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Abstract: Chritmum maritimum, sea fennel, is a facultative halophyte used in salads, soups, and sauces,
as well as used to prepare medicinal juices and aqueous extracts (AE) to treat several ailments. Its
essential oil (EO) is used as a spice and aromatizing. In this work, the nutritional (crude protein,
fiber, lipids, and ashes content) and HPLC-PDA phenolic profiles were determined. Furthermore,
the antioxidant potential of the infusion and of the decoction, as well as the antibacterial activity of
both, the AE and EO, were assessed against food-contaminating bacteria. The composition of the
EO was also established. Sea fennel exhibited considerable fiber (34.3 4+ 1.92%) and mineral content
(23.6 + 4.8%). AE contains chlorogenic acid as the major phenolic compound, 49.7 + 0.8 mg/g in the
infusion dry extract and (26.8 = 0.9 mg/g in the decoction dry extract). EO contains high amounts of
monoterpene hydrocarbons, namely y-terpinene and sabinene. In regards to the antioxidant activity,
ICsq values for the infusion and decoction were, respectively: 36.5 £+ 1.4 ug/mL and 44.7 + 4.4 ug/mL
in the DPPH assay; 37.3 & 2.6 ug/mL and 38.4 & 1.8 ug/mL, in the ABTS assay. EO is particularly
active against Bacillus cereus and Lactobacillus plantarum. The results support the use of sea fennel
AE and EO as a potential alternative preservative ingredient for feeds, foods, pharmaceutical, and
cosmetic industries, due to the antioxidant activity of infusion and decoction, and antibacterial
properties of essential oil.
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1. Introduction

Due to the exponential increase in population, food production needs to increase
sustainably [1]. However, climate change and intensive agriculture are partly responsible
for water scarcity, the salinization of soils, soil erosion, desertification, and the loss of biodi-
versity, making food production difficult [2—4]. To try to overcome these problems, some
more sustainable approaches have emerged, including the use of halophyte plants [2—4].
Halophytic plants are so-called due to their ability to develop and reproduce in high-salinity
environments, and can be found in coastal areas [2,3]. Furthermore, these plants are an
asset from a nutritional/nutraceuticals and medicinal point of view [4,5], as they may
be a healthier alternative to salt intake, a risk factor for cardiovascular [6,7] and kidney
disease [8,9]. In this way, halophytic plants emerge as a value-added resource given their
potential in the food, pharmaceutical, cosmetic, and veterinary industries.

Crithmum maritimum L. (C. maritimum), also called sea fennel [10,11], is a perennial and
edible facultative halophyte plant that belongs to the Apiaceae family, and can be found
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in coastal habitats in Western Europe [2,10-12]. Sea fennel is traditionally consumed in
salads, sauces, soups, pickled in vinegar, and as condiments, due to the good sensory traits
of its essential o0il [10]. Additionally, its potential as a food colorant has been reported [10].
Actually, canned sea fennel is registered by the Italian Ministry of Agriculture as a tra-
ditional agrifood product [10]. In traditional medicine, the aerial parts of this plant are
prepared in the form of infusions [10], decoctions [10], and juices [10] to prevent, treat, or
alleviate several pathologies such as gastrointestinal disorders [10,12,13], scurvy [10,13],
cough [10], cold [10], skin problems (e.g., wounds) [11], inflammation [11-13], infectious
conditions [12,14], and liver and urogenital diseases [10,12,13]. Additionally, sea fennel is
registered as a digestive, carminative, and diuretic by the Italian Ministry of Health [14].
According to the literature, sea fennel is a source of vitamin C [10,15], fatty acids such as
linoleic and linolenic acid [15], carotenoids [15], minerals including potassium, sodium,
calcium, and magnesium [16], aminoacids, proteins, and polyphenols [11,15,16]. Interest
in polyphenols has been increasing due to their biological properties, most of which have
already been proven by scientific research. Polyphenols such as phenolic acids, flavonoids
and tannins are known by their multiple biological activities such as antioxidant [17-20], an-
timicrobial [21,22], anti-inflammatory [17,18,23-25], and in general oxidative stress-related
diseases [26-28]. Regarding its polyphenol content, sea fennel is composed mainly of
hydroxycinnamic acids which caffeic acid and its derivatives are the most abundant [14,16].
Accordingly, with the literature, sea fennel’s essential oil is mainly composed of monoter-
pene hydrocarbons [10,12]. Additionally, due to its phytochemical composition, a few
biological activities have been attributed to sea fennel, mainly antioxidant [12,16,29,30],
anti-inflammatory [12], and antimicrobial activities [12,16,30].

Synthetic or natural preservatives are added to perishable foods to preserve them
against spoilage caused by oxidative processes, microbial contamination, and decomposi-
tion [31]. Although, the use of synthetic preservatives is regulated by competent authorities
(for example, by Food and Drug Administration (FDA)), they can contribute to the onset of
diseases, or aggravate them [32]. For example, sodium benzoate is a synthetic preservative
used to extend the shelf life of tomato paste for more than 1 month while preserving the
quality during that time. However, in the presence of ascorbic acid, a benzene product re-
sulting from this reaction is formed [32]. Benzene is a carcinogenic molecule and, therefore,
toxic for human consumption [32]. Besides food, preservatives such as parabens, isoth-
iasolinone, organic acids, triclosan, and chlorhexidine are used in cosmetic products [33].
In high concentrations, these preservatives are effective in inhibiting microbial growth
but have toxic effects for the consumers [33] such as contact dermatitis [34]. Additionally,
synthetic preservatives such as parabens are used in the pharmaceutical industry to prevent
microbiological contamination [35].

There are several microorganisms responsible for food degradation and cause food-
borne illnesses when consumed [36,37]. Among bacteria, Escherichia coli (E. coli), Staphylo-
coccus aureus (S. aureus), Bacillus cereus (B. cereus), Listeria monocytogenes (L. monocytogenes),
Salmonella enterica (S. enterica), and Lactobacillus spp. including Lactobacillus plantarum
(L. plantarum) [37] are responsible for foodborne diseases, resulting in hospitalization costs
and economic losses for the food industry [37]. Microorganisms can also develop in
cosmetic products and drugs leading to infectious diseases [34,38]. Regarding cosmetic
products, the European Regulation EC No 1223/2009 states that is not necessary sterile
conditions but the safety must be secured [39]. According with the Scientific Committee
on Consumer Safety (SCCP), E. coli and other Enterobacteriaceae are forbidden in all types
of cosmetics and S. aureus must be absent in 1 mL or 1 g in children products as well in
eye area and mucous membranes products [40]. For these products aerobic mesophilic
organisms must have a maximum limit less than 100 Colony-Forming Units (CFU)/g or
mL, and 1000 CFU/g or mL for other cosmetic products [40]. Some cosmetic products
such as lipsticks can act as vectors of bacteria, namely S. aureus, B. cereus, E. coli and other
Enterobacteriae, facilitating their entry in human body, causing diseases [38].
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As far as we know, there are no reports about the antibacterial activity of the infusion,
decoction, and essential oil of sea fennel against Bacillus cereus and Lactobacillus plantarum
(food contaminants). In this work, the infusion and decoction of aerial parts from Crithmum
maritimum L. were studied relative to their antioxidant and antibacterial potential, and
phytochemically characterized by HPLC-PDA. Additionally, the antibacterial activity of
essential oil was determined as well as its composition by GC-FID and GC-MS.

2. Materials and Methods
2.1. Plant Material

Crithmum maritimum (L.) was collected in Figueira da Foz, Coimbra, Portugal and a
voucher specimen (LS7) was deposited in the herbarium of the Faculty of Pharmacy—University
of Coimbra.

2.2. Extracts Preparation and Essential Oil Isolation

Aqueous extracts (infusion and decoction) were prepared from the aerial parts of sea
fennel. Plant material was air-dried at room temperature for 1 week, milled in a knife mill
(KSM 2, BRAUN, Frankfurt, Germany) and sieved with a 60 mesh sieve. For the preparation
of infusion, 5 g of the dry plant was added to 500 mL of boiling water and let it stand for
30 min. For the preparation of the decoction, 5 g of the dried plant was added to 500 mL of
boiling water and kept cooking for 30 min. Both the aqueous extracts were filtered under
vacuum, concentrated at 40 °C in a rotavapor R-114 (Biichi®, Switzerland) coupled to a
vacuum pump V-700 (Biichi®, Flawil, Switzerland) and a refrigeration circulator Minichiller
(Peter Huber Kéltemaschinenbau AG, Offenburg, Germany). Then the concentrated extracts
were frozen, freeze-dried (FTS Systems type EZDRY, Stone Ridge, New York, NY, USA)
and kept at —20 °C in the dark until use. The infusion yield was 36.27% (mg/g of dried
plant material) and for the decoction 46.08% (mg/g of dried plant material). The essential
oil (EO) was isolated by water distillation in a modified Clevenger apparatus as described
in the European Pharmacopoeia [12] yielding 0.34% (v/w).

2.3. Chemical Composition
2.3.1. Nutritional Profile of Sea Fennel

To achieve the proximate composition, crude protein, crude fiber, lipids, and ash
content were determined following the guidelines of the Association of Official Analytical
Chemists (AOAC) [41]. To determine the moisture content, fresh samples of sea fennel were
dried in a U-10 oven (Memmert, Schwabach, Germany) at the temperature of 105 &+ 5 °C
until constant weight (AOAC 934.01).

The crude protein amount was evaluated by the Kjeldahl method (N x 6.25). For that,
the sample was submitted to a digestion process with concentrated H,SO4 in a compact
digestion system (MBC-6/N Kjeldahl from Raypa, Barcelona, Spain) followed by distillation
(Kjeldahl UDK 127 semi-automatic distillation unit from Velp Scientifica, Usmate, Italy) of
the digestion product with concentrated NaOH into H,SO4 0.2 N. Posteriorly, the sample
was titrated with NaOH 0.2 N (AOAC, 2000.11). To determine the crude fiber, the Weende
method was performed using a Fibertest F-6 fiber extraction system (Raypa, Barcelona,
Spain). It was added to the sample HySO4 0.26 N and NaOH 0.32 N at 100 °C for 30 min
(AOAC 962.09). Relatively to lipids content, the fats were extracted with petroleum ether
at 40-60 °C in a Soxhlet apparatus being posteriorly quantified by gravimetry (AOAC
991.36). After incineration in a muffle furnace (Gallenkamp, Loughborough, England)
at 550 °C £ 10 °C for 7 h, ashes content was determined by gravimetry (AOAC 930.05).
Moisture was expressed on a fresh weight basis and the other determined parameters in
dry matter. All determinations were performed in triplicate.
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2.3.2. Phytochemical Characterization
Phenolic Profile and Quantification of Chlorogenic Acid by High Pressure
Chromatography Coupled to Photo Diode Array Detector (HPLC-PDA)

The phenolic profile of aqueous extracts of sea fennel was achieved by HPLC-PDA on a
liquid chromatograph from Gilson Electronics SA (Villiers le Bel, France) with a Spherisorb
55 ODS-2 column (250 x 4.6 mm i.d., 5 pm) (Waters Milford, MA, USA) with a C18 guard
cartridge (30 X 4 mm i.d., 5 pm) from Nucleosil (Macherey-Nagel, Diiren, Germany), at
24 °C. The separation was performed using a mobile phase composed of formic acid 5%
(v/v) and methanol with a continuous gradient of 5 to 50% of formic acid 5% for 50 min, at
a flow rate of 1 mL/minute. The volume of the sample injected was 100 uL and the UV
spectra acquisition was carried out between 200-600 nm. Chromatographic profiles were
recorded at 280 and 320 nm. Data treatment was performed with Unipoint® (version 2.10
software) from Gilson (Middleton, WI, USA). For the quantification of chlorogenic acid,
several dilutions (1 to 200 pg/mL) of a chlorogenic acid standard from SIGMA (St. Lois,
MO, USA) dissolved in water were prepared and analysed in HPLC-PDA as an external
standard, and the absorbance recorded at 320 nm. It was performed three independent
injections (100 uL) in duplicate for each sample. To evaluate the correlation between peak
area and concentration, the least-squares regression model was used. The detection and
quantification limits (LOD and LOQ, respectively) were determined from the calibration
curve. Therefore, the quantification of chlorogenic acid was calculated from the standard
calibration curve and the peak area of the compound.

Analysis of the Essential Oil

The composition of the oil was achieved by combination of Gas-Chromatography
(GC) and Gas-Chromatography coupled Mass Spectrometry (GC-MS) analysis. GC was
performed in a Hewlett-Packard 6890 (Agilent Technologies, Palo Alto, CA, USA) gas
chromatograph, with a single injector and two flame ionization detectors. A divider
(Agilent Technologies, part no. 5021-7148) was used for simultaneous sampling into two
different fused silica capillary columns: SPB-1 (polydimethylsiloxane 30 m x 0.20 mm
i.d., film thickness 0.20 pm) and SupelcoWax-10 (polyethyleneglycol 30 m x 0.20 mm i.d.,
film thickness 0.20 pm) (both from Supelco, Bellefonte, PA, USA). An HP GC ChemStation
Rev. A.05.04 data system was used for operation and data handling. Oven temperature
program: 70-220 °C (3 °C-min~!), 220 °C (15 min); injector temperature: 250 °C; carrier
gas: helium, adjusted to a linear velocity of 30 cm.s~!; detectors temperature: 250 °C.
GC-MS analysis was performed with an Agilent 6890 gas chromatograph interfaced with a
mass selective detector MSD 5973 (Agilent Technologies), both operated by HP Enhanced
ChemStation software, version A.03.00. A HP1 fused silica column (polydimethylsiloxane
30 m x 0.25 mm i.d., film thickness 0.25 pm) was used. GC parameters were as above
described; MSD parameters: interface temperature: 250 °C; MS source temperature: 230 °C;
MS quadrupole temperature: 150 °C; ionization energy: 70 eV; ionization current: 60 HA;
scan range: 35-350 units; scans.s-1: 4.51. The oil sample was diluted (1:8) in n-pentane
and then injected (0.2 pL) in split mode (1:40). Identifications of the components were
achieved by considering, concurrently: the acquired retention indices on both SPB-1 and
SupelcoWax-10 columns determined by linear interpolation relative to the retention times of
Cg—Cp3 of n-alkanes and compared with reference data from authentic products (available
in the laboratory database of the Faculty of Pharmacy, University of Coimbra) and literature
data [42,43] the acquired mass spectra compared with reference data from the Wiley /NIST
library [44]. The relative amount of each component was determined by normalization of
the peak area without any correction.

2.4. Evaluation of Biological Activities
2.4.1. Antioxidant Activity

The antioxidant activity of the aqueous extracts from sea fennel (infusion (INF) and
decoction (DEC)) were evaluated in DPPH and ABTS assays.



Antioxidants 2023, 12, 252

50f17

2,2-Diphenyl-1-Picrylhydrazyl Radical Assay (DPPH)

The DPPH method was used to assess the free radical-scavenging activity of sea fennel
infusion and decoction, as described in Pedreiro et al., (2021) [17]. Aliquots of 100 pL were
assayed in 500 pL of a methanol 500 uM solution and 100 uL of acetate buffer 100 mM
(pH 6.0). The reaction mixtures (300 pL) were incubated for 30 min at room temperature,
and under light. After 30 min, the absorbance was measured at 517 nm in a Thermo
scientific multiskan FC plate reader. The ICsy (minimum concentration that reduces DPPH
by 50%) was calculated and the results were expressed as ICsg. For comparison, the free
radical-scavenging activity of butylated hydroxyanisole (BHA) was assessed. All the
determinations were performed in triplicate.

2,2'-Azinobis-(3-ethylbenzothiazoline-6-sulfonate) Assay (pH = 7) (ABTS)

The ABTS radical was generated by the oxidation of ABTS** 7 mM with potassium
persulphate 2.45 mM (Merck, Darmstadt, Germany) in water, and stored for 12 to 16 h
under the light, at room temperature [45]. Posteriorly, buffered saline (PBS) at pH 7.0
was added to this solution to achieve an absorbance of 0.7 &= 0.02 at the wavelength of
734 nm. Then, 50 uL of the sample was mixed with 2 mL of ABTS** and vortexed for
10 min. The reaction was incubated for 4 min being its absorbance measured at 734 nm.
The correspondent ICs value was calculated. All the determinations were performed
in triplicate.

2.4.2. Antibacterial Activity

The antibacterial activity of aqueous and essential oil extracts from sea fennel was
assessed using the agar diffusion method and microdilution assay to achieve the minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC). The an-
tibacterial activity was evaluated in Escherichia coli ATCC 8739 (E. coli), Staphylococcus aureus
ATCC 29213 (S. aureus), Bacillus cereus isolated from UCU [46], and Lactobacillus plantarum
DSMZ 20205.

Disc-Diffusion Assay

In disc-diffusion method, Mueller-Hinton agar (VWR Chemicals, Radnor, PA, USA)
was prepared and placed in Petri dishes. For E. coli and S. aureus inoculum of 1.5 x 108 CFU
(0.5 McFarland standard, BioMérieux SA, Marcy-1'Etoile, France) of bacteria/mL was
used for completed seeding of the agar, and inoculum of 0.75 x 10® and 3 x 10® CFU
of bacteria/mL was used for B. cereus and L. plantarum, respectively. Filter paper discs
of 6.0 mm in diameter (Liofilchem, Roseto degli Abruzzi, Italy) were impregnated with
several concentrations of infusion, decoction and essential oil, placed in the seeded agar
and incubated at 37 °C for 24 h. For solvent control, DMSO 15% (solvent used for essential
oil dissolution) was used. The diameter of the inhibition zone around the filter paper disc
was measured in millimetres. All the determinations were performed in triplicate, and the
results were expressed as mean =+ standard deviation (SD).

Microdilution Assay

Minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations
(MBCs) of essential oil were determined by microdilution assay (https://www.eucast.
org/ast_of_bacteria/mic_determination, accessed on 30 May 2022). The MICs and MBCs
of aqueous extracts were not determined due to the lack of activity observed in the disc
diffusion method. The bacterial suspensions of E. coli and S. aureus were prepared with
turbidity of 0.5 McFarland, and for B. cereus, and L. plantarum of 0.25 and 3 McFarland,
respectively and 1.5 uL. were added to each well. The plates were incubated for 24 h, at
37 °C and the absorbance was measured at 620 nm in a Thermo scientific multiskan FC plate
reader, at 620 nm. For MBCs determination, 10 puL of the wells where growth inhibition
was observed, was pipetted to Mueller-Hinton agar and incubated at 37 °C for 24 h, being
colonies (if any) counted. MBCs were achieved when 99.9% of the final inoculum was killed
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after 24 h as described in Balouiri et al., (2016) [47]. For solvent control, DMSO 7.5% was
used, to verify if the solvent affects bacterial growth. Additionally, negative and positive
controls were performed. This procedure was repeated for all bacterial strains and negative
and positive controls. All the experiments were performed in triplicate, and the results
were expressed as mean + SD.

2.5. Statistical Analysis

Statistical analysis was carried out by GraphPad Prism version 5.01 (GraphPad Soft-
ware, San Diego, CA, USA). Paired t-test was performed to compare the ICsy values of
infusion and decoction, in the ABTS assay. For statistical analysis of the ICsy values of
infusion, decoction and BHA obtained in DPPH assay, a One-Way ANOVA followed by
Tukey’s test was performed. The level of significance for both statistical tests was set at
p < 0.05.

3. Results
3.1. Nutritional Profile of Sea Fennel

Accordingly to Table 1, sea fennel has low water content and a significant amount
of crude fiber, and ashes. Relatively to moisture, the obtained result is corroborated by
literature [10]. Plants/foods with low moisture amounts have a higher shelf life due to their
slow deterioration [48]. Sea fennel presents a low quantity of protein although a little higher
than reported by Martins-Noguerol et al., (2022) [49]. Relatively to lipids, the result is in
concordance with the literature [49]. However, the nutritional content, particularly protein
and lipids, can be improved in optimal growth conditions of sea fennel [49]. The mineral
content is a significant amount which is corroborate by the mineral content reported,
particularly Na, K and Fe [10,50].

Table 1. Moisture (% fresh weight) and nutrient composition (% dry weight) of Crithmum maritimum
L. (May). All the determinations were performed in triplicate. Results are expressed as mean + SD.

Composition Content
Moisture 14.3 = 0.2%
Crude Protein 8.0 £0.1%
Crude Fiber 34.3 +1.92%
Lipids 5.8 +0.1%
Ash 23.6 + 4.8%

3.2. Phenolic Profile of Aqueous Extracts from Sea Fennel

According to Figure 1, and the respective absorption spectra, both samples have a
similar composition, being constituted mainly by phenolic acids. Peaks 1 to 3 and 5 to 7
correspond to caffeic or ferulic acid derivatives due to their UV absorption spectra profile
(maximum absorption of 326 nm and a shoulder at 298 nm) [17,51]. In the UV absorption
spectra, peak 4 presented a shoulder at 290 nm and a UV absorption maximum at 312 nm
indicating the presence of a p-coumaric acid derivative [51]. Although both chromatograms
present similar profiles and composition, it is evident that, in the case of the sea fennel’s
decoction (Figure 1) the area of peak 3 is lower and peaks 1 and 2 areas higher than the
correspondent peaks area in the infusion chromatogram.

There are a few reports about the phytochemical characterization of sea fennel ex-
tracts, in which phenolic acids were identified as the main molecules, particularly quinic
acid derivatives [10,11,29,52,53]. Within these, chlorogenic acid, an ester of caffeic and
quinic acids, was identified as the major compound [10,11,52-54]. In another study, the
phytochemical characterization of infusion and decoction of sea fennel was performed by
HPLC-PDA [29]. The results showed that both aqueous extracts were composed mainly of
phenolic acids being the chlorogenic acid the major compound [29], which corroborates
our results. Our group characterized the hydrodistillation residual water (HRW) of sea
fennel by HPLC-PDA-MSn [12]. The chromatographic profile of HRW was identical to
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the infusion and decoction HPLC-PDA chromatograms. The authors identified phenolic
acids as the main components of HRW, being chlorogenic acid (5-caffeoylquinic acid) the
major compound. However, although in minor content, flavonoids namely apigenin and
quercetin glycosides were detected [12], which is not in accordance with our results, prob-
ably due to the extraction nature (extraction occurred during 3 h, at 100 °C). Thus, in an
attempt to confirm the chlorogenic acid composition of the samples, the chlorogenic acid
standard was analysed by HPLC-PDA, being the retention time of the peak identical to
the chromatogram’s aqueous extracts of sea fennel. Therefore, the chlorogenic acid was
quantified in both aqueous extracts, by HPLC-PDA.

3

Minutes

Figure 1. HPLC-PDA profiles of Crithmum maritimum L. infusion (green line) and decoction (blue
line), recorded at 320 nm. Peaks 1-3 and 5-7 are caffeic or ferulic acid derivatives. Peak 4 is a
p-coumaric acid derivative.

Quantification of Chlorogenic Acid

The equation of the calibration curve of chlorogenic acid was y = 3,672,048.165¢ +
5,519,862.44 being the linear correlation coefficient (r?) 0.9998. The mean of the areas
of infusion and decoction were interpolated in the calibration curve of chlorogenic acid.
Thus, the concentration of chlorogenic acid in infusion and decoction were 49.7 & 0.8 and
26.8 = 0.9 mg/g of extract, respectively. LOD and LOQ were 1.1 £ 1.0 and 7.2 £ 0.9 mg/g
of extract, respectively. Our results are in line with the area of peak 3 (correspondent to
chlorogenic acid) of chromatograms of infusion and decoction (Figure 1) which is higher in
the former than the latter. This difference can be due to the extraction conditions [55]. In
decoction, the powdered material of sea fennel was in boiling water at 100 °C for 30 min
while in the infusion the temperature of the water was decreasing during the 30 min of
extraction. Since polyphenols are thermolabile, in the former due to high temperatures,
degradation of polyphenols, mainly chlorogenic acid derivatives (major compound) could
happen [55]. Alemén et al., (2019) studied an aqueous and ethanolic extract of sea fennel
and quantified the chlorogenic acid in both extracts [53]. The amount of chlorogenic
acid in the aqueous extract was 42.6 mg/g and for ethanolic extract 58.5 mg/g of plant
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(dry weight) [53]. In our results, the chlorogenic acid in sea fennel’s infusion is slightly
higher, probably due to the type of extraction [55,56]. Note that the aqueous extract that
Aleman et al., (2019) studied is not an infusion, being the extraction conditions different
which influence the phytochemical composition as well as the amounts of compounds
extracted [55,56]. In another study, infusion and decoction of sea fennels were prepared
and its content of chlorogenic acid was studied [29]. The results displayed by the authors
showed an identical content of chlorogenic acid in both aqueous extracts which are not in
line with our results. This fact may be due to the extraction time since the extraction time
was 5 min, both in the infusion and in the decoction. Once again, the extraction time of
our extracts was 30 min and, therefore, there may have been thermal degradation of the
phytoconstituents.

3.3. Sea Fennel's Essential Oil Composition

Table 2 summarizes sea fennel’s essential oil composition. The EO is mainly composed
by monoterpenic hydrocarbons (74.4%) followed by oxygen-containing monoterpenes
(24.8%). y-Terpinene (37.2%) is the major constituent followed by sabinene (21.2%). Thymyl-
methyl oxide (16.4%) is the most representative oxygen containing monoterpene. The com-
position of the EO is in accordance with results previously described in the literature [12,57],
only with slight quantitative differences in the relative amounts of monoterpenic hydrocar-
bons and oxygen-containing monoterpenes. However, other chemical profiles have been
also identified in C. maritimum from different origins. Indeed, EO from plants obtained
in Croatia, Turkey, and Italy [52,57-59] have been reported as being rich in limonene; 3-
phellandrene has also been reported in high amounts in the essential oil from C. maritimum
collected in Turkey [60]. Dillapiole was also detected in significant amount [60].

Table 2. Composition of essential oil from Crithmum maritimum L.

Exp. RI? Ref. RI? Exp. RIP Ref. RIP Compound * Percent in Sample (%)
922 922 1030 1028 a-Thujene 0.3
930 930 1030 1030 a-Pinene 1.8
943 943 1075 1073 Camphene t
964 964 1124 1126 Sabinene 212
970 970 1118 1116 [-Pinene 0.3
980 980 1161 1162 Myrcene 1.4
982 983 1294 1291 Octanal t
997 997 1171 1168 a-Phellandrene 0.8
1005 1005 1152 1152 A3-Carene t
1010 1110 1187 1189 o-Terpinene 1.6
1011 1011 1275 1273 p-Cymene 4.2
1020 1020 1213 1214 -Phellandrene 0.5
1025 1025 1235 1235 Z-Ocimene 4.2
1035 1035 1250 1253 E-Ocimene 0.2
1046 1046 1249 1251 y-Terpinene 372
1050 1050 1459 1462 E-Sabinene hydrate 04
1076 1078 1288 1288 a-Terpinolene 0.6
1080 1081 1444 1445 Z-Sabinene hydrate 0.2
1108 1106 1555 1541 cis-p-2-Menthen-1-ol 0.3
1117 1117 1374 1371 allo-Ocimene 0.1
1123 1124 n.d. - p-Menth-8-en-1-ol 0.2
1158 1158 1597 1598 Terpinene-4-ol 6.4
1169 1169 1692 1692 a-Terpineol 0.4
1177 1177 n.d. - cis-Piperitol 0.1
1187 1187 n.d. - trans-Piperitol 0.3
1214 1214 1591 1591 Thymyl methyl oxide 16.4
1223 1223 1601 1601 Carvacryl methyl oxide 0.1
1264 1264 1574 1574 Bornyl acetate t
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Table 2. Cont.

Exp. RI? Ref. RI? Exp. RIP Ref. RIP Compound * Percent in Sample (%)
1479 1481 1726 1726 Bicyclogermacrene 0.3
1516 1516 2221 2215 Elemicine t
1553 1551 2113 2213 Spathulenol t
1696 1696 2350 2350 E,E-Farnesol 0.1

Monoterpene hydrocarbons 74.4

Oxygen containing monoterpenes 24.8

Sesquiterpene hydrocarbons 0.3

Oxygen containing sesquiterpenes 0.1
Other compounds t

Total identified 99.6

Exp. RI?: Experimental retention indices on the SPB-1 column relative to Cg—Cp3 n-alkanes. Ref. RI*: Reference
retention indices in nonpolar column. Exp. RIP: Experimental retention on the SupelcoWax-10 column relative to
Cg to Cp3 n-alkanes. Ref. RIP: Reference retention indices in polar column. * Compounds listed in order to their
elution on the SPB-1 column.

The achieved differences can be explained due the different edaphoclimatic conditions
of the geographical origins of the samples that may affect the oils compositions [61] as well
by the existence of different chemotypes as is suggested by Ozkan et al., (2001) [57].

3.4. Antioxidant Activity

The antioxidant activity of aqueous extracts from sea fennel was evaluated by DPPH
and ABTS methods (Table 3). According to Table 3, the infusion is more active relatively
to the decoction. This difference can be attributed to the higher content of phenolic acids,
particularly in chlorogenic acid, in infusion as observed in Figure 1. Additionally, in DPPH,
BHA is approximately 10 times more active relatively to the aqueous extracts of sea fennel.
Siracusa et al., (2011) studied the infusion of sea fennel, collected in the flowering station in
Croatia [62]. The results showed a DPPH inhibition of 88% at 400 mg/mL being this activity
attributed to the chlorogenic acid, identified as the major phenolic acid [62]. Although the
result is not expressed as an ICs it is clear that the free radical-scavenging activity of our
extracts (e.g., infusion and decoction) has higher activity. Souid et al., (2021) studied the
antioxidant activity by DPPH of an hydro-ethanolic extract from sea fennel [30], obtaining
an ICsg value of 0.22 + 0.04 mg/mL, being significantly less active than our samples.
The hydroethanolic extract was constituted by phenolic acids and, in minor amounts, by
flavones and flavonols. Similar to our results, chlorogenic acid was the main compound.
However, its amount in the hydro-ethanolic extract was 7.25 mg/g (dry weight) [30],
which is significantly lower than the chlorogenic acid content in our aqueous extracts.
Comparing the results obtained by Souid et al., (2021), it is evident that antioxidant activity
observed for aqueous and hydro-alcoholic extracts is related to the type of solvent and
extraction conditions that influences the phenolic compounds composition and its quantity.
Relatively to the BHA antioxidant activity, Durmaz et al., (2022) reported an ICsq value of
10.10 pg/mL [63].

Table 3. Antioxidant activity of aqueous extracts of Crithmum maritimum L. and BHA by DPPH and
ABTS methods. The results are expressed as mean =+ SD of three independent experiments (n = 3)
performed in duplicate. The statistical analysis was performed with p < 0.05.

ICs (ug/mL) (DPPH) ICso (ug/mL) (ABTS)
Infusion 365+ 14% 37.3 4+ 2.6 *
Decoction 447 +44% 3844+ 1.8*
BHA 45+0.1% -

* Results are significants at p < 0.05, One-way ANOVA followed by Tukey’s test; ** Results are not significant at
p < 0.05, paired t-test.
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3.5. Antibacterial Activity

The antibacterial activity of sea fennel’s aqueous extracts and essential oil was eval-
uated against B. cereus, S. aureus, and L. plantarum (gram-positive bacteria) and E. coli
(gram-negative bacteria). The results of the antibacterial activity of sea fennel’s EO in disc
diffusion assay and MICs and MBCs values are presented in Tables 4 and 5, respectively.
Accordingly with the inhibition halo presented in Table 4, the EO exhibited higher antibac-
terial effect in L. plantarum, followed by B. cereus. The MICs values of EO (Table 5) were the
same for B. cereus and L. plantarum (11.4 £ 0.1 uL/mL) which presented the highest activity
followed by S. aureus and E. coli. At the tested concentrations, the infusion and decoction of
sea fennel did not exhibit any antibacterial effect.

Table 4. Antibacterial activity of essential oil from Crithmum maritimum L. by the disc diffusion
method. Results are expressed as mean =+ SD.

Bacteria Diameter of the Inhibition Halo (mm)
Escherichia coli 82+1.2
Staphylococcus aureus 116 £15
Bacillus cereus 94+12
Lactobacillus plantarum 182413

Table 5. MICs and MBCs results of Crithmum maritimum L. essential oil. All the determinations were
performed in triplicate and the results expressed in mean =+ SD.

Bacteria MIC (uL/mL) MBC (uL/mL)
Escherichia coli 456 £0.1 91.3+0.3
Staphylococcus aureus 228 £0.1 91.3+0.3
Bacillus cereus 114+ 0.1 w.e. *
Lactobacillus plantarum 114 £0.1 228 +0.1

*w.e.: without effect; lack of bactericidal effect.

4. Discussion

The infusion and decoction of sea fennel showed a significant free-radical scavenging
activity in both DPPH and ABTS assays, being approximately 10 times less active than
BHA. This synthetic preservative it is widely used in food industry, particularly in oils
and foods rich in fats, to increase their shelf-life [64]. Although BHA is considered and
generally recognized as safe (GRAS), this molecule has been reported to have negative
effects in health [64], namely in carcinogenesis [65]. In high doses, BHA induced cancer of
forestomach in rats [64]. Additionally, this synthetic preservative, when irradiated with
visible light, and in the presence of vitamin B2, suffers degradation [64]. Thus, the FDA
established that the use of BHA must be lower than 0.02%, alone or in combination with
other preservatives [64]. Additionally, the Joint Food and Agriculture Organization of the
United Nation/World Health Organization Expert Committee on Food Additives (JECFA)
determined that the daily intake of BHA was 0.5 mg/kg [64]. However, a study performed
in the Netherland with 120,852 older adults, determined that the daily intake of BHA
was 105 nug/day [64], a value higher than the recommended. In this way, the addition
of natural preservatives prevents the negative effects in health related to high intake of
synthetic preservatives such as BHA. Additionally, the addition of plant extracts to food
matrices improves the nutritional features of the food. Sea fennel emerge has healthier
antioxidant product, being environmentally friendly and economic due to its growth and
development characteristics. Regarding the phytochemical characterization, both extracts
revealed to have similar compositions in which chlorogenic acid was identified as the major
compound. Polyphenols, including phenolic acids, are known for their ability to neutralize
free radicals. Thus, the antiradical activity exhibited by aqueous extracts can be attributed
to their phenolic composition, namely chlorogenic acid.
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Chlorogenic acid has been reported as an antioxidant molecule, due to its structure
which contains 5 hydroxyl (OH) groups and one carboxylic (-COOH) group. The latter
is a strong electron-withdrawing being the former electron donors [66]. Additionally, the
number and position of OH groups influence the free radical neutralization capacity. Ac-
cordingly with Chen et al., (2020), if the number of OH groups in the benzene ring is less
than four, the antioxidant activity is proportional to the number of hydroxyl groups [66].
Additionally, OH groups can enhance the antioxidant capacity of other polyphenols [66].
At the cellular level, chlorogenic acid was found to reduce the expression of a regulator
of cellular oxidative stress response activating signaling pathways involved in the expres-
sion of endogenous antioxidant enzymes such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px), and glutathione (GSH) [67]. Chlorogenic acid
present in coffee exhibited antioxidant activity in DPPH, superoxide anions, OH radicals,
and peroxynitrite. However, depending on the concentration of chlorogenic acid and
the presence of free transition metal ions and their redox state, this phenolic acid can act
as a pro-oxidant [54]. Antimicrobial activity was also attributed to chlorogenic acid rich
extracts. Due to its antioxidant activity, chlorogenic acid has potential in food industry as a
preservative [54]. Lipid peroxidation are oxidative processes that occurs in foods leading
to their deterioration [68]. The incorporation of phenolic compounds such as chlorogenic
acid in food matrices can delay oxidative processes, increasing the product shelf life [68].
However, chlorogenic acid is sensitive to pH, high temperatures, and light exposure, which
influences its biological properties, namely antioxidant activity [54,67]. Besides food appli-
cations, chlorogenic acid was found to have the potential in protecting skin photoaging
triggered by UVA-irradiation through collagen degradation inhibition and enhancement of
collagen synthesis [69]. In another study, the skin anticancer potential of chlorogenic acid
nanoparticles was studied [70]. The chlorogenic acid nanoparticles were administrated
orally and topically in mice with skin cancer induced by 7,12-dimethylbenz(a)anthracene
(DMBA). The results showed that chlorogenic acid nanoparticles were capable to inhibit
skin cancer cell growth and restore the levels of enzymatic and non-enzymatic antioxi-
dants [70]. Chlorogenic acid in its free form was also tested and, although have shown to
inhibit skin cancer growth, its activity was lower compared to the nanoparticles [70]. This
compound is also reported to have antimicrobial activity [71-74]. However, the sea fennel’s
infusion and decoction did not reveal antibacterial activity, at the tested concentrations.
This fact, as mentioned earlier, may be due to the instability of chlorogenic acid in the
extraction procedures [54,67].

E. coli, Gram-negative bacteria, is a facultative anaerobe that is present in gut mi-
crobiota of animals and humans. However, the ingestion of pathogenic strains of E. coli
present in contaminated foods, depending on the bacteria serotype and immune system
of the host, can cause diarrhoea, vomiting, nausea and infections in the urinary and cen-
tral nervous system as well in the bloodstream [37]. According to the Food and Drug
Administration (FDA), this coliform bacterium can be found in meats and food crops
(https:/ /www.fda.gov/food/foodborne-pathogens/escherichia-coli-e-coli). Similar to E.
coli, the Gram-positive bacteria S. aureus cause identical symptoms and also toxic shock
syndrome, scarlet fever and respiratory diseases [37]. Although its presence in cosmetic
products is forbidden, when contaminated, S. aureus can cause conjunctivitis and im-
petigo [38]. E. coli and S. aureus can be found in mascaras, eyeliners, face powders, and
lipsticks, increasing the probability of external and internal infections [38]. The saprophytic
endospore-forming Gram-positive bacteria, B. cereus occurs naturally in a wide variety
of raw materials for consumer goods [75], and is responsible for gastrointestinal intoxica-
tions [37,75,76], being present, for example, in cosmetics, and dairy products such as milk
and cheese [77]. B. cereus, due to its capability of forming spores, can be found in many
foods such as dairy products, raw meat, pasta and other processed foods [76], and also in
cosmetic raw materials and finished products [75]. B. cereus contaminations in cosmetic
products are common and, in damaged skin (e.g., wounds), can cause cutaneous infec-
tions [75]. Additionally, eye contaminated-cosmetics can cause severe eye infections [78]. L.
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plantarum, a Gram-positive aerotolerant bacteria, is commonly found in meat, fermented
and processed foods that in high levels causes food spoilage [37]. Unlike the bacteria
mentioned above, L. plantarum has antimicrobial potential against others food poisoning
bacteria [79]. However, high levels of L. plantarum, particularly found in fats, leads to the
spoilage of fats-enriched foods [37]. In cosmetics, L. plantarum exerts a protective effect on
the skin through suppression of several harmful bacteria found in skin, and it has been
reported that the absence of this lactic bacteria is associated with skin aging [80].

The essential oil of sea fennel showed antibacterial activity against E. coli, S. aureus, B.
cereus, and L. plantarum, with higher activity in the last two. This activity is probably due to
the EO composition, particularly to the contribution of y-terpinene and sabinene.

Sea fennel’s essential oil has a few reports about its antibacterial activity [81,82] at-
tributed to the high content of monoterpenic hydrocarbons. Sanchez-Hernandez et al.,,
(2021) reported the antibacterial activity against E. coli and S. aureus of EO (100 pL/mL)
from sea fennel [81]. The EO rich in y-terpinene, thymol methyl ether, and dillapi-
ole showed an inhibition halo of 13 mm in S. aureus and no inhibition of E. coli [81].
D’Agostino et al., (2021) studied the antibacterial activity of sea fennel’s EO against Bacil-
lus sp. [82]. The EO, composed mainly by S-myrcene, p-cymene, and thymol acetate
showed an inhibition halo of 10 mm in Bacillus sp. [82]. Another study, reports MICs
values above 50 uL/mL of y-terpinene for Escherichia coli and Staphylococcus aureus [83].
For E. coli and S. aureus, y-terpinene inhibited the bacterial growth at concentrations above
50 uL./mL, which is in accordance with our results for E. coli. However, our EO from
the sea proved to be more effective in inhibiting S. aureus growth than y-terpinene alone,
suggesting synergistic interactions. Other authors reported MICs values of y-terpinene and
sabinene higher than 10 uL./mL, in E. coli and S. aureus. Another study of the antibacterial
activity of the main compounds of the EO (y-terpinene, and sabinene) was screened against
Bacillus cereus, Salmonella typhimurium, Escherichia coli, and Staphylococcus aureus [84]. These
three compounds did not show activity in all the tested bacteria.

Besides its antibacterial activity reported above, Alves-Silva et al., (2020) reported
the antifungal activity of y-terpinene, sabinene, and EO of sea fennel against Aspergillus
strains [12], a food poisoning bacteria that produces highly toxic aflatoxines [85]. The
information gathered in the literature, suggest that the antibacterial activity depends on
the chemical profile of the EO.

Given the antioxidant properties of aqueous extracts and antibacterial activity of
essential oil, sea fennel has potential to be a future food and cosmetic preservative and,
thus, replacing or decrease synthetic preservatives. Crithmum maritimum L. could also
be used in feed industry, considering EFSA opinions based on other plants that exhibit
in there composition chlorogenic acid [86] or essential oils [87] Nutritional analysis of C.
maritimum revealed higher fiber content. Recent changes in animal production have been
based on feed regulations moving away from the use of Growth Promoting Antibiotics
(AGP), and therefore there is a need to find new and safe approaches to optimize the
intestinal health of animals [88]. In addition to its added nutritional value, dietary fiber has
been found to improve gut health and immune function in monogastric animals [88]. Due
to its antimicrobial properties and organoleptic characteristics, some of the essential oils
have potential to enhance the dermocosmetics properties of the finished products as well to
preserve the cosmetic formulation [89]. Besides antimicrobial activity, esential oils present
other functions such as anti-aging, sun protection, and skin lightning [89,90]. Additionally,
essential oils contributes to hair nutrition, and moisturizer [90]. Good sensory traits has
been reported for C. maritimum [10]. Thus, allied to antibacterial essential oil properties
and antioxidant activity, C. maritimum have potential as a cosmetic/cosmeceutical product.
Given the nutritional profile of C. maritimum and antioxidant activity of aqueous extracts,
this plant has potential as a dietary supplement in order to prevent oxidative-related
diseases [91]. Additionally, being a salt-tolerant plant with significant fiber and minerals
content, sea fennel can be a future sustainable agroalimentar product contributing for the
reuse of degraded soils (e.g., salinization, erosion).
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5. Conclusions

The incorporation of Crithmum maritimum L. in foods and cosmetics can be an alterna-
tive to synthetic preservatives. However, more studies are needed to evaluate the effect of
the incorporation of these extracts on the organoleptic characteristics of food and fodder.
Due to its high content in fiber and chlorogenic acid, C. maritimum extracts can improve the
nutritional composition of foods and feeds, and also present value as a dietary supplement.
As an agroalimentar product, it can offer a sustainable solution relative to soil salinization
and erosion as it is a halophyte plant, thus, a salt-tolerant crop.
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