crithmum maritimum. Through the study of the barrier-weakening 3D full-
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skin model, it was found that the full-component extract of Crithmum maritimum, rich in chlorogenic
DOI: 10.1035/d4ra04301d acid, could significantly promote the epidermal regeneration of UV-induced skin damage compared to
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Introduction

Crithmum maritimum is an edible halophyte that grows in the
coastal areas of the Mediterranean, Black Sea, and Atlantic
Europe. This plant has both edible and medicinal value because
of several major bioactive components inside it, including
vitamin C, carotenoids, and fatty acids. In the water-soluble
compounds of sea fennel, carbohydrates account for the
largest proportion, mainly sucrose and glucose, followed by
organic acids and polyphenolic substances." Its polyphenolic
substances are secondary metabolites of Crithmum maritimum
with antioxidative properties. Especially, chlorogenic acid is
a well-known polyphenolic secondary metabolite with various
biological activities. It can eliminate the activity of hydroxyl
radicals and superoxide anions in tissues by forming hydrogen
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radicals with antioxidant effects.” In the oil-soluble compounds
of sea fennel, the proportion of fatty acids is high, and it has
high contents of flavonoids and carotenoids. Its essential oil is
antimicrobial and insecticidal because it is rich in y-terpinene,
B-phellandrene, carvacrol methylether, and B-ocimene.* Based
on these abundant active components, Crithmum maritimum
can be used for dermal repair and epidermal barrier regenera-
tion in cosmetics.*” However, the extraction process for Crith-
mum maritimum is not perfect as the water- and oil-soluble
components are too complex to be compatible with each other.
Traditional sea fennel extracts usually involve methanol or
ethanol as solvents, and the active substances obtained are
phenolic acids, flavonoids, etc. The extraction methods of sea
fennel essential oil with antibacterial and insecticidal proper-
ties are generally distillation or supercritical extraction.® Thus,
the traditional extracts of Crithmum maritimum encompass only
water- or oil-soluble components, resulting in incomplete
effective components and significantly reduced effects.
Obtaining a full-component extract of Crithmum maritimum is
imperative to ensure its total functionality.

Ultraviolet (UV) radiation can directly damage cellular DNA
and activate oxidative stress, leading to skin aging phenomena,
such as dry skin and skin wrinkles. However, recent studies
have indicated that chlorogenic acid can effectively reduce the
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damage of UV radiation to the skin by protecting cells and
inhibiting the oxidative stress state of cells.®** Chlorogenic acid
extracted from green tea, coffee, and Artemisia can protect
collagen in the skin from oxidative damage and reduce UV
radiation damage to the skin because of anti-oxidation from
chlorogenic acid."” A study by Li et al.** found that after irradi-
ation of human skin fibroblasts with 40 J cm™2 and 70 J cm™? of
UVA and UVB, respectively, and treating them with different
concentrations of chlorogenic acid, the activity of photoaging
cells is enhanced significantly.

Chlorogenic acid is commonly used as a quality marker to
verify the activity of extracts. However, wild Crithmum mar-
itimum cannot stably produce these active substances,
prompting the exploration of new alternative methods. Against
this background, a new culture was discovered called a dedif-
ferentiated cell culture, which relies on the ability of plant cells
to reach totipotency after differentiation, meaning that a leaf
cell can transform into a root cell based on the signals it
receives. In addition, using dedifferentiated cells as raw mate-
rials for extraction can also avoid risks such as pesticide resi-
dues and heavy metals.

Currently, there is no way to make the water-soluble
substances represented by chlorogenic acid in Crithmum mar-
itimum fully compatible with ointments. Thus, based on the
existing research, the callus cells of fennel were selected as the
extraction object, and a complex solvent composed of ethanol,
hexanediol, and caprylic/capric triglyceride was used to extract
the water-soluble components from the callus cells of fennel.
Then, the ethanol was then removed by rotary distillation to
obtain the water-soluble extract. Finally, the extracted water-
soluble active components were mixed with the oil extract of
Crithmum maritimum to obtain the full-component extract of
Crithmum maritimum. Chlorogenic acid and its analogues were
used as quality markers to verify the content of active compo-
nents in the extract, and the effect of the full-component extract
was verified by discussing changes in active substances in a skin
model test.

Experimental
Instrument, reagents and raw materials

Instrument. All extracts from Crithmum maritimum were
analyzed by UPLC (Ultra Performance Liquid Chromatography)
from Waters Acquity. In addition, all evaluations of skin were
performed by applying a fluorescence microscope from Leica
(DM2500) and an upright microscope from Olympus (BX53).

Reagents. Methanol, ethanol, acetonitrile, acetic acid, eosin,
xylene, hexanediol, and caprylic/capric triglyceride (GTCC) were
all in chemical purity level and used without further
purification.

Raw materials. Crithmum maritimum from Seppic (Shanghai)
Special Chemicals Co., Ltd was used as the raw material, and
the oil extract of Crithmum maritimum was produced by Codif
Technologie Naturelle.

Cell culture. Primary cultures of keratinocytes and fibro-
blasts were established from human skin obtained from
patients undergoing surgery, following ethical and safety
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guidelines approved by local institutional review boards. All
skin samples were obtained with the informed consent of the
donor.

Preparation of the full-component extract of Crithmum
maritimum

Solvents were prepared according to the proportions shown in
Table 1. The raw material (dedifferentiated cell of Crithmum
maritimum) was added to the solvent and dispersed for 0.5 h to
obtain a uniform slurry (raw material: solvent = 1:10 (w/w)).
Then, the slurry was poured into a beaker, and an ultrasonic
cell crusher (LC-1200E) was used to crush the cell at 40 °C for 30
minutes, stopping 3 s after each 3 s of ultrasonic dispersion to
obtain the homogenized solution. After that, the homogenized
solution was performed by suction filtration through a 0.25 um
filter membrane, collecting and combining all the filtered
solutions. Rotate and evaporate the filtrate at 45 °C for 60
minutes to remove all ethanol. Then, the liquid left in the bottle
was filtered by passing through a 0.25 um filter membrane, and
a clear and transparent liquid with the extract of water-soluble
active substances from Crithmum maritimum was obtained.

The oil extract of Crithmum maritimum was mixed with the
extract from ternary solvent and filtered through a 0.25 pm filter
membrane to obtain the full-component extract of Crithmum
maritimum.

Analytical method of full-component extract of Crithmum
maritimum

Sample processing method. Approximately 0.2 mL of the
sample is taken and weighed precisely. The sample is then
placed in a stoppered conical flask, and 1.8 mL of 90% meth-
anol is added precisely. The flask is weighed again. The mixture
is sonicated (power: 500 W, frequency 40 kHz) for 30 minutes.
After sonication, the flask is weighed again, and 90% methanol
is used to compensate for any weight loss. The mixture is
shaken well and filtered, and the filtrate is collected.

High-performance liquid chromatography (HPLC). The
mobile phase consists of A-acetonitrile and B-0.5% acetic acid
solution, with gradient elution as illustrated in Table 2. Octa-
decylsilane chemically bonded silica is used as the filler mobile
phase. The column temperature is maintained at no higher
than 25 °C, the flow rate is set to 1.0 mL min %, and the
detection wavelength is 327 nm.

Evaluation of the skin regeneration effect from full
component extract

Experimental setup. The model was transferred to a 6-well
plate, and 2 mL of 3D full-thickness skin model culture medium

Table 1 Ratio of extraction solvents

Solvent Content (wt%)
Ethanol 50

GTCC 47.5
Hexanediol 2.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Mobile phase gradient elution condition

Time (min) A (%) B (%)
0-20 13-50 87-50
20-25 50-100 50-0

was added to each well. Simultaneously, the model was divided
into a blank control group (CON), negative control group (UVA),
and test groups: full-component extract of Crithmum maritimum
(FCE) and oil-extracts of Crithmum maritimum (OE), as shown in
Table 3, with three replicates per group. Test samples were
administered every other day for a total of 3 times. The sample
groups received surface administration with a volume of 20 pL
by a gentle circular motion. After applying the test samples to
the surface of the model in the testing group, the model was
incubated for 24 hours in a CO, incubator (37 °C, 5% CO, by
volume). After incubation, the residual test examples on the
model surface were washed with sterile PBS solution, and the
residual liquid inside and outside the model was wiped off with
a sterile cotton swab. Subsequent tests were then conducted.

H&E staining. After cleaning the model, it was fixed with 4%
paraformaldehyde (POM) for 24 hours, then embedded in
paraffin and sliced. The middle section of the slice was baked at
58 °C for 30 minutes. After dehydration and hydration, it was
stained with hematoxylin for 3 to 5 minutes, differentiated with
hydrochloric acid, returned to blue with ammonia water,
washed with water, and sliced into 85% and 95% gradient
alcohol for dehydration. The section was stained with eosin for
5 minutes and then sealed with neutral resin after dehydration.
The condition of the skin wound was observed under
a microscope.

Masson staining. After cleaning the model, it was fixed with
4% POM for 24 hours, followed by paraffin embedding and
sectioning. The middle section of the section was selected and
baked at 58 °C for 30 minutes. After dehydration and dewaxing,
the composite staining solution was applied for 5 minutes.
Then, the section was washed with distilled water, treated with
phosphomolybdic acid hydrate, stained with aniline blue for 10
minutes, differentiated with 1% acetic acid, dehydrated with
anhydrous ethanol, and subjected to microscopic examination
after sealing the slide to detect the collagen fibers.

Immunofluorescence staining (IF). The model used for
detection was fixed with 4% POM for 24 hours, followed by
gradient dehydration and paraffin-embedded sections. The
paraffin-embedded sections were dewaxed and hydrated.
Endogenous peroxidase activity was blocked by adding H,0,
and incubating at room temperature. After washing, serum
homologous to the secondary antibody was added and blocked

Table 3 Test groups and detection indicators
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at 37 °C without rinsing. The primary antibody working solution
was added and incubated overnight at 4 °C. After washing with
PBS, the secondary antibody was added and incubated at room
temperature for 1 hour. ABC composite solution was then
added and incubated at room temperature, followed by dia-
minobenzidine (DAB) staining according to the instructions.
The cell nucleus was restained with hematoxylin for 1 minute,
washed thoroughly with water, decolorized with 1% hydro-
chloric acid ethanol, reversed blue with 1% ammonia water,
washed thoroughly with water, subjected to gradient dehydra-
tion, sealed with neutral resin, and examined microscopically.

Immunohistochemical staining (IHC). The model used for
detection was fixed with 4% POM for 24 hours, followed by
paraffin embedding and sectioning. The paraffin-embedded
sections were dewaxed and hydrated. Endogenous peroxidase
activity was blocked by adding H,O, and incubating at room
temperature. After washing, serum homologous to the
secondary antibody was added and blocked at 37 °C without
rinsing. The primary antibody working solution was added and
incubated overnight at 4 °C. After washing, the secondary
antibody was added and incubated at room temperature for 1
hour. Nuclear staining was performed with Hoechst, followed
by incubation at room temperature. The sections were sealed
with a drop of anti-quenching agent, and fluorescence micros-
copy photography was performed within 24 hours.

The enhancing rate was calculated using the following
formula:

test group — UVA

0(.
UVA x 100%

Increase(%) =

Results and discussion
Miscibility mechanism of chlorogenic acids and oil

Chlorogenic acid contains multiple hydroxyl groups that are not
miscible in oil. The miscibility between oil and chlorogenic acid
can be promoted by hexanediol, which has a specific solubility
for chlorogenic acids and is readily miscible in oil. During the
entire extraction process, active substances with high polarity,
such as chlorogenic acid, are extracted with ethanol. Subse-
quently, after rotary evaporation, these active substances are
transferred from ethanol to hexanediol. The specific process is
shown in Fig. 1.

Influence of the ternary solvent on the extract of Crithmum
maritimum

Chlorogenic acid and isochlorogenic acid A were identified by
comparing their retention times. The results show that both

Group Sample name Dosage concentration Stimulus conditions Detection indicators

Con Organizational form, collagen fibers, collagen I, LOR
UVA UVA (35 ] cm™?)

FCE Full-component extract 30%

OE Oil extract

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HPLC of the ternary solvent extract (A) and ethanol extract (B)
from Crithmum maritimum.

extraction solvents have absorption peaks of these two active
substances in their HPLC spectra with some differences (Fig. 2).
In comparison to traditional ethanol extraction, although the
content of some water-soluble active substances may be
affected, ternary solvents can still extract water-soluble active
components from Crithmum maritimum.

Differences between the oil extract and the full component
extract of Crithmum maritimum

The differences between the oil extract and the full-component
extract of Crithmum maritimum were compared by HPLC, as
shown in Fig. 3. In the spectra, chlorogenic acid and iso-
chlorogenic acid A were identified in the full-component extract

J LI

“ isochlorogenic acid A

0 Y ) 8.00 10.00 1200 1400 "16.00

Fig. 3 HPLC of the full-component extract (A) and oil extract (B) of
Crithmum maritimum.
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of Crithmum maritimum by HPLC with retention times of 5-6
minutes and 11 minutes, respectively. In contrast, the spectra of
the oil extract of Crithmum maritimum showed no absorption
peak of chlorogenic acid. Additionally, isochlorogenic acid A
was present in the spectra of the oil extract, but its concentra-
tion was notably lower.

Evaluation of the skin regeneration effect from full
component extract

Skin model. A skin model was prepared as described previ-
ously.”* Briefly, a dermal equivalent was prepared by adding
a suspension of 250 000 fibroblasts per cm® on the collagen—
glycosaminoglycan-chitosan porous scaffold. All dermal
equivalents were cultured for 21 days in a fibroblast medium
containing 10 pg mL™' r-ascorbic acid 2-phosphate. The
medium was changed daily. On day 21, keratinocytes were
seeded on the dermal equivalent at a density of 250 000 cells per
cm”. After 7 days of submerged culture in the keratinocyte
medium, the skin equivalent model was raised to the air-liquid
interface and cultured in a 3D full-thickness skin model culture
medium. UVA irradiation was started on the day the model was
received. In addition to group CON, group (UVA) and sample
group (OE, FCE) were irradiated with a UVA irradiator from
Philips with a 35 J em ™2 irradiation dose. The UVA irradiation
dose was 35 J em~>. The frequency of irradiation was one time
per day, and the total irradiation was performed 4 times, as
shown in Fig. 4.

Evaluation. Exposure to ultraviolet radiation can induce
damage to the skin barrier and collagen depletion. However,
chlorogenic acid has a free radical scavenging effect, which can
protect the skin by reducing oxidative stress in cells by scav-
enging free radicals.® Herein, using a full-thickness skin
model with weakened barriers by UV is suitable for the evalu-
ation of the skin regeneration effect from full-component
extract, the histological morphology, loricrin (LOR) content,
collagen content, and collagen fiber content of the epidermal
layer in this model were observed to determine whether the
extract of Crithmum maritimum had cell repair and anti-wrinkle
effects. Compared to the UVA group, all test groups demon-
strated increased thickness of the living cell layer and higher
LOR content of the epidermis based on the barrier-weakening
3D full-skin model test. At the same UVA dose, the thickness
of the epidermis in the OE group reached 64.69 pm with
a 6.17% increase, and the content of collagen fibers, collagen I
and LOR increased 250%, 105%, and 77.27%. Similarly, the FCE
group showed an improved epidermal thickness increase from
27.33% to 77.58 um along with significant increases of 416.67%
in collagen fiber content, 135% in collagen I, and 125% in LOR.
Detailed results are presented in Fig. 5-8 and Tables 4-7.

Based on the above experimental results, it can be observed
that the full-component extract of Crithmum maritimum shows
better skin repair and anti-aging effects than the oil extract of
Crithmum maritimum. Specifically, it increases the thickness of
active cells in the epidermis by 19.93%, boosts LOR content by
26.92%, enhances collagen fiber content by 47.62%, and
increases collagen I content by 15.85%. The reason for this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Masson staining (A), changes in collagen fiber (B) (*p < 0.05, **p

result may be that the full-component extract could repair cell
damage caused by ultraviolet light. Ultraviolet radiation can
directly damage cellular DNA and activate oxidative stress,

© 2025 The Author(s). Published by the Royal Society of Chemistry

< 0.01).

causing cellular DNA damage."* However, the phenolic acids
and flavonoids in Crithmum maritimum can repair cell damage
caused by ultraviolet radiation. In a recent review, chlorogenic
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Fig. 7 IF (A), changes in collagen | (B) (*p < 0.05, **p < 0.01).
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Fig. 8 IHC (A), changes in LOR content (B) (*p < 0.05, **p < 0.01).
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Table 6 Changes in collagen | in skin model®

Mean thickness of

Relative IOD/area

Groups living epidermal cells (um) SD Increase (%)  Groups of collagen I SD Increase (%)
CON 90.79 2.20 CON 1.00 0.03

UVA 60.93 1.26 UVA 0.40 0.04

OE 64.69 1.40 6.17 OE 0.82 0.04 105.00

FCE 77.58 3.88 27.33 FCE 0.95 0.05 137.50

Table 5 Changes in collagen fibers

Groups Average of relative area SD Increase (%)
CON 1.00 0.09

UVA 0.18 0.02

OE 0.63 0.04 250.00

FCE 0.93 0.07 416.67

acid from Crithmum maritimum was reported to scavenge
oxygen free radicals, resist lipid peroxidation, and protect cells
from oxidative damage. In addition, chlorogenic acid can
stimulate the upregulation of skin barrier genes, such as

1718 | RSC Adv., 2025, 15, 1713-1720

“ 10D is short for integrated optical density.

Table 7 Changes in LOR content in the skin model

Relative IOD/area

Groups of LOR level SD Increase (%)
CON 1.00 0.04

UVA 0.44 0.06

OE 0.78 0.04 125.00

FCE 0.99 0.09 77.27

filaggrin (FLG), involucrin (IVL), and envoplakin (EVPL), in
epidermal keratinocytes.*** Except for chlorogenic acid, flavo-
noids in Crithmum maritimum also have a skin repair effect. It

© 2025 The Author(s). Published by the Royal Society of Chemistry
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not only possesses certain antioxidant effects but also could
promote epidermal self-repair by promoting keratinocyte
proliferation.>>*

Conclusion

Chlorogenic acid in Crithmum maritimum can be extracted using
a composite solvent of ethanol, GTCC, and hexanediol. More-
over, the resulting extract is designed to be compatible with the
oil extract of Crithmum maritimum, resulting in the full-
component extract of Crithmum maritimum. This type of
extract has been shown to increase the thickness of the
epidermis, enhance LOR content, boost collagen fiber content,
and increase type I collagen content, which can promote
epidermal regeneration. Compared to a single Crithmum mar-
itimum ointment, the effects of the full-component extract are
notably more pronounced. The full components of the sea
fennel are complex, and the synergistic effect between the
components needs to be explored. In addition, this extraction
method can be extended to other active plants.
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