
����������
�������

Citation: Malin, V.; Elez Garofulić, I.;
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Abstract: The aim of this study was to evaluate the effectiveness of microwave-assisted extraction
(MAE) as an environmentally friendly approach compared to conventional heat-reflux extraction (CE)
for the isolation of fennel (Foeniculum vulgare Mill.) seed polyphenols and to assess the bioactivity
of the obtained extracts. Water, ethanol (30%, v/v) and acetone (30%, v/v) were used as extraction
solvents, and the extraction was carried out varying the temperature (40, 60 and 80 ◦C), irradiation
time (5 and 10 min) and microwave power (300 and 600 W). According to the total phenolic content
(TPC), 30% acetone at 80 ◦C after 5 min of irradiation at 300 W proved to be the optimal MAE
conditions for obtaining the highest yield of polyphenols. The phenolic profile of both extracts
comprised 21 compounds, with cinnamic acids and flavonols being the most abundant. When
compared to CE, the MAE extract showed a lower amount of TPC as well as the sum of all identified
individual phenols, although both extracts showed similar antioxidant capacity. The antimicrobial
activity of the extract with the highest phenolic content was weak, showing inhibitory activity only
against Pseudomonas fragi, Shewanella putrefaciens and Campylobacter jejuni strains, while Gram-positive
bacteria and yeasts were not sensitive to the extract.

Keywords: Foeniculum vulgare Mill.; fennel seeds; microwave-assisted extraction; heat-reflux extrac-
tion; polyphenols; UPLC-MS/MS; antioxidant capacity; ORAC; antimicrobial activity; microdilution

1. Introduction

Fennel (Foeniculum vulgare Mill.) is a biennial medicinal and aromatic plant from
the Apiaceae family [1], widespread in the Mediterranean area and known for its yellow
flowers grouped in umbels, feathery leaves, hollow stem and aromatic seeds. Along
with traditional use for culinary purposes and flavoring, due to its beneficial effects on
human health the plant is widely used in traditional medicine to relieve colic in infants, to
relieve respiratory and gastrointestinal disorders, and to prevent various diseases caused
by oxidative stress—cancer, cardiovascular diseases, inflammatory diseases. It is also
used as a galactagogue for lactating mothers [2,3]. All these pharmacological properties
as well as its antimicrobial and antioxidant activity are attributed to its high content
of different classes of valuable bioactive compounds, such as polyphenols and volatile
compounds [2]. Furthermore, fennel seeds represent an interesting, easily accessible and
inexpensive potential source of bioactives that could be used in the food industry to
improve food quality and safety. Although they are mainly used for their essential oil
abundance, they also present a valuable source of compounds such as fatty acids, sterols
and polyphenols [4,5].
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Due to the firm outer coating and structure of the fennel seeds, the isolation of its phe-
nolic compounds is very demanding and therefore it is of crucial importance to choose an
efficient extraction solvent and technique and to define optimal conditions that will ensure
high extraction yields. The choice of the appropriate extraction technique is very important,
as it strongly influences the quantitative and qualitative composition of the extract.

Extraction of phenolic compounds can be carried out using conventional techniques
and by recently developed, advanced techniques that are recognized as »green« or »eco-
friendly« (e.g., microwave-assisted extraction, pressurized liquid extraction, ultrasound-
assisted extraction). Advanced techniques have a great potential application in the extrac-
tion of phenols, as they ensure the extraction with reduced consumption of organic and
synthetic chemicals, shorter extraction time and lower extraction temperatures, automation,
higher extraction yields, better quality of extracts and greater safety [6]. Microwave-
assisted extraction (MAE) is one of the most promising modern extraction techniques [7].
The method is based on the heating of the sample through the mechanisms of ionic conduc-
tion and dipole rotation, which leads to the disruption of hydrogen bonds, thus increasing
the penetration of the solvent into the sample matrix and enabling the extraction of the
compounds [8]. However, as previous studies have shown [9–16], in order to exploit the full
potential of the technique, extraction parameters such as solvent, temperature, irradiation
time and microwave power should be optimized.

Scientific interest in fennel seeds has been largely focused on their essential oils [17–21],
applying advanced extraction techniques such as supercritical fluid extraction [22–24], while
published research on the isolation of phenolic compounds from fennel seeds, especially
the comparison of different extraction techniques and applied extraction conditions, is
quite limited. Recently, only the study by Akhtar et al. (2020) [1] compared MAE with
conventional Soxhlet and cold maceration extraction techniques and optimized MAE using
water as an extraction solvent. MAE proved to be an energy efficient and rapid method
for the isolation of phytochemicals from fennel seeds, giving higher extraction yields when
compared to the applied conventional techniques. However, the study did not include the
effect of the extraction solvent and overall impact of the technique on the composition of
individual compounds in obtained extracts.

Therefore, the aim of this work was to evaluate the influence of temperature, irradia-
tion time, microwave power and extraction solvent on the recovery of phenols from fennel
seeds during MAE. Moreover, the goal was also to compare MAE with conventional heat-
reflux extraction and to determine the influence of the applied technique on the phenolic
composition of extracts as well as on their antioxidant capacity and antimicrobial activity.

2. Materials and Methods
2.1. Plant Material

Commercially available dried fennel seeds (Suban Ltd., Strmec, Croatia) of Egyptian
origin were used in this study. Moisture content of the seeds was determined by drying at
103 ± 2 ◦C to a constant mass and was less than 2%. The seeds were milled using a grinder
(GT11, Tefal, Rumilly, France) and stored in a glass jar at room temperature until use. The
particle size was determined by laser particle-size analyzer (Master-sizer 2000, Malvern
Instruments, Malvern, Worcestershire, UK) showing particle size d (0.5) to be 658.4 µm.

2.2. Chemicals and Standards

Ethanol (96%) was purchased from Kefo (Ljubljana, Slovenia), acetone (100%) from
Gram-Mol (Zagreb, Croatia), Folin-Ciocalteu reagent and dimethyl sulfoxide (DMSO) and
sodium chloride (NaCl) from Merck (Darmstadt, Germany). Anhydrous sodium carbonate
(Na2CO3) was purchased from Kemika (Zagreb, Croatia). 2,2′-Azobis (2-amidinopropane)
hydrochloride (AAPH), 2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride
(INT) and resazurin from Sigma Aldrich (St. Louis, MO, USA), fluorescin sodium salt
(C20H10NaO5) from Honeywell Riedel-de-Haën (Bucharest, Romania), phosphate buffer
(pH 7.0) and trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) from Acros
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Organics (Thermo Fisher Scientific, Geel, Belgium). Formic acid and acetonitrile for UPLC
analysis were HPLC grade, purchased from BDH Prolabo (Lutterworth, UK).

UPLC standards quercetin-3-glucoside, kaempferol-3-rutinoside, gallic acid, chloro-
genic acid, quinic acid and rosmarinic acid were purchased from Sigma Aldrich (St. Louis,
MO, USA), apigenin and esculetin from Extrasynthese (Genay, France), and quercein-3-
rutinoside from Acros Organics (Geel, Belgium). Distilled water was of Milli-Q quality
(Millipore, Bedford, NY, USA).

Tryptic Soy Agar, Tryptic Soy Broth and Karmali were purchased from Biolife (Mi-
lan, Italy), Malt Extract Agar and Malt Extract Broth from Merck (Darmstadt, Germany),
Mueller-Hinton Agar from bioMérieux (Marcy-l′Étoile, France) and Mueller-Hinton Broth
from Oxoid (Hampshire, UK).

2.3. Microbial Strains and Growth Conditions

The experiment included the following food spoilage and foodborne pathogen micro-
bial strains: Listeria innocua ŽM39, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC
11229, Pseudomonas fragi ATCC 4973, Shewanella baltica NCTC 10735, Shewanella putrefaciens
ŽM654, Shewanella xiamenensis ŽM655, Campylobacter jejuni NCTC 11168, Candida albicans
ZIM 2202 and Pichia anomala ZIM 1769. Microorganisms were obtained from the collection
of the Laboratory for Food Microbiology at the Department of Food Science, Biotechnical
Faculty, University of Ljubljana, Slovenia (designation ŽM), the Slovenian Collection of
Industrial Microorganisms (designation ZIM), the American Type Culture Collection (des-
ignation ATCC) and the National Collection of Type Cultures (designation NCTC). The
strains were kept at −80 ◦C in suitable broth media (Tryptic Soy Broth, Mueller-Hinton
Broth or Malt Extract Broth) supplemented with 20% glycerol (Kemika, Zagreb, Croatia).

For revitalization and cultivation of L. innocua, S. aureus and E. coli, Tryptic Soy Agar
was used overnight at 37 ◦C, while for P. fragi, S. putrefaciens and S. xiamenensis the same
was applied overnight at 30 ◦C. C. jejuni was revitalized by Karmali, while cultivation
was done on Mueller-Hinton Agar overnight at 42 ◦C under microaerophilic conditions
(5% O2, 10% CO2, 85% N2). C. albicans and P. anomala were revitalized and cultivated on
Malt Extract Agar for 48 h at 30 ◦C. After revitalization, the culture was transferred to an
appropriate volume of 0.9% NaCl solution to obtain an optical density (OD) at 600 nm of
0.090–0.110 (for bacterial strains) or 0.170–0.200 (for yeast strains). The suspension was
afterwards diluted 100-fold in broth media (Tryptic Soy Broth for all bacteria except C. jejuni
where Mueller–Hinton Broth was used, Malt Extract Broth for yeast) in order to obtain an
inoculum concentration of approximately 105 CFU/mL. The plate count method was used
for determination of the exact concentration of microbial cells in the inocula.

2.4. Phenolics Extraction and Analysis
2.4.1. Microwave-Assisted Extraction (MAE)

MAE was performed in a microwave reactor (Ethos Easy Milestone Connect, Ad-
vanced microwave digestion system, Milestone Srl, Bergamo, Italy) equipped with extrac-
tion cells containing a magnetic stirrer where approximately 1 g of sample was mixed
with 40 mL of the extraction solvent. Constant pre-extraction parameters were as follows:
time required for temperature achievement—2 min, ventilation after the extraction—1 min
and stirring—50%. The experiments were carried out varying the following parameters:
extraction solvent [water, 30% aqueous ethanol (v/v) and 30% aqueous acetone (v/v)],
temperature (40, 60 and 80 ◦C), irradiation time (5 and 10 min) and microwave power
(300 and 600 W), according to the experimental design. Subsequently, the extracts were
filtered into 50 mL volumetric flasks, made up to volume with appropriate solvent and
transferred to Falcon tubes. The extracts were stored at−18 ◦C in a nitrogen gas atmosphere
until analyzed.
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2.4.2. Conventional Heat-Reflux Extraction (CE)

For comparison with MAE, fennel seeds were extracted by conventional heat-reflux
extraction with the solvent determined as optimal during MAE (30% acetone). Approxi-
mately 1 g of ground plant sample was weighed into a round bottom flask and mixed with
40 mL of extraction solvent. The flask was placed under a reflux condenser and heated over
a flame for 20 min from the onset of boiling. The extract was then filtered into a volumetric
flask (50 mL), made up to volume with solvent and transferred into Falcon tubes. The
extracts were stored at −18 ◦C in a nitrogen gas atmosphere until analyzed.

2.4.3. Total Phenolic Content (TPC)

TPC was determined using the Folin–Ciocalteu method previously described by
Shortle et al. (2014) [25]. A volume of 100 µL of the extract was mixed with 200 µL of the
Folin–Ciocalteu reagent and 2 mL of distilled water. After 3 min, 1 mL of 20% Na2CO3
solution was added. The mixture was thermostated in a water bath (25 min, 50 ◦C). The
absorbance was measured at 765 nm. The blank sample contained solvent instead of
the extract. TPC values were calculated using the gallic acid standard calibration curve
(y = 0.0035x, R2 = 0.9995). Results were expressed as mg gallic acid equivalent (GAE)/100 g
dry sample as the average of two measurements.

2.4.4. UPLC/ESI MS2 Analysis

The phenolic composition of the extracts was determined by UPLC/ESI MS2, as pre-
viously described by Elez Garofulić et al. (2018) [26], using an Agilent 1290 series RRLC
instrument (Agilent, Santa Clara, CA, USA) coupled to a triple quadropole spectrometer
(6430) with an ESI ion source connected to a binary pump, with an autosampler and ther-
mostated column compartment. A Zorbax Eclipse Plus C18 column (1.8 µm, 100 × 2.1 mm
I.D.) with a target temperature of 35 ◦C and an injection volume of 2.5 µL was used for
separation. Ionization was performed by ESI in positive and negative modes (m/z 100 to
1000) using nitrogen (99.999%, Messer, Croatia) as inducing cone and collision gas under
the following conditions: positive/negative capillary voltage, 4000/3500 V; drying gas
temperature of 300 ◦C with a flow rate of 11 L/h and nebulizer pressure of 40 psi. Data
were collected in the multiple reactions monitoring (MRM) mode. Phenols were identified
and quantified using the calibration curves of the standards: gallic, chlorogenic, quinic
and rosmarinic acid, rutin, quercetin-3-glucoside, kaempferol-3-rutinoside, apigenin and
esculetin. The quality parameters of the analytical method including calibration curves and
instrumental detection (LOD), and quantification (LOQ) limits were reported previously,
as well as the MS data including cone voltage, collision energy and ionization mode [26].
For compounds for which commercial standards were not available, identification was
based on mass spectral data (Supplementary File S1) and literature reports of mass frag-
mentation patterns, while quantification was performed as follows: p-hydroxybenzoic
acid-O-glucoside corresponding to the gallic acid calibration curve, neochlorogenic acid,
dicaffeoylquinic acid derivate and caffeoylquinic acid derivates corresponding to the chloro-
genic acid, feruloylquinic acid and p-coumaroylquinic acid derivates corresponding to
the quinic acid calibration curve, isorhamnetin hexosides and quercetin glucuronide and
hexoside corresponding to the quercetin-3-glucoside, kaempferol hexoside and glucuronide
corresponding to the keampferol-3-rutinoside, apigenin glucuronide corresponding to the
apigenin and esculetin hexoside corresponding to the esculetin calibration curve. All results
were expressed in mg per 100 g of sample as the mean of two replicates.

2.4.5. Antioxidant Capacity (Oxygen Radical Antioxidant Capacity—ORAC)

ORAC analysis was performed according to Elez Garofulić et al. (2020) [14]. An auto-
matic plate reader (BMG LABTECH, Offenburg, Germany) with 96-well plates was used for
analysis and data were analyzed using MARS 2.0 software. Appropriately diluted samples
were added to a black plate containing a fluorescein solution (70.3 nM) and incubated at
37 ◦C for 30 min. After the first three cycles (representing the baseline signal), peroxyl
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radical generation was initiated by the addition of 240 mM AAPH into each well. Different
dilutions of Trolox (3.12–103.99 µM) were used on each plate as a reference standard. Fluo-
rescence intensity (excitation at 485 nm and emission at 528 nm) was monitored every 90 s
for a total measurement time of 120 min and the results were expressed as mean value of
two replicates ± standard deviation in µmol of Trolox equivalents (TE)/100 g.

2.5. Antimicrobial Activity

For microbiological analyses, the 30% acetone CE extract with the highest phenolic
content was used. The solvent was removed using a vacuum concentrator (SAVANT SPD
2010 SpeedVac Concentrator, Thermo Fisher Scientific Inc., Sunnyvale, CA, USA) under
the following conditions: temperature 50 ◦C, vacuum level 10 Torr and vacuum ramp
rate 3. Dried extract was diluted in 100% DMSO in order to prepare stock solution at a
concentration of 100 mg/mL and stored at −20 ◦C until analysis.

A broth microdilution method was used to determine minimal inhibitory concentra-
tions (MICs) of the extracts on the tested microorganisms. The method was performed
according to Klančnik et al. (2010) [27]. 2-fold dilutions were prepared in broth media.
The minimal inhibitory concentration (MIC) was the lowest concentration of the extract
at which no microbial growth was observed after adding INT or, in the case of C. jejuni,
resazurin as indicators. The minimal bactericidal or fungicidal concentration (MBC/MFC)
was the lowest concentration at which no microbial growth was observed on agar plates
after subcultivation of bacterial suspension at which MIC was determined and higher con-
centrations. The analyses were performed in three technical and two biological replicates.

2.6. Statistical Analysis

To optimize the conditions of MAE, statistical analysis was performed using Statistica
ver. 10.0 software (StatSoft Inc., Tulsa, OK, USA). A mixed 2- and 3-level full factorial
design with 36 experimental trials was used to evaluate the effect of four independent
variables (solvent, temperature, irradiation time and microwave power) on the TPC values
of fennel seeds extracts (Table 1). Normality and homoscedasticity of data were tested using
Shapiro–Wilk’s test and Levene’s test, respectively. Data were analyzed using ANOVA
(parametric data) or the Kruskal–Wallis test (nonparametric data) when appropriate, while
means within groups were compared using Tukey’s HSD test or the Kruskal–Wallis test.
The significance level of p ≤ 0.05 was assigned for all tests. Results of statistical analysis
are presented as least squares means (LS) ± standard errors (SE). For comparison of
effectiveness of MAE and CE techniques in terms of TPC, total UPLC ESI MS2 identified
compounds and ORAC value, means were compared using one-way analysis of variance
(ANOVA) and post hoc Tukey’s HSD test.

Table 1. TPC in fennel seeds extracts obtained under different conditions of MAE according to the
full factorial design.

Solvent Temperature, ◦C Microwave Power, W Time, min TPC, mg GAE/100 g

Water

40
300

5 511.6 ± 12.8
10 381.2 ± 5.0

600
5 431.2 ± 10.6
10 455.0 ± 8.2

60
300

5 482.4 ± 18.7
10 478.9 ± 9.4

600
5 508.0 ± 7.0
10 491.1 ± 20.5

80
300

5 605.2 ± 13.4
10 486.5 ± 18.8

600
5 599.3 ± 1.0
10 465.1 ± 3.9
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Table 1. Cont.

Solvent Temperature, ◦C Microwave Power, W Time, min TPC, mg GAE/100 g

Ethanol,
30%
(v/v)

40
300

5 316.4 ± 9.1
10 295.7 ± 0.9

600
5 305.3 ± 9.2

10 292.9 ± 3.9

60
300

5 267.2 ± 10.7
10 252.8 ± 7.6

600
5 237.3 ± 10.5

10 372.2 ± 6.6

80
300

5 610.9 ± 8.1
10 544.7 ± 4.8

600
5 513.4 ± 12.5

10 533.4 ± 1.9

Acetone,
30%
(v/v)

40
300

5 541.1 ± 24.0
10 524.7 ± 2.8

600
5 525.8 ± 7.7

10 644.7 ± 15.1

60
300

5 676.9 ± 14.1
10 553.5 ± 18.4

600
5 547.5 ± 16.8

10 706.2 ± 19.0

80
300

5 608.2 ± 4.9
10 667.0 ± 27.2

600
5 565.3 ± 14.5

10 534.5 ± 1.0
Results are expressed as mean ± standard deviation.

3. Results and Discussion
3.1. MAE Optimization

Since fennel seeds have a firm outer structure, it is important to optimize the extraction
process of polyphenols in order to obtain high yield. Therefore, MAE was carried out
varying the extraction solvent, temperature, irradiation time and microwave power to
observe the influence of extraction parameters on the recovery of phenolic compounds
from fennel seeds. For the solvent effect, 30% aqueous solutions of ethanol and acetone
were compared to water, according to previous literature reports confirming the suitability
of these binary solvent systems for the isolation of plant polyphenols [15,28–30]. The
temperature, time and microwave power span taken into consideration were selected based
upon previous research on MAE of polyphenols [14,15,31]. Table 1 shows the results of
TPC determination in the obtained extracts.

TPC of MAE extracts ranged from 237.3 ± 10.5 to 706.2 ± 19.0 mg GAE/100 g, which
is in agreement with the results of Roby et al. (2013) [32], where maceration during 72 h was
applied. Repajić et al. (2020) [33] reported lower TPC values (145.27–474.21 mg GAE/100
g) for the extractions performed with pressurized liquid extraction. Higher TPC was
reported in methanolic and ethanolic fennel seed extracts from Pakistan (627.21 ± 18.36–
967.50 ± 35.51 mg GAE/100 g) [34] and in methanolic extracts from Iran and Europe
(14 ± 0.18–262 ± 0.91 mg/g of dry weight (dw) [35], both isolated by maceration dur-
ing 8 and 24 h, respectively. These differences in literature reports can surely be attributed
to different extraction methods and extraction solvents as well as to the variations in
plant material itself and related to the influence of growing conditions, climate, soil
and plant genotype.

Statistical analysis (Table 2) showed a significant influence of extraction solvent and
temperature on TPC of fennel seeds during MAE, while irradiation time and microwave
power showed no significant effect.
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Table 2. TPC in fennel seeds extracts influenced by the main parameters of MAE.

MAE Parameters TPC, mg GAE/100 g

Solvent p < 0.01 *

Water 491.3 ± 12.7 a

Ethanol (30%, v/v) 378.5 ± 26.6 a

Acetone (30%, v/v) 591.3 ± 13.4 b

Temperature, ◦C p < 0.01 *

40 435.5 ± 23.5 a

60 464.5 ± 31.1 a

80 561.1 ± 11.1 b

Microwave power, W p = 0.64

300 489.1 ± 22.1 a

600 484.9 ± 20.1 a

Irradiation time, min p = 0.49

5 491.8 ± 21.3 a

10 482.2 ± 20.9 a

Solvent × temperature, ◦C

p < 0.01 *
Water × 40 444.7 ± 17.9 ab

Ethanol (30%, v/v) × 40 302.5 ± 3.9 a

Acetone (30%, v/v) × 40 559.1 ± 19.2 b

p < 0.01 *
Water × 60 490.1 ± 5.9 ab

Ethanol (30%, v/v) × 60 282.4 ± 20.2 a

Acetone (30%, v/v) × 60 621.0 ± 27.3 b

p = 0.17
Water × 80 539.0 ± 24.3 a

Ethanol (30%, v/v) × 80 550.6 ± 14.0 a

Acetone (30%, v/v) × 80 593.7 ± 19.3 a

Solvent ×microwave power, W

p < 0.01 *
Water × 300 490.9 ± 20.0 a

Ethanol (30%, v/v) × 300 381.3 ± 42.8 a

Acetone (30%, v/v) × 300 595.2 ± 18.5 b

p < 0.01 *
Water × 600 491.6 ± 16.5 a

Ethanol (30%, v/v) × 600 375.7 ± 33.7 a

Acetone (30%, v/v) × 600 587.3 ± 20.1 b

Solvent × irradiation time, min

p < 0.01 *
Water × 5 522.9 ± 18.8 ab

Ethanol (30%, v/v) × 5 375.1 ± 41.6 a

Acetone (30%, v/v) × 5 577.5 ± 15.8 b

p < 0.01 *
Water × 10 459.6 ± 11.5 a

Ethanol (30%, v/v) × 10 381.9 ± 35.2 a

Acetone (30%, v/v) × 10 605.1 ± 21.5 b
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Table 2. Cont.

MAE Parameters TPC, mg GAE/100 g

Temperature, ◦C ×microwave power, W

p < 0.01 *
40 × 300 428.4 ± 30.6 a

60 × 300 451.9 ± 45.5 a

80 × 300 587.1 ± 17.5 b

p = 0.08
40 × 600 442.5 ± 36.8 a

60 × 600 477.0 ± 44.0 a

80 × 600 535.1 ± 12.7 a

Temperature, ◦C × irradiation time, min

p < 0.01 *
40 × 5 438.6 ± 29.3 a

60 × 5 453.2 ± 46.8 a

80 × 5 583.7 ± 10.8 b

p = 0.11
40 × 10 432.3 ± 38.0 a

60 × 10 475.8 ± 42.7 a

80 × 10 538.5 ± 19.6 a

Microwave power, W × irradiation time, min

p = 0.42
300 × 5 465.0 ± 30.3 a

600 × 5 499.4 ± 29.0 a

p = 0.16
300 × 10 513.3 ± 31.9 a

600 × 10 470.3 ± 28.2 a

Results are expressed as LS mean ± SE. * Statistically significant factor at 95% confidence level. Means with the
same letter within the column are not significantly different at p ≤ 0.05.

Acetone (30%) proved to be the most effective solvent for isolation of polyphe-
nols from fennel seeds, followed by water and 30% ethanol. These results are in ac-
cordance with a previous study on optimization of MAE of nettle leaves’ polyphenols [15].
Sulaiman et al. (2011) [36] reported that when compared to aqueous ethanol and aqueous
methanol and water, 70% aqueous acetone was the most effective solvent for recovery of
polyphenols from vegetables. Generally, aqueous solvent systems are considered the most
effective for polyphenols’ isolation due to the water soluble nature of these compounds
and simultaneous ability of organic solvent component to penetrate into plant cell structure
and improve extraction [37]. Additionally, acetone, unlike the ethanol or methanol, has the
ability to inhibit and break the interactions between polyphenols and proteins and/or car-
bohydrates that are present in the outer shell of fennel seeds, thus preventing the formation
of insoluble complexes and improving the extraction yield [38,39].

Application of higher temperatures in MAE resulted in the increase in TPC, producing
the highest yields at 80 ◦C. This trend can be related to the enhanced penetration of the
solvent into the sample matrix at elevated temperatures, especially since fennel seeds have
a firm structure, which makes the extraction process at lower temperatures less effective.
Also, it can be observed that ethanolic extracts, which gave the lowest TPC values at lower
extraction temperatures, reached a phenolic content comparable to acetone extracts at
80 ◦C. The increase in TPC and flavonoids content in fennel seeds extracts with temperature
elevation was also observed in the study by Angelov and Boyadzhieva (2016) [40] and
Repajić et al. (2020) [41], where TPC values in fennel seeds were almost 45% higher at
110 ◦C than at 80 ◦C during pressurized liquid extraction. On the other hand, prolonged
exposure to high temperatures may lead to degradation of phenolic compounds due to
oxidation, decomposition and/or polymerization processes [14]. Therefore, it is necessary
to observe the effect of temperature in relation to the exposure time. Obtained results have
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shown that irradiation time itself didn’t have significant influence on TPC content of fennel
seeds, therefore implying that shorter irradiation time (5 min) had the same efficiency as the
longer one (10 min). However, when irradiation time was observed in the context of applied
temperature, shorter exposure at elevated temperature significantly increased TPC. Similar
conclusions have been made by Alara et al. (2021) [42] for the effect of irradiation time on
MAE of polyphenols from Carica papaya leaves, reporting 4 min to be the optimal extraction
time, while further prolongation to 10 min caused degradation of polyphenols. An optimal
irradiation time of 4 min was also reported for MAE of pomegranate peels [31], while
5 min was found to be optimal for MAE of chlorogenic acids from green coffee beans [43].
One of the main advantages of MAE is accelerated solubility of phenolic compounds due
to exposure to microwave irradiation and elevated temperatures, which results in faster
reaching of the extraction equilibrium when compared to conventional techniques [44].

Microwave power had no significant effect on the TPC yield of fennel seeds. The
applied microwave power directly induces the microwave heating of the extraction feed,
therefore resulting in temperature elevation. However, during our experiments, tem-
perature was kept constant throughout the whole extraction process; therefore, selected
microwave power was applied only in short time periods needed to keep the temperature
constant. Similar conclusions have been made in previous studies on Pistacia lentiscus L.
fruit and leaves and nettle leaves [14,15], where experiments were done with temperature
as a fixed extraction parameter, as in the present study. Although in individual experiments
the highest TPC was observed in extract produced by 30% acetone, at 60 ◦C after 10 min,
results of the statistical analysis showed a different trend. Therefore, based on the results of
statistical analysis, the highest TPC values were obtained with 30% acetone as extraction
solvent, at the highest temperature (80 ◦C) during 5 min exposure to microwave irradiation
at 300 W.

3.2. Phenolic Characterization and Antioxidant Capacity of MAE and CE Extracts

In order to observe the influence of MAE on the overall quality of obtained extract,
optimized MAE extract of fennel seeds polyphenols was analyzed for its phenolic com-
position by UPLC/ESI-MS2 and antioxidant capacity by ORAC, and it was compared to
CE (Table 3).

Table 3. Phenolic profile, TPC and ORAC values of fennel seeds extracts obtained under optimized
MAE conditions (80 ◦C, 5 min, 300 W with 30% acetone) and CE.

Precursor Ion
m/z

Product Ion
m/z

MAE
(mg/100 g)

CE
(mg/100 g)

Benzoic acids
1 p-hydroxybenzoic acid-O-glucoside 299 137 19.0 ± 0.2 17.0 ± 0.2

Cinnamic acids
2 Rosmarinic acid * 359 197, 179 7.9 ± 0.1 18.3 ± 0.2
3 Neochlorogenic acid 353 191, 179 25.4 ± 0.6 78.8 ± 2.1
4 Chlorogenic acid * 353 191, 179 60.4 ± 1.2 81.6 ± 2.1
5 Dicaffeoylquinic acid derivate 515 353 20.5 ± 0.2 60.3 ± 1.8
6 Caffeoylquinic acid derivate 1 353 191 20.0± 0.2 31.6 ± 1.2
7 Caffeoylquinic acid derivate 2 353 191 60.2 ± 1.4 83.8 ± 2.4
8 Feruloylquinic acid derivate 1 367 193 1.4 ± 0.0 3.8 ± 0.1
9 Feruloylquinic acid derivate 2 367 193 6.8 ± 0.1 10.9 ± 0.2
10 p-coumaroylquinic acid derivate 337 191 4.6 ± 0.2 6.0 ± 0.2

Flavonols
11 Rutin * 611 303 25.0 ± 0.6 54.3 ± 1.3
12 Kaempferol-3-rutinoside * 595 287 27.4 ± 0.8 53.3 ± 1.3
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Table 3. Cont.

Precursor Ion
m/z

Product Ion
m/z

MAE
(mg/100 g)

CE
(mg/100 g)

13 Isorhamnetin hexoside 1 479 317 2.2 ± 0.1 3.4 ± 0.1
14 Isorhamnetin hexoside 2 479 317 2.7 ± 0.1 4.0 ± 0.1
15 Quercetin glucuronide 479 303 52.4 ± 1.2 103.0 ± 4.6
16 Quercetin hexoside 465 303 14.5 ± 0.2 32.4 ± 0.7
17 Quercetin-3-glucoside * 465 303 18.0 ± 0.2 37.5 ± 1.2
18 Kaempferol glucuronide 463 287 72.1 ± 1.8 155.6 ± 7.5
19 Kaempferol hexoside 449 287 12.3± 0.1 22.2 ± 0.7

Flavones
20 Apigenin glucuronide 447 271 8.4 ± 0.1 6.0 ± 0.1

Coumarins
21 Esculetin hexoside 339 177 3.8 ± 0.1 6.8 ± 0.2

Total UPLC/ESI- MS2 identified
compounds (mg/100 g)

465.0 ± 0.9 a 870.5 ± 0.2 b

TPC (mg GAE/100 g) 608.2 ± 4.9 a 878.6 ± 26.1 b

ORAC (µmol TE/100 g) 830.2 ± 5.7 a 838.0 ± 8.5 a

* identification confirmed using authentic standards. Results are expressed as mean ± standard deviation. Means
with the same letter within the row are not significantly different at p ≤ 0.05 by Tukey’s HSD test.

A total of 21 phenolic compounds were identified by UPLC/ESI-MS2, comprising
benzoic and cinnamic acids, flavonols, flavones and coumarins (Figure 1). Qualitatively,
phenolic composition did not differ between the two analyzed extracts.
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Figure 1. UPLC/ESI-MS2 chromatogram in MRM acquisition from fennel seed extracts obtained
under optimized MAE conditions (a), and CE (b): (1) p-hydroxybenzoic acid-O-glucoside, (2) Ros-
marinic acid, (3) Neochlorogenic acid, (4) Chlorogenic acid, (5) Dicaffeoylquinic acid derivate, (6),
Caffeoylquinic acid derivate 1, (7) Caffeoylquinic acid derivate 2, (8) Feruloylquinic acid derivate 1,
(9) Feruloylquinic acid derivate 2, (10) p-coumaroylquinic acid derivate, (11) Rutin, (12) Kaempferol-
3-rutinoside, (13) Isorhamnetin hexoside 1, (14) Isorhamnetin hexoside 2, (15) Quercetin glucuronide,
(16) Quercetin hexoside, (17) Quercetin-3-glucoside, (18) Kaempferol glucuronide, (19) Kaempferol
hexoside, (20) Apigenin glucuronide, (21) Esculetin hexoside.
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Among the phenolic acids, the predominant class in fennel seeds extracts were cin-
namic acids. In this class, compounds 2 and 4 were identified by authentic standards as
rosmarinic and chlorogenic acid. Compound 3 showed the same fragmentation pattern as
compound 4, with a molecular ion at m/z 353 and a fragment ion at m/z 191 corresponding
to the quinic acid moiety, indicating the structure of caffeoylquinic acid [45]. Since com-
pound 4 was identified as chlorogenic (3-O-caffeoylquinic) acid by the authentic standard,
compound 3 was assigned as 5-O-caffeoylquinic or neochlorogenic acid due to its higher
polarity and similar fragmentation pathway. Similar pathways were observed for com-
pounds 6 and 7, which were therefore tentatively identified as caffeoylquinic acid derivates
1 and 2. Compound 5, on the other hand, showed a molecular ion at m/z 515, while a
fragment ion at m/z 353 corresponded to caffeoylquinic moiety, indicating the C25H24O12
formula corresponding to the structure of dicaffeoylquinic acid [46]. Compounds 8 and
9 had molecular ions at m/z 367 and fragment ions at m/z 193, suggesting the molecular
structure of feruloylquinic acids [45]. MS2 spectra of compound 10 yielded a molecular ion
at m/z 337 with a fragment ion at m/z 191. This fragmentation pattern is in accordance
with one reported for p-coumaroylquinic acids [5]. Regarding the benzoic acids, only one
was detected in fennel seed extracts. It was characterized with a molecular ion at m/z 299
and a fragment ion at m/z 137. A loss of −162 amu indicated the cleavage of hexose sugar,
resulting in a phenolic acid fragment, so compound 1 was assigned as p-hydroxybenzoic
acid-O-glucoside, according to the previous report on its identification in fennel seeds by
Parejo et al. (2004) [5]. The most abundant polyphenolic class in fennel seeds extracts were
flavonols. Among them, compounds 11, 12 and 17 were identified by commercial standards
as rutin, kaempferol-3-rutinoside and quercetin-3-glucoside, respectively. Compounds
13 and 14 showed a fragment ion at m/z 317, characteristic for isorhamnetin, and were
tentatively identified as hexosides due to loss of 162 amu, corresponding to the hexose
moiety. Compounds 15 and 16 were assigned as quercetin glycosides, namely quercetin
glucuronide and quercetin hexoside, due to their fragment ion at m/z 303 and molecular
ions at m/z 479 and 465. Similar fragmentations were observed for compounds 18 and
19, with fragment ions at m/z 287 related to kaempferol, and were therefore assigned as
kaempferol glucuronide and hexoside, respectively. In the class of flavones in fennel seeds,
one compound was determined and, due to the fragment ion at m/z 271 and characteris-
tic loss of 176 amu corresponding to glucuronic acid, assigned as apigenin glucuronide.
Compound 21, a representative of the coumarines class, was tentatively identified as es-
culetin hexoside, due to the characteristic ion at m/z 271 and neutral loss of 162 amu for
hexose sugar. Similar composition including mainly cinnamic acids and flavonols and their
derivates was reported for fennel seeds in previous studies [5,47]. Regarding the influence
of the extraction technique, it can be observed that CE extract had higher concentrations of
most of the identified compounds, with the exception of benzoic acids and flavones. There-
fore, the obtained content of total identified compounds as well as spectrofotometrically
determined TPC were lower when applying MAE as an advanced extraction technique
in comparison to conventional 20 min reflux extraction. Hence, more intensive treatment
of fennel seeds is required to isolate target compounds, indicating the impact of plant
material morphology and firm structure. Similar conclusions were made by Leal et al.
(2011) [48], where higher yield of extraction of bioactive compounds from fennel seeds
was observed using the classical Soxhlet extraction in comparison with non-conventional
UAE method. Rodriguez-Solana et al. (2013) [19] isolated more volatile compounds from
fennel seeds using Soxhlet extraction when compared to pressurized liquid extraction, with
practically no difference found between the concentrations of the estragole among extracts.
This superiority of conventional extraction techniques could probably be attributed to the
temperature effect, as the conventional Soxhlet technique applies temperatures above the
boiling point of the solvent for a prolonged time, unlike the MAE, where 80 ◦C was applied
only for short period of 5 min. Therefore, the more intensive conditions of conventional
techniques outperform the advanced ones for plant material with firm structure, such
as the case with fennel seeds. An interesting observation can be made when comparing
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the sum of all identified individual compounds with TPC between the two techniques.
The difference between the amount of identified phenols and TPC is greater in the MAE
extract, while those two values are almost the same in the CE extract. It could be related to
the selectivity of extraction methods towards the isolation of polyphenols, meaning that
microwave irradiation enhanced the isolation of other non-phenolic compounds such as
chlorophylls, sugars, organic acids and proteins, which have been reported to interfere
with Folin–Ciocalteu reagent [49,50].

In order to observe the influence of the extraction method on the antioxidant capacity
of fennel seeds extracts, ORAC assay has been applied, which is considered to be one of
the most biologically relevant assays. As an assay based on hydrogen atom transfer, it
is preferred over a single electron reaction mechanism (FRAP, ABTS and DPPH) because
the peroxyl radical is the predominant free radical found in lipid oxidation in foods and
biological systems [49,51]. Although the CE extract contained more phenolic compounds
than MAE extract, the ORAC value did not differ significantly between them, as can be seen
in Table 3. This corroborates the assumption of the presence of non-phenolic compounds
in MAE extract, which possess the antioxidant activity. The ORAC values obtained in
analyzed extracts are lower than those reported for fennel essential oil [52] but higher than
ones reported for fennel leaves extract [53] and raw fennel bulb vegetable [54].

3.3. Antimicrobial Activity of Fennel Seeds Extract

Assuming that the extract with the highest TPC also has the highest biological activity,
the antimicrobial activity was determined only for the optimal CE extract. The results are
presented in Table 4.

Table 4. Antimicrobial activity of the CE fennel seeds extract expressed as MIC and MBC/MFC.

Microbial Strain MIC
(mg/mL)

MBC/MFC
(mg/mL)

Staphylococcus aureus ATCC25923 nd nd
Listeria innocua ŽM39 nd nd
Escherichia coli ATCC11229 nd nd
Pseudomonas fragi ATCC4973 2 nd
Shewanella putrefaciens ŽM654 4 nd
Shewanella xiamenensis ŽM655 nd nd
Shewanella baltica NCTC10735 nd nd
Campylobacter jejuni NCTC11168 2 4
Candida albicans ZIM2202 nd nd
Pichia anomala ZIM1769 nd nd

nd—not determined, >4 mg/mL.

To test the antimicrobial activity of the fennel seed CE extract, Gram-positive and
Gram-negative bacterial strains and two fungi strains, important in food technology as
foodborne pathogens or food spoilage microorganisms, were used. The fennel seeds extract
showed weak antimicrobial activity against the tested microbial strains. Antimicrobial
activity could be determined only for P. fragi, S. putrefaciens and C. jejuni strains, with MIC
of 2–4 mg/mL, which is not considered to be a good antimicrobial efficacy based on Simões
et al. (2009) [55], where a limit of 1 mg/mL is set. No inhibitory effect was observed on other
selected test microorganisms. However, although Gram-negative bacteria are considered
more resistant to antimicrobial agents in comparison with Gram-positive bacteria, the fennel
seeds extract showed antimicrobial activity against some Gram-negative strains, while no
activity against Gram-positive S. aureus and L. innocua was observed. Such results might be
related to the high content of glycosylated phenolic compounds. Huynh et al. (2018) [56]
reported the impact of microbial enzymes on the form of phenols by deglycosylating them
into aglycones, thereby increasing their antimicrobial activity. Sterniša et al. (2020) [57] also
attributed an important role to the high enzymatic activities of Pseudomonas and Shewanella
strains on the antimicrobial activity of phenolic glycosides in nettle and oregano extracts.
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Furthermore, it is suggested that flavonoids could inhibit the microbial growth by inhibiting
their nucleic acid synthesis, cytoplasmic membrane function and energy metabolism [35].

Antimicrobial activity of fennel seeds has been studied mainly in the context of their
essential oils, while few studies included extracts. Anwar et al. (2009) [34] reported
considerable antimicrobial activity of fennel essential oil against Gram-positive bacteria,
while fennel extracts showed no activity. On the contrary, Roby et al. (2013) [32] reported
good antimicrobial activity of both fennel essential oil and extracts, especially against
B. cereus and A. flavus, while Salami et al. (2016) [35] showed very good antibacterial
activity of methanol fennel seed extract against E. coli, S. aureus, Salmonella Typhimurium
and Bacillus subtilis with MIC values below or equal to 500 µg/mL. Mahady et al. (2005) [58]
reported very good antimicrobial activity against Helicobacter pylori (MIC = 50 µg/mL).

4. Conclusions

Although microwave-assisted extraction is an effective »green« approach for the
isolation of plant polyphenols, the results of this study showed that conventional heat-reflux
provided greater amounts of extracted compounds from fennel seeds. Such results may be
attributed to the material characteristics, as seeds are characterized by a firm shell structure
that requires more intensive treatment to achieve greater recovery of bioactives. Taking
that into consideration, future studies should be done in terms of combining different
approaches, such as enzymatic pretreatment in combination with advanced extraction
techniques, in order to improve the extraction yield. Regardless of the extraction method,
aqueous acetone proved to be the most effective solvent for isolation of fennel polyphenols,
producing extracts rich in polyphenols belonging mainly to the classes of cinnamic acids and
flavonol glycosides. Although the fennel extract was rich in polyphenols and characterized
with high antioxidant capacity, its antimicrobial activity was weak. Nevertheless, its activity
against P. fragi, which is one of the most important meat and fish spoilage microorganisms,
and against C. jejuni, which is one of the most important food-borne pathogens, should
be mentioned. Therefore, the synergistic action of its antimicrobial properties and high
antioxidant capacity makes fennel seeds a promising natural product for the food and
nutraceutical industry. However, this study revealed the necessity for future steps for better
evaluation of fennel seed’s potential, which should include more parameters in evaluation
of researchers’ extraction procedure accompanied by adequate statistical analysis, as well
as more detailed research of its antimicrobial activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10030510/s1, File S1: MS spectra of tentatively identified
phenolic compounds.
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8. Lovrić, V.; Putnik, P.; Bursać Kovačević, D.; Jukić, M.; Dragović-Uzelac, V. The Effect of Microwave-Assisted Extraction on the
Phenolic Compounds and Antioxidant Capacity of Blackthorn Flowers. Food Technol. Biotechnol. 2017, 55, 243–250. [CrossRef]

9. Ismail-Suhaimy, N.W.; Gani, S.S.A.; Zaidan, U.H.; Halmi, M.I.E.; Bawon, P. Optimizing conditions for microwave-assisted
extraction of polyphenolic content and antioxidant activity of Barleria lupulina lindl. Plants 2021, 10, 682. [CrossRef]

10. Mellinas, A.C.; Jiménez, A.; Garrigós, M.C. Optimization of microwave-assisted extraction of cocoa bean shell waste and
evaluation of its antioxidant, physicochemical and functional properties. LWT 2020, 127, 109361. [CrossRef]
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16. Dragović-Uzelac, V.; Garofulić, I.E.; Jukić, M.; Penić, M.; Dent, M. The influence of microwave-assisted extraction on the isolation
of sage (Salvia officinalis L.) Polyphenols. Food Technol. Biotechnol. 2012, 50, 377–383.

17. Rezaei, S.; Ebadi, M.-T.; Ghobadian, B.; Ghomi, H. Optimization of DBD-Plasma assisted hydro-distillation for essential oil
extraction of fennel (Foeniculum vulgare Mill.) seed and spearmint (Mentha spicata L.) leaf. J. Appl. Res. Med. Aromat. Plants 2021,
24, 100300. [CrossRef]
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