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Abstract

Sea fennel is a halophyte plant recognised as a valuable source of phenolics with good
antioxidant and antimicrobial potential. In this study, accelerated solvent extraction (ASE)
was optimised to improve the recovery of phenolic compounds from sea fennel, particu-
larly hydroxycinnamic acids, which are known to be dominant. The effect of the applied
extraction temperature (20-120 °C) and used solvent (20-80% hydroethanolic mixtures)
on total phenolic content (TPC) was systematically evaluated. Individual phenolic com-
position, antioxidant activity, and antimicrobial properties were measured in the top four
samples. TPC was determined spectrophotometrically, while individual compounds were
analysed by chromatography. Antioxidant (reducing and free-radical scavenging) activity
was assessed using three assays, while the minimum inhibitory concentrations and mini-
mum bactericidal concentrations were determined using the microdilution method against
five bacterial strains. Both temperature and solvent composition significantly influenced
phenolic extraction efficiency. The highest TPC and concentrations of chlorogenic acid and
its derivatives were obtained at 60 °C using 60-80% ethanol (664 and 673 mg of gallic acid
equivalents/g of dry extract), while higher temperatures generally resulted in reduced
phenolic yield. Extracts obtained under optimal ASE conditions exhibited enhanced an-
tioxidant activity and moderate antimicrobial effects, particularly against Gram-positive
bacteria, which demonstrates that accelerated solvent extraction represents an efficient
approach for obtaining sea fennel extracts rich in valuable bioactives with potential use in
different industries.

Keywords: ASE; phenolics; antioxidant activity; antimicrobial activity; chlorogenic acid;
rutin;, HPLC

1. Introduction

The interest in nutraceuticals and dietary supplements originated from plants that
grow worldwide. As a result, producers of plant extracts are increasingly focusing on the
selection and optimisation of extraction procedures, which would bring consistent quality
and reduced batch-to-batch variability [1]. In addition, environmental aspects are becoming
more relevant. The ecological footprint can be reduced by reducing solvent consumption
and energy use, using green solvents, and lowering the overall negative environmental im-
pact of extraction processes [2,3]. Green extraction approaches such as accelerated solvent
extraction (ASE), which is a type of pressurised liquid extraction (PLE), can significantly
reduce both solvent and sample amount in comparison to conventional extraction tech-
niques and result in extracts with a high share of biologically active compounds [4-6]. This
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makes ASE a promising extraction technique with a wide range of applications. It has
been used for the extraction of a great number of natural compounds, especially the ones
from plants such as phenolics and alkaloids [7,8]. For example, Repaji¢ et al. [9] optimised
ASE for the recovery of polyphenols and pigments from wild nettle leaves, determining,
among other parameters, the optimal temperature for achieving the highest yields. Ex-
tracts obtained under optimised conditions contained significantly higher concentrations
of phenolic compounds, especially the dominant chlorogenic acid, and exhibited greater
antioxidant activity compared to extracts obtained by ultrasound-assisted extraction (UAE).
In another study, Rodriguez-Pérez et al. [10] optimised both microwave-assisted extraction
(MAE) and ASE for obtaining phenolic compounds from moringa leaves, showing that
extracts obtained by optimised ASE yielded twice the number of phenolics. The efficacy
of ASE for extracting antioxidants from rosemary, marjoram and oregano was improved
by Hossain et al. [11] through the determination of the optimal temperature and solvent
ratio for each plant. The optimised extracts compared to conventional solid /liquid extracts
again showed higher yields of phenolics, especially phenolic acids, as well as significantly
higher antioxidant activity. Diemer et al. [12] investigated temperature and solvent ratio
parameters for ASE of caffeoylquinic acids from forced chicory roots, optimising parame-
ters for both the best yield and antioxidant activity. In all cases, extracted compounds can
be used in various applications, including food, pharmaceuticals, and cosmetics.

Since the climate changes are more obvious and there is a deficit in agricultural arable
land, researchers are considering new sources of bioactive compounds. Halophytes are
recognised as one of them [13,14], since these plant species grow in environments with
high salinity and severe drought [14]. Among them, sea fennel (Crithmum maritimum
L.), commonly found on cliffs and rocks of the Mediterranean, European Atlantic and
Black Sea coast [15,16], has been widely used for years due to its health benefits in various
purposes [17-21]. It is well known for its bioactive properties due to the high content of
chlorogenic acid [22-24]. Even though there are several studies on bioactive compounds
from sea fennel [22,23,25-28], only a few have investigated the influence of the applied ex-
traction method and its parameters on the yield and profile of isolated compounds [29-32].
The novelty of this study, compared to previously published work, lies in the investigation
of a specific chemotype of sea fennel growing in Croatia, with particular emphasis on its
chemical composition. In addition, the study explores the application of advanced extrac-
tion techniques and the use of GRAS solvents, with ethanol employed as the extraction
solvent in this work. In our previous work [29], microwave-assisted extraction (MAE),
ultrasound-assisted extraction (UAE), and conventional solvent extraction (CSE) were com-
pared, but ASE was not included. The study by Maoloni et al. [30] investigated phenolic
extracts from different parts of sea fennel using methanol, while in this study, ethanol was
used as a GRAS alternative. However, their work did not include optimisation of the ex-
traction process, and the applied conditions (e.g., extraction temperature of 68 °C) were not
clearly justified or supported by references. In addition, Cristina et al. [31] compared UAE
and supercritical fluid extraction (SFE), but ASE was not considered. Therefore, this study
aims to determine the optimal ASE conditions for the extraction of phenolics, especially
chlorogenic acids, from sea fennel. To maximise the recovery of these compounds, solvent
composition and extraction temperature were systematically optimised. Total phenolic
content was determined by spectrophotometric analysis, and individual phenolics were
detected by high-performance liquid chromatography (HPLC). In addition, antioxidant
and antimicrobial activity were measured to evaluate and compare the bioactivity effects of
the obtained extracts.
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2. Materials and Methods
2.1. Plant Material

Harvesting of the sea fennel was performed in June on the island of Ciovo, Croatia
(43°30' N 16°17" E). To remove dirt, fresh plant material was washed with tap water, while
leaves were manually removed and stored at —18 °C. The plant material was freeze-dried
(FreeZone 2.5 L, —50 °C, Labconco, Kanzas City, MO, USA) and ground to a powder using
a commercial (coffee) grinder (Delimano, Croatia) right before extraction. Ethanol, 96%,
p-a. was purchased from Kemika (Zagreb, Croatia), while formic acid p.a., ACS reagent
and acetonitrile >99.92% were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Accelerated Solvent Extraction (ASE)

Dionex ASE 350 extractor (Thermo Fisher Scientific Inc., Sunnyvale, CA, USA) was
used for the preparation of sea fennel extracts. The percentage of ethanol and extraction
temperature were optimised as shown in Table 1.

Table 1. Accelerated solvent extraction conditions and sample codes. Sample codes represent
specific combinations of extraction temperature and ethanol concentration, where numbers indicate
temperature levels and letters denote ethanol content.

Ethanol Content (%) in

Extraction Temperature (°C)

Hydroalcoholic Mixture 20 40 60 80 100 120
20 1A 2A 3A 4A 5A 6A
40 1B 2B 3B 4B 5B 6B
60 1C 2C 3C 4C 5C 6C
80 1D 2D 3D 4D 5D 6D

To prevent metal frit clogging and the entry of sample particles into the extracts,
22 mL stainless steel cells were fitted with cellulose filters (Dionex, Thermo Fisher Scientific
Inc., Sunnyvale, CA, USA). To 1 g of plant material, 2 g of diatomaceous earth (Thermo
Fisher Scientific Inc.) was added, and an additional 1 g was added to fill the cells. The
extraction process started with filling the extraction cell with the selected solvent until the
pressure reached 10.34 MPa (1500 Psi). Depending on the selected extraction temperature,
the heating time was automatically determined by the instrument. Static extraction was
performed for 5 min for all the samples. During the heating and static extraction, when the
pressure reached 11.72 MPa (1700 Psi), the static valve opened, releasing a small amount
of solvent. The static phase was followed by a rinse with 60% of the cell volume of fresh
solvent. The process ended with purging all the cells and lines with nitrogen for 90 s. To
avoid cross-contamination between samples, the system was thoroughly flushed after each
extraction. Extractions were performed in duplicate, and extracts were collected in 60 mL
glass vials with Teflon-lined septa and stored at +4 °C for 24 h to precipitate tannins. Using
a rotary evaporator (Laborota 4000 efficient G3, Heildoph GmbH, Schwabach, Germany),
ethanol from the combined extracts was evaporated, after which the extracts were freeze-
dried and stored protected from the sunlight with desiccant. The extracts were diluted with
50% ethanol to concentrations between 0.01 and 10 mg/mL, depending on the method’s
sensitivity, for further analysis.

2.3. Phenolic Content
2.3.1. Total Phenolic Content—Spectrophotometric Analysis

Total phenolic content was measured using the Folin-Ciocalteu method [33]. Extract
in the amount of 25 pL at 10 mg/mL was placed in a cuvette, and 1.975 mL of distilled
water and 125 pL of Folin-Ciocalteu reagent were added and mixed. After 5 min, 375 uL
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of sodium carbonate was added. The mixture was kept in the dark for 2 h before the
absorbance at 765 nm was measured. The total phenolic content (TPC) of the samples was
calculated using a gallic acid standard curve and expressed as mg/g of dry extract.

2.3.2. Response Surface Analysis

A regression-based response surface approach was applied to evaluate the combined
effect of extraction temperature and ethanol concentration. A second-order polynomial
model, including linear, quadratic, and interaction terms, was fitted using the experimental
data, and the response surface was constructed within the studied experimental range.

2.3.3. Individual Phenolics—Chromatographic Analysis

The analysis of the individual phenolic compounds was conducted by the UltiMate
3000 high-performance liquid chromatography (HPLC) system (Thermo Fisher Scientific
Inc., Sunnyvale, CA, USA) with a diode-array detector. The separation of the compounds
was achieved on a Hypersyl Gold C18 column (100 x 3.0 mm, 3 um; Thermo Fisher
Scientific Inc.). The column was heated at 35 °C, and the flow rate was 1.5 mL/min. The
mobile phase A (aqueous) was 1% formic acid in water, and mobile phase B (organic) was
90% acetonitrile and 10% of mobile phase A. The elution was isocratic for 5 min at 0% B.
The gradient then increased to 18% B over 15 min, held for 5 min, increased to 20% over
the next 5 min and then ramped to 100% B in 1 min to elute all remaining peaks. The
absorbance was recorded at 260, 275, 320 and 350 nm. Peaks were identified by comparing
the absorbance spectra and retention times of external phenolic standards. Quantification
was performed using a calibration curve of external standards. Results were expressed in
mg of compound per g of dry extract (mg/g).

2.4. Antioxidant Activity

The first assay is based on the reduction in the 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH?®) by the antioxidants present in the system [34]. An amount of 2 mL of DPPH*®
reagent solution was added to a cuvette, and the absorbance was measured at 517 nm
(Ac())- A total of 50 uL of extracts with a concentration of 1 mg/mL were added to the
solution in the cuvette. The absorbance of the reaction solution was measured again after
1h (Aa(T))- Results were expressed as mM Trolox equivalents (TE)/g equivalents using the
calibration curve.

The FRAP (Ferric Reducing Antioxidant Power) assay is based on the reduction in
the colourless [Fe®*-(2,4,6-tris(2-pirydyl)-s-triazine),]** to the bright blue coloured [Fe?*-
(TPTZ),]** complex [35]. FRAP reagent in the amount of 3 mL was added to a cuvette, and
the absorbance was measured at 593 nm. A total of 100 uL of extracts with a concentration
of 1 mg/mL were added to the solution in the cuvette. The absorbance of the reaction
solution was measured again after 4 min. The final value was calculated by subtracting
the sample absorbance from the reagent absorbance. Results were expressed as mM Trolox
equivalents (TE)/g equivalents using the calibration curve.

The ORAC (Oxygen Radical Absorbance Capacity) method is used to measure the
ability of antioxidants to protect the fluorescent probe (fluorescein) from free radical dam-
age, particularly peroxyl radicals produced by the spontaneous decomposition of AAPH
[2,2-azobis(2-amidino-propane) dihydrochloride] [36]. Fluorescence measurements were
performed using a Synergy HTX Multimode Reader spectrofluorimeter (BioTek, Charlotte,
VT, USA); excitation was measured at 495 nm and emission at 520 nm. Before the experi-
ment, the instrument was heated to 37 °C so that the rate of radical generation was constant.
For the measurements, 150 pL of fluorescein solution and 25 pL of the samples were mixed
in black microplate wells and thermostated at 37 °C. After 30 min, 25 uL of AAPH solution
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was added, and the fluorescence intensity was measured every minute for 80 min. Results
were expressed as mM Trolox equivalents (TE)/g using the calibration curve.

2.5. Antimicrobial Activity

For the antimicrobial activity, bacterial strains were used as follows: Enterococcus fae-
calis ATCC 29212, Listeria monocytogenes ATCC 7644, Bacillus cereus ATCC 14579, Escherichia
coli ATCC 25922, and Pseudomonas aeuriginosa ATCC 27853. The minimum inhibitory con-
centration (MIC) and minimum bactericidal concentration (MBC) were determined using
the microdilution method for sea fennel extracts dissolved in 50% ethanol at a concentra-
tion of 10 mg/mL. The MIC method was performed according to the method previously
described by Skroza et al. [37] In brief, 100 uL of the diluted extracts (mixture of Mueller—
Hinton broth (MHB) and extracts in a 1:1 ratio) were added to the first wells of the 96-well
microtiter plate and diluted twofold in the next wells. After the addition of the 50 uL
inoculum (10°~107 colony-forming units (CFU)/mL), each plate was shaken for 1 min on
a microtiter plate shaker at 600 rpm (plate shaker thermostat PST-60 HL, Biosan, Riga,
Latvia). The positive control (50 puL inoculum and 50 pL broth), the negative control (50 pL
broth and 50 pL extract), the blank sample (100 pL broth), and 50% ethanol was evaluated.
After 24 h at 37 °C, 20 uL of the bacterial metabolic activity indicator, 2-p-iodophenyl-3-p-
nitrophenyl-5-phenyl tetrazolium chloride (INT) (2 mg/mL) was added. The MIC values
were visually determined as the lowest concentration of the extract at which no suppression
of bacterial growth was detected by the reduction in INT to red formazan. The MBC was
determined as the lowest concentration at which no microbial growth was detected in the
wells where the MIC was determined, and in the wells with higher concentrations of the
extract [36]. All measurements were repeated in triplicate, and the mean values are given
in the tables/figures.

2.6. Statistical Analysis

TPC results were analysed using two-way ANOVA to evaluate the effects of extraction
temperature and ethanol concentration. Antioxidant activities (DPPH, FRAP and ORAC)
of selected extracts (3A, 3B, 6C and 3D) were compared using one-way ANOVA. Normality
and homogeneity of variance were checked by Shapiro-Wilk and Levene tests. When
necessary, Welch’s ANOVA followed by the Games-Howell post hoc test was applied.
Results are presented as mean + SD, and differences were considered significant at p < 0.05.
Statistical analysis was performed using Jamovi software (Version 2.7.17).

2.7. Greenness Assessment Method

The greenness of the accelerated solvent extraction (ASE) procedure was evaluated
using the Analytical GREEnness (AGREE) metric, introduced by the authors of [38,39],
which is based on the 12 principles of green analytical chemistry. The assessment was
focused on the extraction step, considering sample preparation and extraction conditions,
while instrumental analysis was not included in the evaluation. The overall greenness score
was calculated using the default weighting system implemented in the AGREE software
(version v.0.5.2020).

3. Results and Discussion
3.1. Total Phenolic Content (TPC)

Total phenolic content was measured in the samples extracted at various conditions:
using different ethanol-water mixtures (20, 40, 60, and 80%) and at different temperatures
(20, 60, and 120 °C). The main objective was to determine the best conditions for maximum
extraction yield of sea fennel phenolics, especially chlorogenic acids (CGAs), which are
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the dominant phenolics in sea fennel samples. At all tested temperatures, higher ethanol
concentrations led to higher TPC values. The highest phenolic content was observed with
60-80% ethanol, suggesting that this range is the most effective for the extraction (Figure 1).
Ashim et al. [32] investigated phenolic content in sea fennel water and hydroethanolic
(80%) extracts and also reported higher amounts of these compounds in ethanolic extracts.
The same trend was also recorded for flavonoids. It is well known that chlorogenic acid
(CGA) and its derivatives are the dominant phenolics in sea fennel, and their solubility
is known to be better in ethanol than pure water [40]. Besides mono-CGAs, sea fennel is
also a great source of di-CGAs [32] which are, in general, less polar and more soluble in
hydroalcoholic mixtures [41]. This could be a reason for a higher share of phenolics in
samples prepared at the same temperature (case of extractions at 20 and 60 °C) and using
solvents with a higher amount of ethanol.

W 20% ethanol £ 40% ethanol 60% ethanol [ 80% ethanol

800.0
N <t
- © <
700.0 - n J o g o
: — O o
G 3 3
600.0 S B -
i
I'e)
__500.0
=
b0
£ 400.0
QO
& 300.0
200.0
100.0
0.0 =
1A 1B 1C 1D 3A 3B 3C 3D 6A 6B 6C 6D
20°C 60 °C 120 °C

Figure 1. Graphical representation of the results for total phenolics (TPC) in sea fennel extracts
obtained by accelerated solvent extraction at different extraction conditions (temperature and ethanol
content). Results are expressed in mg/g of dry extract.

A significant effect on phenolic extraction efficiency was also observed with temper-
ature. At 20 °C, the TPC increased proportionally with the ethanol content, reaching a
maximum at 80% (sample 1D with 611.1 mg/g) (Figure 1). TPC increases evenly at all
ethanol contents at 60 °C, reaching a maximum of 673.2 mg/g in 80% ethanol (sample
3D), but the results become less persistent at 120 °C. For example, at 60% ethanol, TPC is
higher (sample 6C with 664.4 mg/g) than at 80% ethanol (sample 6D with 603.9 mg/g).
This is probably due to the degradation of some phenolic compounds at higher tempera-
tures. These results of the optimisation experiments lead to the conclusion that 60 °C is the
optimal temperature for phenolics’ extraction, especially in the combination with 60-80%
ethanol as an extraction solvent. The increase in temperature to 120 °C reduces phenolic
yield, especially at higher ethanol concentrations, suggesting phenolic degradation [41,42].
This was also statistically proven. Repaji¢ et al. [9] optimised ASE for the recovery of
polyphenols, including dominant chlorogenic acid, from wild nettle leaves and their results
showed the highest yield with the highest used temperature (110 °C), differing from our
results. These discrepancies could be due to the use of different plant material, solvent
(they used 96% ethanol), number of cycles (3 or 4 vs. 1) and static time (10 min vs. 5 min).
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In this study, two-way ANOVA revealed a significant effect of extraction temperature
and ethanol concentration on total phenolic content. A significant interaction between
temperature and ethanol concentration was also observed (p < 0.001), indicating that the
effect of temperature depended on solvent composition.

3.2. Response Surface Analysis

A regression-based response surface model was applied to evaluate the combined
effect of extraction temperature and ethanol concentration on total phenolic content. The
model showed a good fit to the experimental data (R? = 0.90, p < 0.001). The response
surface (Figure 2) indicates that ethanol concentration had a stronger influence on extraction
efficiency, with higher values observed at increased ethanol levels. Temperature showed a
less pronounced effect within the studied range, although a slight increase in response can
be observed at moderate temperatures.

80% ethanol

60% ethanol

40% ethanol

20% ethanol
20 °C 40 °C 60 °C 80 °C 100 °C 120 °C

m 200-400 m 400-600 m 600-800

Figure 2. Response surface showing the combined effect of extraction temperature and ethanol
concentration on total phenolic content.

3.3. HPLC Analysis of Individual Phenols

Four combinations of temperatures and solvent mixture ratios with the highest TPC
(samples 34, 3B, 3D, and 6C) were analysed for the individual phenolics by HPLC (Table 2).
Sea fennel is known for its richness in hydroxycinnamic acids [22,23], and CGA is the most
prevalent among the secondary metabolites [29,43-45]. Of the analysed samples, CGA
had concentrations from 7.87 mg/g in sample 6A (120 °C, 20% ethanol) to 29.25 mg/g in
sample 3D (60 °C, 80% ethanol) (Table 2). This indicates that moderate thermal conditions
at 60 °C, coupled with a high ethanol concentration of 80%, are optimal for the extraction
of CGA, whereas higher temperatures (120 °C) may potentially reduce extraction efficiency
due to likely thermal degradation [41,42]. These findings are in line with our previous
results where the concentration of CGA in sea fennel samples was as follows: 8.68 mg/g
(conventional extraction), 9.78 mg/g (UAE), and 10.67 mg/g (MAE) [25].
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Table 2. Concentrations (mg/g) of individual phenolics in sea fennel extracts with the highest yield
of phenolics obtained by Accelerated Solvent Extraction.

Concentration (mg/g of Dry Weight) + SD !

Compound 3A 3B 6C 3D
(60 °C, (60 °C, (120 °C, (60 °C,

20% Ethanol) 40% Ethanol) 60% Ethanol) 80% Ethanol)
nCGA 0.70 £ 0.00 0.66 £+ 0.00 0.61 £0.00 0.70 £ 0.00
CGA 26.53 £+ 0.02 24.37 £+ 0.02 20.80 £ 0.02 29.25 £+ 0.06
cCGA 1.78 +0.01 1.62 + 0.00 2.23 +£0.01 3.60 & 0.09
RA 0.23 +£0.02 nd 0.56 £+ 0.06 0.25 £+ 0.01
GA 0.26 +0.01 0.27 £ 0.01 0.28 +0.01 0.27 = 0.00
SYRAC 0.96 £+ 0.00 0.87 +0.01 1.26 +0.01 1.49 4 0.00
3HCA 0.21 4+ 0.00 1.31 £ 0.00 0.18 +0.00 0.17 £0.05
CNA 0.26 + 0.01 0.21 £+ 0.00 0.23 +0.00 0.25 £+ 0.00
PCA 0.16 = 0.00 0.21 £ 0.00 0.19 £ 0.01 0.17 £ 0.00
PHBA 0.13 4= 0.00 0.13 4= 0.00 0.13 £0.00 0.13 £0.00
R 1.75 +£0.15 1.78 +0.14 1.40 4+ 0.17 2.27 +£0.13
CA 0.19 +0.01 0.18 4+ 0.00 0.25 4+ 0.02 0.19 + 0.01

1 SD—standard deviation, nCGA—neochlorogenic acid; CGA—chlorogenic acid; cCGA—cryptochlorogenic acid;
GA—gallic acid; SYRAC—syringic acid; 3HCA—o-coumaric acid; CNA—cinammic acid; PCA—protocatechuic
acid; PHBA—p-hydroxybenzoic acid; R—rutin; CA—caffeic acid, nd- not detected.

Various studies have investigated the effect of extraction temperature on the stabil-
ity of phenolic compounds and have reported different results [46—48]. Liazid et al. [47]
investigated the stability of 22 phenolics from different subgroups under microwave-
assisted extraction at various temperatures and concluded that the type and position
of hydroxyl substituents have a strong impact on compound stability (a higher number
of substituents corresponds to higher degradation). Benzoic acids, such as gallic acid
and p-hydroxybenzoic acid, which were also detected in sea fennel samples in this study,
showed the highest extraction yield at 100 °C, while at higher temperatures their degrada-
tion was observed. According to our results, at 120 °C, the gallic acid yield in extracts was
the highest, which could be related to the solvent used. The authors also reported a negative
effect of temperatures above 50 °C on caffeic acid stability, whereas in our study, its content
was highest in extracts prepared at the highest temperature. The reason for this discrepancy
could lie in the fact that chlorogenic acids (CGAs) are esters of caffeic and quinic acid, so
the observed increase in caffeic acid may be a result of thermal decomposition of CGAs.
Additionally, the use of different solvent systems should not be neglected.

Compound extraction efficiency is also influenced by the extraction solvent [49] used
and its polarity [50]. These differences may also reflect the initial abundance of individ-
ual compounds in plant tissue, in addition to their extraction behaviour. Galanakis et al.
concluded that phenolic compounds generally prefer solvents with intermediate polarity,
such as alcohols, rather than highly polar solvents such as water. However, they also
reported that compounds such as gallic, cinnamic, and coumaric acids may preferentially
dissolve in water. A low correlation between activity coefficients and compound polarity
was observed, while the authors also highlighted the strong influence of compound stereo-
chemistry and intermolecular interactions between the compound and the solvent [50]. In
the study by Kaczorova et al. [49], p-hydroxybenzoic acid was present only in ethanolic
extracts, whereas ferulic and rosmarinic acids were found only in aqueous extracts. The
content of chlorogenic and caffeic acids in the water extract was significantly higher than
in the ethanolic extract (3 vs. 0.02 and 12 vs. 3 pmol/g, respectively), while rutin was
not detected in the water extract. Another study reported that an increase in the ethanol
proportion in the tested solvent systems had a negative effect on the extraction efficiency
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of most phenolic compounds [51], which further highlights the complexity of extraction
efficiency, as it depends on the raw material, reaction conditions, and the characteristics of
the compounds being isolated, as well as on the properties of the used extraction solvent.

Sea fennel extracts obtained by ultrasound-assisted extraction at different ethanol
concentrations (0, 10, 20, 40, 80 and 100%; v/v) were studied by Cristina et al. [31] who
reported the highest share of total phenolics in extracts prepared with 40% of ethanol.
The extraction process of CGAs was also studied by Chadmi et al. [52] and the authors
reported the highest concentration of CGA in chicory extracts obtained using 70% of
ethanol. Changes in the share of ethanol in the hydroalcoholic mixture follow a parabolic
trend, and lower results were detected in the extract obtained by pure ethanol. On the
other hand, temperature did not have an impact on the extraction of phenolics in ethanolic
extracts, while extraction with water was strongly influenced by temperature, with higher
amounts of CGA found in extracts prepared using higher temperatures. Jeon et al. [40]
also reported that the solubility of CGA increases with temperature. Neochlorogenic
acid (nCGA) has also shown this type of extraction behaviour, with a concentration of
0.70 mg/g in both 3A (60 °C, 20% ethanol) and 3D (60 °C, 80% ethanol). The highest
concentration of cryptochlorogenic acid (cCGA) (3.60 mg/g) was noticed in sample 3D
(60 °C, 80% ethanol). In the sample 6C (120 °C, 60% ethanol) it significantly decreased.
These findings indicate that moderate heat and high ethanol content provide optimal
extraction conditions that favour both the solubility and stability of hydroxycinnamic
acids. Higher concentrations of nCGA and ¢cCGA than those reported in studies using
UAE, MAE and conventional extraction techniques, suggest that ASE may provide more
efficient recovery of these acids under the applied conditions [29,43]. In the study of Ashim
et al. [32], a slightly higher amount of detected hydroxycinnamic acids was also found in
ethanolic extracts (22.99 mg/g) compared to water extract, and CGA accounted for 61.3%
of the total phenolics in samples. The authors also detected a higher amount of caffeic acid
in the ethanol extract, which was also consistent with results obtained in this study.

The highest concentrations of rutin (R) were observed at 60 °C with 80% ethanol,
reaching 2.27 mg/g (Table 3), respectively. These results follow the pattern seen in the case
of hydroxycinnamic acids. The moderate heat and especially higher ethanol content are
also the optimal combination for the extraction of flavonoids which was also confirmed by
previous reports [32]. In contrast, smaller phenolic acids like gallic acid (GA), protocate-
chuic acid (PCA), and p-hydroxybenzoic acid (PHBA) were not significantly affected by
the change in the extraction conditions. In all analysed samples, their concentrations were
more or less consistent. This is likely because of their simple structures and hydrophilic
nature, which make them less sensitive to changes in temperature or ethanol concentration.

Table 3. Antioxidant capacity of selected sea fennel extracts. Values are expressed as mean =+ standard
deviation. Different superscript letters (a—c) within the same column indicate statistically significant
differences between samples (p < 0.05), determined by one-way ANOVA followed by Games-Howell
post hoc test when appropriate.

Sample DPPH FRAP ORAC
(Extraction Conditions) (mM TE/g) (mM TE/g) (mM TE/g)
3A (60 °C, 20% ethanol) 0.25 + 0.03 ¢ 1.19 £0.02 ¢ 3.84 +0.26°
3B (60 °C, 40% ethanol) 0.06 +0.01P 2.01 +£0.02° 5.19 +0.512
6C (120 °C, 60% ethanol) 0.39 +0.03 P 217 £0.042 5.03 +£0.252
3D (60 °C, 80% ethanol) 0.51 +0.022 2.18 £0.042 4.36 4 0.19 2
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3.4. Antioxidant Activity

The antioxidant activity of extracts varies based on solvent use and the applied ex-
traction temperature. The highest DPPH radical scavenging activity was observed in
sample 3D (60 °C, 80% ethanol; 0.51 &£ 0.02 mM TE/g), followed by sample 6C (120 °C,
60% ethanol; 0.39 & 0.03 mM TE/g), while the lowest activity was recorded in sample 3B
(60 °C, 40% ethanol; 0.06 & 0.01 mM TE/g). A similar trend was observed for reducing
power, measured through the FRAP assay, where increasing ethanol content resulted in
higher values. The strongest reducing capacity was again recorded at 60 °C with 80%
ethanol (sample 3D, 2.18 &+ 0.04 mM TE/g). Unlike results from these two antioxidant
assays, the ORAC assay showed the highest activity at 60 °C with 40% ethanol (sample 3B,
5.03 &+ 0.25 mM TE/g), while lower ethanol content resulted in weaker activity (Table 3).

The observed heterogeneity among the results is a consequence of the different mecha-
nisms of antioxidant action in the methods used, which were selected for that very reason.
Since the antioxidant properties of samples cannot be adequately described using a single
method, this study employed three different assays to evaluate antioxidant capacity. The
FRAP assay is a simple and reproducible test, with results that are linearly correlated with
the molar concentration of antioxidants. It is a redox-based method involving a single
electron transfer (ET) mechanism and directly measures the total reducing power of an-
tioxidants. In contrast, the DPPH radical scavenging assay is a hydrogen atom transfer
(HAT)-based method and one of the most widely used spectrophotometric assays for
assessing the antiradical capacity of samples. It provides information on the ability of an-
tioxidants to prevent reactive radical species from reaching other components in biological
and food systems. Since spectrophotometric methods can often be affected by chromatic
interference, the ORAC method, which involves biologically relevant peroxyl radicals, was
also used [53-55].

The results of our previous study [53] reported that the antioxidant activity of phenolics
(namely phenolic acids, which are the main compounds detected in sea fennel) depends
on compound structure and concentration, including the type, number, and arrangement
of substituents, but also on the antioxidant method used. The study did not include
chlorogenic acid; however, gallic acid exhibited the highest reducing activity, while the
lowest antiradical values were observed in the ORAC assay. Although the number of
samples was relatively low (n = 4), a statistically significant correlation was observed only
between total phenolic content and FRAP values (p = 0.0048), which is expected given
the similar reduction-based mechanisms of both methods. This result suggests that the
relationship between phenolic content and antioxidant activity depends on the method
used. FRAP is based on electron transfer and therefore reflects total reducing capacity more
directly, while DPPH and ORAC are based on different mechanisms, which may explain
the lack of correlation. In addition, the lack of a clear relationship with chlorogenic acid
indicates that antioxidant activity is influenced by the overall phenolic profile, rather than
a single compound.

Overall, the results suggest that higher ethanol content improves extraction of com-
pounds responsible for reducing power detected by FRAP method and free radical scav-
enging ability measured against DPPH radical. Ashim et al. [32] demonstrated more
promising radical scavenging activity against DPPH of sea fennel water extracts compared
to those obtained by 80% of ethanol, while reducing activity was higher for ethanolic
extracts. Cristina et al. [31] confirmed higher reducing and free radical scavenging activity
in sea fennel extracts with the highest share of total phenolics, with an obvious trend in
correlation of phenolic content and antioxidant properties. Xu et al. [56] investigated antiox-
idant activities of CGA isomers, including three caffeoylquinic acid isomers (chlorogenic,
criptochlorogenic and neochlorogenic acids), but their study confirmed good antioxidant
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activity of the tested compounds. However, significant differences in the activity of tested
compounds were not observed, indicating that the position of esterification on the quinic
moiety had no effect on its properties. On the other hand, dicaffeoylquinic acids had better
antioxidant activities. Moderate ethanol concentrations may favour compounds contribut-
ing to peroxyl radical scavenging activity, as the highest score was detected for sample 3B
(60 °C, 40% ethanol). If we compare the results of individual phenolics with these findings,
higher concentrations of hydroxycinnamic acids as well as other phenolics like rutin, can be
associated with increased scavenging activity and reducing potential of the samples. Since
the antioxidant properties of the sea fennel are strongly linked to phenolic content [57,58],
especially present hydroxycinnamic acids [16,28,59-61], these compounds likely play a
major role in the overall antioxidant potential of the tested extracts.

One-way ANOVA showed significant differences among the selected extracts in all
antioxidant assays (p < 0.01). For DPPH activity, all extracts differed significantly from
each other, with the highest activity observed in sample 3D, followed by 6C, 3A and 3B. In
the FRAP assay, sample 3A showed significantly lower reducing power compared to the
other extracts, while no significant difference was observed between 6C and 3D. Regarding
ORAC values, samples 3B and 6C exhibited higher activity compared to 3A, whereas no
significant difference was found between 3B and 6C; sample 6C also showed higher activity
than 3D.

Overall, DPPH and FRAP results indicated the highest activity in extracts obtained
with higher ethanol content, particularly sample 3D, while ORAC values were more
pronounced in samples extracted with moderate ethanol concentrations (3B and 6C). These
findings suggest that antioxidant activity depends not only on total phenolic content but
also on the specific phenolic profile and the dominant reaction mechanism of each assay.

3.5. Antibacterial Activity

The antibacterial activity of the tested samples was evaluated against both Gram-
positive and Gram-negative food-borne pathogens and spoilage bacteria, with notable
differences in bacterial susceptibility. Among the Gram-positive bacteria, L. monocytogenes
appeared to be one of the most susceptible species, as samples 6C and 3D showed the
strongest inhibitory effect with MIC and MBC values of 0.62 mg/mL (Table 4). Samples 3A
and 3B were also effective against these pathogenic bacteria, but at twice the concentration
(1.25 mg/mL). A strong activity against E. faecalis was noticed for the samples 6C and 3D,
while samples 3A and 3B were not active. For B. cereus, only sample 3A was not active,
while the MIC values provided by the other samples were 1.25 mg/mL.

Table 4. Antimicrobial activity (MIC/MBC; mg/mL) of sea fennel extracts obtained by Accelerated
Solvent Extraction at different extraction conditions.

Sample E. faecalis B. cereus L. monocytogenes E. coli P. aeruginosa
3A (60 °C, 20% ethanol) nd/nd nd/nd 1.25/2.5 nd/nd 2.5/nd
3B (60 °C, 40% ethanol) nd/nd 1.25/2.5 1.25/2.5 2.5/nd 1.25/2.5
6C (120 °C, 60% ethanol) 1.25/1.25 1.25/2.5 0.62/0.62 2.5/nd 1.25/2.5
3D (60 °C, 80% ethanol) 1.25/1.25 25/25 0.62/0.62 nd/nd 1.25/2.5

nd—not detected.

However, Gram-negative bacteria showed a higher level of resistance to the samples
tested. For example, only samples 3B and 6C showed antimicrobial activity against E. coli
(MIC value was 2.5 mg/mL), while samples 3A and 3D showed no effect on inhibiting the
growth of this Gram-negative pathogenic bacterium at the concentration tested. Of the
separated extracts, samples 3B, 6C and 3D were effective against the spoilage bacterium
P. aeruginosa with MIC values of 1.25 mg/mL, but higher MBC (2.5 mg/mL). Sample 3A
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again showed the weakest activity with an MIC value of 2.5 mg/mL and was unable to
achieve a complete bactericidal effect. The results show that Gram-negative bacteria were
more resistant to the tested compounds, likely because their outer membrane protects them
from antimicrobial agents.

Samples 6C and 3D showed the best antibacterial activity overall, especially against
G-positive bacteria, with lower MIC and MBC values. Although their efficacy against
G-negative species was significantly reduced, the MIC values indicate that slightly higher
concentrations still achieve inhibition against some bacterial species. Comparing the
antimicrobial activity with the phenolic content and antioxidant activity, these two sam-
ples, sample 6C and 3D, stand out again. The highest content of total phenols, as well
as the presence of CGA and its derivatives, could be one of the reasons for the good
antimicrobial effect.

Although sea fennel has been extensively researched, there is still a lack of scientific
work on the antimicrobial activity of hydroethanolic extracts. The scientific papers mainly
focus on the good antimicrobial activity of the essential oil and the non-polar extracts
against numerous types of microorganisms [44,57,58,62-64].

The greater activity against Gram-positive microorganisms compared to Gram-
negative ones is due to differences in cell membrane structure. Gram-positive bacteria
have a single cytoplasmic phospholipid bilayer surrounded by a thick peptidoglycan layer,
while Gram-negative bacteria have an additional outer membrane that serves as a per-
meability barrier. Lipophilic compounds in essential oils, such as terpenes and phenolic
compounds, readily penetrate and disrupt the cytoplasmic membrane of Gram-positive
bacteria, increasing membrane permeability, causing leakage of intracellular contents, and
resulting in cell death. In contrast, the outer membrane of Gram-negative bacteria, which is
rich in lipopolysaccharides, limits the penetration of these compounds into the bacterial
cell. The most meritorious compounds are CGA and its derivatives, as well as rutin and
quercetin derivatives, which have been shown to have strong antimicrobial properties
against pathogenic bacteria such as S. aureus, B. subtilis, B. cereus, E. coli, E. faecalis, and S.
typhimurium and against the spoilage bacterium P. aeruginosa. Previous studies have shown
that the antimicrobial efficacy of sea fennel extracts strongly depends on the extraction
solvent and the resulting phenolic profile, with hydroethanolic extracts generally exhibiting
higher activity than aqueous extracts [32]. Souid et al. [65] confirmed a high antimicrobial
potential of the sea fennel essential oils [62] but also indicated a high antimicrobial potential
of the hydroethanolic extract against Gram-negative bacteria (E. coli, S. enterica and E.
aerogenes) and Gram-positive bacteria (E. faecalis and S. aureus), even at the lowest tested
concentration 0.25 mg/mL. Orhotohwo et al. [64] also confirmed antimicrobial activity of
sea fennel extract and showed inhibitory activity against E. coli and S. aureus regardless of
the plant areas (flowers, seeds, leaves or vapours), while Ashim et al. [32] concluded that
sea fennel water extract does not possess antimicrobial activity, while its ethanolic extracts
were active against S. aureus and Listeria innocua.

Compared to these studies, the antimicrobial activity observed in this work can be
considered moderate, due to differences in extraction conditions and phenolic composition,
particularly the dominance of hydroxycinnamic acids. Furthermore, the higher susceptibil-
ity of Gram-positive bacteria observed in this study is consistent with previously reported
trends for plant-derived phenolic extracts.

3.6. Greenness Assessment Method

The greenness of the accelerated solvent extraction (ASE) procedure was evaluated
using the AGREE tool, and the obtained score was 0.76, which indicates a fairly good level
of compliance with green analytical chemistry principles (Figure 3). This is mainly related
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to the use of ethanol and water as extraction solvents, as well as shorter extraction time and
lower solvent consumption compared to conventional extraction methods. The automated
nature of ASE also contributes to easier handling and better reproducibility.

Yy,

. Sample treatment

. Sample amount

. Device positioning

. Sample prep. stages
. Automation, miniaturization
. Derivatization

. Waste

. Analysis throughput
. Energy consumption
10. Source of reagents
11. Toxicity

12. Operator's safety

OCoOoONOOULTEAWN -

Figure 3. Results of the AGREE analysis for the extraction method performed. The background
colour of each segment reflects the relative score assigned to each criterion, with green indicating
higher scores, yellow moderate, orange lower, and red the lowest scores (not observed in this case).

On the other hand, some steps in the procedure still limit the overall greenness. Sample
preparation (drying and grinding) is required, and the analysis is performed off-line. In
addition, the use of higher temperatures and pressure increases energy consumption.
Overall, ASE can still be considered a more sustainable option than conventional extraction,
especially due to reduced solvent use and shorter extraction time.

4. Conclusions

This study showed that accelerated solvent extraction (ASE) can be successfully ap-
plied for the extraction of the phenolics from sea fennel. The results showed that the applied
extraction parameters, primarily temperature and ethanol content in the solvent system,
affect extraction efficiency. Moderate temperature of 60 °C combined with higher ethanol
content (60-80%) resulted in the highest TPC and concentrations of hydroxycinnamic acids,
especially CGA and its derivatives, as well as rutin. Prolonged extraction reduced the
efficiency of key compound recovery, likely due to thermal degradation. Extracts richer in
hydroxycinnamic acids and other phenolics, such as rutin, generally show higher free radi-
cal scavenging activity, which again confirms their undoubted role in the overall activity of
the samples. Higher ethanol concentrations at 60 °C favoured the extraction of chlorogenic
acid and its derivatives, which was reflected in stronger DPPH and FRAP activity. In
contrast, extracts obtained at intermediate ethanol levels showed higher ORAC values, in-
dicating that different phenolic profiles may contribute differently to the antioxidant assay
applied. The antimicrobial activity of the extracts was moderate and more pronounced
against Gram-positive bacteria, as expected. Overall, the presented results confirm that
ASE is a practical approach for obtaining phenolic-rich and bioactive sea fennel, with
reduced solvent consumption and extraction time, which makes it a justified choice in
their potential use in food, pharmaceutical or cosmetic industries. Although this study
provides a systematic evaluation of ASE conditions, the optimisation was carried out using
a relatively simple experimental approach, which may not fully capture all interactions
between variables. In addition, biological activity was assessed only on selected extracts,
which makes it harder to fully relate the phenolic composition to the observed bioactivity.
Future work should therefore include a broader set of samples and a more detailed analysis
of individual compounds and their contribution to the overall activity.
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Abbreviations

The following abbreviations are used in this manuscript:

ASE Accelerated Solvent Extraction

PLE Pressurised Liquid Extraction

HPLC  High Performance Liquid Chromatography
TPC Total Phenolic Content

GAE Gallic Acid Equivalent

DPPH  2,2-diphenyl-1-picrylhydrazyl

FRAP  Ferric Reducing Antioxidant Power

ORAC  Oxygen Radical Absorbance Capacity

AAPH  2,2'-azobis(2-amidino-propane) dihydrochloride
TE Trolox Equivalent

MIC Minimum Inhibitory Concentration

MBC Minimum Bactericidal Concentration

CFU Colony-Forming Units

INT p-iodonitrotetrazolium chloride

CGA chlorogenic acid

nCGA  neochlorogenic acid (3-O-caffeoylquinic acid)
cCGA  cryptochlorogenic acid (4-O-caffeoylquinic acid)
UAE Ultrasound-Assisted Extraction

MAE Microwave-Assisted Extraction

GA gallic acid

SYRAC syringic acid

3HCA  o-coumaric acid (3-hydroxycinnamic acid)
CNA cinammic acid

PCA protocatechuic acid

PHBA  p-hydroxybenzoic acid (4-hydroxybenzoic acid)
R rutin

CA caffeic acid
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