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Katarzyna Marchwińska 1 , Romuald Gwiazdowski 3 and Agnieszka Waśkiewicz 2
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Featured Application: Ensuring safe food and care for the health of consumers and animal wel-
fare are among the objectives of the EU’s policy and food production sectors. Moreover, there is
a great need for the introduction of new, environmentally friendly technologies, including the
extraction of antimicrobial substances. Supercritical fluid extraction is becoming an increasingly
popular method for the recovery of bioactive compounds, representing a non-toxic, cheap, and
generally recognized as safe (GRAS) technique, compared to conventional extraction methods,
which often require higher temperatures and large amounts of organic solvents. The research
presented here is the first to describe the biological activity of Glechoma hederacea extracts ob-
tained by means of supercritical fluid extraction. Therefore, it provides new information and
broadens the existing knowledge in the study of the properties of SC-CO2 plant extracts and
their potential application.

Abstract: Glechoma hederacea var. longituba is a herbaceous plant from the Lamiaceae family, used in
herbal medicine. In this work, we aimed to assess the total phenolic content, antioxidant, antimicrobial
and antibiofilm activity of extracts obtained from G. hederacea via supercritical dioxide extraction with
methanol as a co-solvent under different extraction conditions. The results showed that the activity
of the obtained SC-CO2 extracts is strongly dependent on the extraction temperature. Significantly
higher total polyphenol content, as well as antioxidant and antimicrobial activity towards bacteria
and yeasts, was observed in the extract obtained at 40 ◦C, compared to extracts obtained at 50 ◦C and
60 ◦C; however, antifungal activity against filamentous fungi was not dependent on the extraction
conditions. Antimicrobial activity also depended on the microorganism type. Higher sensitivity was
exhibited by Gram-positive bacteria than by Gram-negative bacteria, with S. aureus and P. aeruginosa
being the most sensitive species among each group. The most susceptible fungi were Candida albicans
and Sclerotinia sclerotiorum. The antibiofilm activity was differentiated and depended on the extraction
conditions, the microorganism and the method of biofilm treatment. All tested extracts inhibited
biofilm formation, with the extract obtained at 40 ◦C showing the highest value, whereas only extract
obtained at 60 ◦C efficiently removed mature biofilm.

Keywords: antioxidant activity; antimicrobial properties; biofilm; Glechoma hederacea; plant extracts;
supercritical fluid extraction
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1. Introduction

Food safety is concerned with protecting the food supply chain against the intro-
duction, development or survival of hazardous microorganisms and their metabolites, as
well as chemical agents [1]. Therefore, maintaining high quality and safety of food is a
public health priority. According to WHO reports [2] 18 million disability-adjusted life
years (DALYs) have been lost due to foodborne pathogens worldwide, with nontyphoidal
Salmonella enterica and enteropathogenic Escherichia coli being the dominant microorgan-
isms. Research shows that non-optimal food hygiene practices may contribute to microbial
contamination of food [3] and thus to bacterial food poisoning, which is one of the most
common causes of illness and death all over the world [4]. The majority of food poisoning
cases are linked to bacterial contamination, particularly Salmonella species, Bacillus cereus,
Staphylococcus aureus, Escherichia coli species, Clostridium species, Campylobacter jejuni and
Listeria monocytogenes [5–7]. Fungi also pose a serious risk to food safety at every stage
of the food chain. Filamentous fungi such as Fusarium, Alternaria, Botrytis and Sclerotinia
are responsible for plant diseases and can be dangerous to humans and animals among
others due to mycotoxins production. These metabolites decrease nutritional properties
and pose a threat to human and animal health by causing acute or chronic problems such
as carcinogenicity, mutagenicity, teratogenicity and hepatotoxicity [8–11].

In general, chemical compounds are used at different stages of food production to
prevent and control microbial contamination and spoilage. Agrotechnical procedures
include the application of fungicides, whereas in the food industry disinfectants or preser-
vatives are used. The disadvantage of chemicals is the possibility of the accumulation of
their residues in the food and feed chain, the development of microbial resistance to the
applied compounds and other side effects on human and animal health [4,12]. Therefore,
efforts have been made to develop potentially effective, healthy, safer and natural sub-
stances as alternatives to the commonly used compounds. One solution was found in the
use of plant extracts, which have been extensively studied for their antimicrobial proper-
ties [13]. For example, roselle (Hibiscus sabdariffa), rosemary (Rosmarinus officinalis), clove
(Syzygium aromaticum), thyme (Thymus vulgaris) and other herbs demonstrate both antibac-
terial and antifungal activity against various microorganisms [14,15].

Plant extracts obtained from aromatic, medicinal or herbal plants consist of compounds
that are increasingly being used as preservatives in the food industry, in pharmaceuticals
and cosmetics and as natural fungicides in agriculture. Glechoma hederacea var. longituba,
commonly known as ground ivy, is a herbaceous plant from the Lamiaceae family, that
is widely available throughout Asia, Europe and North America [16]. In some regions,
G. hederacea is known as a weed plant that grows in shaded areas, fallow lands, dry ditches,
around fences and hedges and along the edges of wet meadows [17]. According to the
literature, G. hederacea leaves or flowering herbs have long been used as a traditional
medicine in the treatment of various diseases, such as abscess, arthritis, asthma, cold,
cough, diabetes, influenza, gastric disorders, headaches, hypochondria, inflammation,
jaundice and scurvy [17,18].

Different chemical compositions of G. hederacea have been described, and a variety of
active compounds, such as phenolic acids, flavonoids, terpenoids, alkaloids, steroids and
fatty acids, have been identified [17,19–22]. Phenolic compounds, including rosmarinic
acid, chlorogenic acid, caffeic acid, rutin, genistin and ferulic acid, have been confirmed as
major constituents of G. hederacea extracts [21,23]. Moreover, norlignans, tropane alkaloids
(hederacins), sesquiterpenes, sesquiterpene lactones, triterpenoids (such as ursolic and
oleanolic acids), essential oils and lectins have also been identified in Glechoma [22,24–26].

Literature data revealed that the biological effects of this plant include anti-melanogenic,
anti-inflammatory, antibacterial, antimutagenic, genoprotective, antigenotoxic and anti-
tumor effects [17,18,27–29]. Moreover, its antioxidant properties have been reported with
respect to its use in the food industry [26,30]. According to the literature data, Glechoma is a
promising source of bioactive constituents that can be beneficial in a sustainable manner,
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acting as natural antioxidants and antibacterial agents, but it has not been associated with
phytopathogenic fungal efficacy.

Extraction methods of bioactive compounds from aromatic or medicinal plants have
a significant impact on the quality of the extracts and their chemical composition [12].
The literature usually describe G. hederacea extracts prepared using traditional procedures
such as distillation, with different parameters and solvents applied [21,26,31,32]. However,
these extraction methods have a number of limitations, including the fact that they are
time-consuming, labor-intensive procedures that require a lot of solvents and, in some
cases, produce low yields. Therefore, new potential extraction methods have emerged in
recent years that provide some type of additional energy to enable the faster transfer of
solutes from the sample to the solvent. Supercritical fluid extraction (SFE) is one of the
alternative methods to conventional systems that has gained acceptance in the extraction
of bioactive compounds from a variety of materials [33]. It is considered a clean method
due to the exceptional purity of the extracts obtained. Carbon dioxide (CO2) is usually
the preferred solvent in supercritical fluid extraction. It offers several advantages over
other solvents, including its low cost, nonflammability, chemical inertness and lack of
toxicity [33,34]. However, polar chemicals such as phenolics cannot be extracted directly
using supercritical-CO2 (SC-CO2) due to the non-polarity of CO2. Therefore, methanol,
water or ethanol are added as co-solvents or modifiers to improve the solvation power,
affinity for weakly soluble solutes (alkaloids, phenolics and glycosidic chemicals), solubility
and extraction yield, depending on the operating pressure and temperature [35]. When
compared to conventional separation techniques, SFE with carbon dioxide (SC-CO2) has
several advantages, including physicochemical properties that are halfway between a liquid
and a gas, with low viscosity, high density and diffusivity; the fact that thermally sensitive
compounds can be separated at low temperatures; the solvent can be easily removed
from the extracts through pressure reduction or temperature elevation; and that some
studies have indicated that SC-CO2 extracts have the highest antioxidant and antifungal
activities [34–37].

In the relation to the data mentioned above, the aim of the present work was to
investigate the total phenolic content and antioxidant, antimicrobial and antibiofilm activity
of G. hederacea extracts obtained via supercritical dioxide extraction with methanol as the
co-solvent under differential extraction conditions.

2. Materials and Methods
2.1. Material and Sample Extraction

Dried, ground G. hederacea var. longituba herbs were purchased from a Polish manufac-
turer of high-quality natural herbal products, FLOS Elżbieta and Jan Głąb Spółka Jawna,
Poland. The experiment was performed using a supercritical fluid extraction system,
specifically, SC-CO2, following the procedure described by Uwineza et al. (2021) [38]. The
grounded and dried G. hederacea herbs of 5 g were placed in an extraction vessel of 25 mL
and kept in an oven set at different temperatures (40, 50, and 60 ◦C) and constant pressure
(250 bar). The CO2 flow rate was set to 4 mL/min and 1 mL/min of pure methanol (99.5%
purity) was used as a co-solvent. The extraction process was started automatically after
the system reached the established conditions and was carried out for 180 min in each
experimental run which was composed of 1st dynamic time—45 min, static time—15 min
and 2nd dynamic time—120 min. G. hederacea extracts were collected in flasks placed in a
fraction collection module, and stored at −20 ◦C for further analysis.

2.2. Chemicals

Methanol for the HPLC-super gradient was purchased from POCh (Gliwice, Poland)
and Folin–Ciocalteu’s reagent and hydrochloric acid of 35–38% purity were purchased from
Chempur (Piekary Śląskie, Poland). 3,4,5-trihydroxybenzoic acid (gallic acid), 2,2-dyphenyl-
1-picrylhydrazyl (DPPH), iron (III) chloride, sodium acetate, sodium carbonate anhydrous,
potassium acetate, acetic acid glacial, phosphate buffered saline tablet, potassium persulfate,
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2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) and (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) were
purchased from Sigma-Aldrich (Poland). Carbon dioxide (CO2, SFE grade), was purchased
from Air Products Sp, Poland. Microbiological media were purchased from BioMaxima
(Poland) and A&A Biotechnology (Poland). All chemicals were of analytical grade.

2.3. Total Phenolic Content of G. hederacea Extracts

The total phenolic content (TPC) of G. hederacea extracts was measured using the Folin–
Ciocalteu assay [39]. In a test tube, 1.60 mL of distilled water was mixed with 20 µL of the
sample extract, blank or standard to be analyzed. After that, 100 µL of the Folin–Ciocalteu
reagent was added and vortexed. After 3 min, 300 µL of 75 g/L Na2CO3 was added and
stirred vigorously. After incubating the solution at room temperature for 45 min in the
absence of light, absorbance values at 760 nm were acquired using a Varian Cary 300bio
UV-VIS spectrophotometer (Agilent, Santa Clara, CA, USA). Gallic acid was used as a
standard and a calibration curve was plotted in the range 50–500 mg/mL [40] and the blank
sample was distilled water. All measurements were performed at least in triplicate and the
total phenolic content estimation was calculated using the following formula according to
Mabrouki et al. (2018) [41]:

TPC = c × v/m (1)

where c is the concentration of gallic acid established from the calibration curve (mg/mL),
v is the volume of extract solution (mL) and m is the weight of the sample extract (g). The
results were expressed as mg gallic acid equivalent per gram of the extract (mg GAE/g
of extract).

2.4. Evaluation of Antioxidant Activity
2.4.1. Ferric Reducing Antioxidant Power (FRAP) Assay

A modified version of the FRAP assay was used to assess the ferric reducing capacity
of G. hederacea extracts [42]. The reduction of a pale-yellow-colored ferric complex (Fe3+-
tripyridyl triazine) to a blue-colored ferrous complex (Fe2+-tripyridyl triazine) by electron-
donating antioxidants at low pH is the basis for this approach. The working FRAP reagent
was prepared daily by mixing 10 mL of 300 mM acetate buffer of 3.6 pH, with 1 mL of
10 mM TPTZ (2,4,6-tri(2-pyridyl)-s-triazine) in 40 mM hydrochloric acid and with 1 mL
of 20 mM ferric chloride. The reaction mixture was incubated for 15 min at 37 ◦C in a
water bath before use. An aliquot of 3 mL of the freshly prepared FRAP reagent was
added to 100 µL of plant extracts or standard (Trolox) and incubated for 5 min at 37 ◦C
in a water bath before analysis. Then, the absorbance of the samples was measured at
593 nm using a Varian Cary 300bio UV-VIS spectrophotometer (Agilent, Santa Clara, CA,
USA). All measurements were carried out in triplicate. Trolox was used as the standard
and the calibration curve was plotted in the range of 150–3000 µmol/L [42]. The FRAP
value was determined as previously reported [38]. Based on the obtained FRAP value, the
final antioxidant activity (AA) in each sample was expressed as a Trolox equivalent (TE) in
terms of µmol Trolox equivalent TE/g of extract, according to the following equation [43]:

AA (µmol TE/g extract) = FRAP value (µmol/L)/sample (g/L) (2)

2.4.2. Free Radical Scavenging by ABTS Assay

The free radical scavenging capacity of G. hederacea extracts was also studied using the
ABTS radical cation decolorization assay [44], which is based on the reduction of ABTS+

radicals by the antioxidants of the tested plant extracts. The ABTS+ radical was prepared by
mixing equal amounts of two stock solutions (7 mM ABTS solution and 2.45 mM potassium
persulfate solution) and allowing them to react for 16 h at room temperature in the dark.
The working solution was then prepared by mixing 3.9 mL of ABTS+ with 140 mL of 5 mM
phosphate buffered saline (pH 7.4) to obtain an absorbance of (0.70 ± 0.02) at 734 nm using
a spectrophotometer. Fresh ABTS working solution was prepared daily. The amount of
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2850 µL of ABTS working solution was allowed to react with 150 µL of plant extracts in
a test tube for 8 min in water bath incubation at 30 ◦C. The absorbance was measured at
734 nm using a Varian Cary 300bio UV-VIS spectrophotometer (Agilent, Santa Clara, CA,
USA). Trolox was used as the standard and PBS as the blank. The calibration curve was
plotted in the range of 0.9–10 µg/mL. The results are expressed in µg Trolox equivalents/g
of extract mass (µg(TE)/g) based on the calibration curve according to the following formula:

ABTS value (µg TE/g of extract) = (c × v)/m (3)

where c is the Trolox concentration (µg/mL) of the corresponding standard curve of the
plant extract, v is the sample volume (mL) and m is the weight of the plant extract (g) [45].

2.4.3. Free Radical Scavenging Ability by DPPH Assay

The antioxidant activity of G. hederacea extracts was determined based on the free
radical scavenging activity of the DPPH assay (2,2-diphenyl-1-picrylhydrazyl radical),
which was modified slightly from the method described by Moradi et al. (2016) [46]. The
working solution was prepared by preparing a methanolic solution of DPPH (0.1 mM).
An aliquot of 2850 µL of this solution was mixed with 150 µL of the sample, the standard
(Trolox) under different concentrations or the blank (methanol). The reaction mixture
was thoroughly mixed before incubation in the dark for 30 min at room temperature.
After that, the absorbance at 517 nm was measured using a Varian Cary 300bio UV-VIS
spectrophotometer (Agilent, Santa Clara, CA, USA). Low absorbance of the reaction mix-
ture indicated high free radical scavenging activity. The experiment was repeated three
times, and the findings presented are averages of the three values. The scavenging activ-
ity was estimated based on the percentage of DPPH radical scavenged according to the
following equation:

DPPH inhibition % = (B − S/B) × 100 (4)

where B is the absorbance of the blank and S is the absorbance of the sample.

2.5. Antimicrobial Activity of G. hederacea Extracts
2.5.1. Indicator Microorganisms

In the experiment, four Gram-positive bacteria—Micrococcus luteus ATCC 10240,
Staphylococus aureus ATCC 33862, Bacillus subtilis ATCC 11774 and Enterococcus faecalis
ATCC 19433—as well as three Gram-negative bacteria—Escherichia coli ATCC 8739,
Pseudomonas aeruginosa ATCC 9027 and Salmonella enterica ser. Enteritidis ATCC 13076—
were used. All bacterial strains were purchased from the American Type Culture Collection
(ATCC) and cultivated on liquid media: trypticasein soy broth (TSB) for M. luteus, nutrient
broth (NB) for S. aureus, B. subtilis, E. coli, P. aeruginosa and brain heart infusion (BHI) for
E. faecalis and S. enteritidis under optimal temperature conditions (30 ◦C for M. luteus and
37 ◦C for the remaining bacteria). The fungistatic activity of the tested extracts was deter-
mined against one strain of yeast and five filamentous fungi. The yeast strain (C. albicans
ATCC 10231) was purchased from the American Type Culture Collection and cultured on
Sabouraud Dextrose Broth (SAB) at 37 ◦C under aerobic conditions. Two species of the
genus Fusarium (F. graminearum KZF 1 and F. culmorum KZF 5), Alternaria alternata KZF
13 and Sclerotinia sclerotiorum KZF 23 were obtained from the collection of the Research
Centre for Registration of Agrochemicals, whereas Botrytis cinerea BPR 187 was from the
Bank of Plant Pathogens and Research on their Biodiversity, Institute of Plant Protection,
National Research Institute in Poznań, Poland. The tested filamentous fungi were cultivated
in Petri dishes (55 mm diameter) on a Potato Dextrose Agar (PDA) at 25 ◦C for 5–10 days.
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2.5.2. Inoculum Preparation and Standardization

Bacteria and yeasts were cultured for 24 h on agar media (according to Section 2.5.1).
The bacteria and yeast inocula were prepared in Mueller–Hinton broth (MHB) for bacteria
and SAB for yeasts, with optical density adjusted to 0.5 McFarland standard. In the case
of filamentous fungi, hyphae and conidia suspensions were prepared in sterile PDB by
mixing harvested mycelium from mature cultures with medium to achieve a final cell
concentration of 106 cells/mL, determined with a hemocytometer.

2.5.3. Minimal Inhibitory Concentration (MIC), Minimal Bactericidal Concentration (MBC),
Minimal Fungicidal Concentration (MFC) Determination

The MIC, as well as the MBC/MFC, of the tested G. hederacea extracts were deter-
mined using the microdilution method according to Gwiazdowski et al. (2018) [47] and
Rzemieniecki et al. (2019) [48] with some modifications. Twofold dilutions of the extracts
were prepared in 96-well microtiter plates in MHB for bacteria, SAB for yeast and PDB
for filamentous fungi. The final concentration of tested extracts was established in the
range of 0.04–5 mg/mL; in the case of Fusarium species the range was 0.08–10 mg/mL.
The final concentration of methanol in control samples was established in the range of
0.2–25% in proportion to its content in the samples. Next, 100 µL of the microorganism
solutions were added to each well. The plates inoculated with bacteria and yeasts were
covered and incubated for 24 h at 30 ◦C or 37 ◦C, depending on the microorganism. In
the case of filamentous fungi, microtiter plates were sealed with parafilm (to minimize the
risk of extracts evaporation) and incubated at 25 ◦C ± 2 ◦C for 5–10 days under aerobic
conditions. Culture media containing G. hederacea extracts without microbial inoculum
were used as negative controls, whereas bacterial or fungal cultures without extracts were
used as positive controls. After incubation, the optical density of the bacterial and yeasts
samples was determined at a 600 nm wavelength using the BioTek Epoch 2 microplate
reader. The MIC value was defined as the lowest concentration of extract that exhibited at
least 90% growth inhibition. The MBC/MFC value was determined via spot inoculation
of 10 µL of microbial culture with the addition of an extract at a concentration equal to or
higher than the MIC value (100% inhibition based on spectrophotometric measurements
using BioTek Epoch 2). MIC/MFC values for filamentous fungi were determined through a
visual assessment of the fungal growth on the plate. All tests were performed in triplicate.

2.6. Antibiofilm Activity of G. hederacea Extracts
2.6.1. Biofilm Formation

Biofilm formation experiments for selected bacteria: P. aeruginosa, B. subtilis, E. coli
and E. faecalis were carried out according to the modified Somrani (2020) [49] method.
Standardized bacteria cultures of 106 CFU/mL were prepared in the appropriate broth
medium (TSB, BHI or NB) and in amounts of 60 µL added into each well. Samples were
prepared in triplicate and incubated at 37 ◦C for 24 h. After incubation, the suspension
was carefully removed from the plate and the wells were rinsed three times with water to
remove non-adherent cells and the residual medium. The plates were air-dried for 2 h.

2.6.2. Assessment of Antibiofilm Activity of G. hederacea Extracts

The antibiofilm activity of G. hederacea extracts was examined in two ways: as a factor
preventing biofilm formation and as a biofilm removal factor. In the first case, the extracts
were added to the wells before microbial incubation, whereas in second case the extracts
were used after biofilm formation to remove them. To determine the effect of the tested
extracts on the ability to form bacterial biofilms, solutions of plant extracts were prepared.
Into each well of flat-bottom 96-well microtiter plates, 60 µL of each extract and 60 µL of the
bacterial suspension, prepared as described above, were added. The plates were incubated
for 24 h at 37 ◦C. The final concentrations of the tested extracts were equal to the MIC
values. Methanol was added as a negative control. After incubation, the suspension was
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removed from the plates and the wells were rinsed three times. The plates were air-dried
for 2 h.

To determine the effect of the tested plant substances on the removal of the mature
biofilm, the biofilm was first formed by adding 60 µL of water and 60 µL of the bacterial
suspension into each well and incubating for 24 h at 37 ◦C. After washing with water and
air-drying, the biofilm was washed three times with 125 µL of the extract at a corresponding
MIC value concentration at room temperature (25 ◦C ± 1 ◦C). After 15 min, the tested
substances were removed and the plates were washed with water and air-dried for 2 h.

2.6.3. Biofilm Staining and Quantifying

Biofilm biomass was determined using the modified crystal violet method developed
by O’Toole (2011) [50]. The dried plates with formed biofilms were flooded with 125 µL of
a 0.1% crystal violet solution for 15 min. The plates were then washed again with water
and dried overnight. For the biofilm quantification, 125 µL of 30% acetic acid was added
into each well and left at room temperature for 10–15 min. The contents of the wells were
transferred to a new microtiter plate and the optical density of each well was analyzed
spectrophotometrically at a 550 nm wavelength using a BioTek Epoch 2 microplate reader.
As a blank, 30% acetic acid in water was used. Samples were conducted in triplicate parallel
repetitions. Results were expressed as a percentage of inhibition of biofilm formation.

2.7. Statistical Analysis

The experimental data concerning polyphenol content and antioxidant activity were
statistically evaluated using the Statgraphics 4.1 software package (Graphics Software
System, STCC, Inc., Rockville, MD, USA). A one-way ANOVA was used to assess the
significance of differences in antioxidant activity and polyphenol concentration in the
tested extracts. Fisher’s least significant difference (LSD) test at α = 0.05 was used for the
paired tests. The effect of the tested extracts on the formation and removal of bacterial
biofilms was estimated via a one-way analysis of variance (ANOVA) using the IBM SPSS
Statistics program. Homogeneity of variance was tested using Levene’s test. Furthermore,
for homogeneous samples Tukey’s test was applied and for nonhomogeneous samples the
Games–Howell test with a p-value < 0.05 was applied.

3. Results
3.1. Phenolic Content of G. hederacea Extracts Obtained at Different Extraction Variants

G. hederacea CO2 extracts obtained with different extraction conditions were tested
for their biological activity. The yield of SC-CO2 extraction with methanol as a co-solvent
was established in the presented work at 9.58%. In SC-CO2 extraction, density is extremely
important and highly dependent on temperature and pressure variation [51,52]. An increase
in pressure favors an increase in density at a constant temperature, whereas an increase
in temperature decreases the density at a constant pressure. In our study, we tested three
temperatures (40, 50 and 60 ◦C) during the extraction process at constant pressure. At the
lowest temperature we obtained the highest level of total phenolic content. As reported
Bezerra et al. (2020) [52] the increase in the temperature causes a greater intermolecular
distance, and consequently the reduction of the solubility power of CO2, by decreasing
the density.

In this study, the TPC in the obtained G. hederacea extracts was analyzed spectrophoto-
metrically using the Folin–Ciocalteu method. The results showed that the extract obtained
in conditions of 40 ◦C/250 bar had the highest TPC value (138.33 ± 5.00 mg GAE/g)
compared with the samples obtained at temperatures of 50 ◦C and 60 ◦C (Table 1). The
TPC values of the other two tested G. hederacea extracts were lower than 1/3 of the value
obtained at 40 ◦C (43.00 ± 3.04 mg GAE/g for 50 ◦C and 46.00 ± 9.26 mg GAE/g for 60 ◦C).
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Table 1. Total phenolic content of G. hederacea extracts obtained from different extraction variants.

Extraction Conditions TPC (mg GAE/g Extract)

40 ◦C 138.33 a ± 5.00
50 ◦C 43.00 b ± 3.04
60 ◦C 46.00 b ± 9.26

Values are mean± standard deviation, n = 3, values with the same lowercase letters in the same column indicating
no significant difference at the level of 5% (p < 0.05).

The most reported method for obtaining G. hederacea extracts is aqueous extraction and
the total phenolic content obtained in this study cannot be directly compared to those extracts,
as different parameters (extraction method, time, pressure, solvent) had an influence on the
final results. However, it is worth mentioning that Varga et al. (2016) [32] reported total
phenols from the aqueous Glechoma extract in the range of 43.9± 3.2–109.8± 5.8 mg GAE/g,
whereas Hahm et al. (2021) [53] reported an average phenolic content of 14.81 ± 4.53 mg/g,
and Chou et al. (2012) [18] found a total phenol content of 79.70 ± 0.193 mg GAE/g.

The literature data indicate that SC-CO2 can be used to obtain extracts rich in phenolic
compounds [54]. However, due to the nonpolar nature of CO2, some polar cosolvents
such as ethanol, methanol or ethyl acetate need to be added to increase the extraction
yield of phenolic compounds via the increase in solvation power [52,55]. In the presented
work, methanol was used as an example of a polar solvent due to its properties and costs.
Moreover, the effect of temperature, pressure, flow rate and density of the supercritical
CO2 on the bioactive compound extraction process using different plant materials was
analyzed previously [52]. According to some authors [51,56], solvent density or pressure
may influence the mass yield of the extract. According to a study by García-Abarrio (2014),
overall SFE yield increases with CO2 density and co-solvent ratio [56]. Silva et al. (2021) [51]
reported that at 40 ◦C the solvent density affected the mass yields, whereas after increasing
temperature to 50 ◦C, the solvent density did not influence yields, but rather affected
the vapor pressure of the solute. Based on the obtained results, we can conclude that a
temperature increase has a negative effect on phenolic solubility during extraction due
to the decrease in the solvent’s density. Akowuah et al. (2009) [57] observed a decrease
in the total phenolic compounds determined in an extract from Gynura procumbens leaves
when the temperature was increased in a conventional solvent extraction system. When
compared to other authors’ studies, the high TPC value achieved for the obtained extracts
(particularly for the fraction at 40 ◦C) shows that the extraction method employing the
supercritical fluid extraction technique was very successful.

3.2. Antioxidant Effect of G. hederacea Extracts

Plants are a rich source of natural antioxidants, mainly phenolic compounds, that
may delay, inhibit, or prevent oxidative processes that contribute to the deterioration of
food quality or to the onset and development of degenerative diseases in the body [58].
Generally, antioxidant activity is primarily based on two chemical mechanisms: single-
electron transfer and hydrogen atom transfer. However, due to the various mechanisms,
reaction characteristics and variable phase localizations that are typically involved in the
process, there is currently no single standardized method for determining antioxidant
activity. It is worth noting that the DPPH radical is a stable free radical that is commonly
used to assess antioxidants’ free radical scavenging capacities [23]. In this study, the
antioxidant activity of G. hederacea extracts obtained using SC-CO2 with methanol as a
co-solvent was analyzed spectrophotometrically using three different assays (DPPH, ABTS
and FRAP).

The findings showed that the antioxidant activity of the G. hederacea extracts was
significantly different at p < 0.05 between the extraction temperatures. However, any of
these assays could be used for the analysis of the antioxidant activity of Glechoma because
all tested assays confirmed 40 ◦C/250 bar to be the best conditions for the extraction
of antioxidants in this study. The results are summarized in Table 2. Compared with
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other authors, Chou et al. (2012) [18] reported that the antioxidant activities of the hot
water extract of G. hederacea (HWG) were significantly higher than those of vitamin C
and Trolox in terms of superoxide anion radical-scavenging activity and Fe2+-chelating
ability (p < 0.05). Similarly, Oald̄e et al. (2021) [29] investigated the antioxidant activity
of methanolic, ethanolic and aqueous extracts of Glechoma hederacea, Hyssopus officinalis,
Lavandula angustifolia, Leonurus cardiaca, Marrubium vulgare and Sideritis scardica (Lamiaceae)
using several experimental models. Their findings revealed that the ethanolic extract of
G. hederacea had the highest DPPH scavenging activity among the investigated extracts, which
was comparable to that of the positive control, 2-tert-butyl-4-hydroxyanisole (BHA) [29].
Furthermore, Matkowski (2008) [59] examined the antioxidant capacity of extracts and
various solvent fractions of Glechoma hederacea L. and Orthosiphon stamineus (Benth.) Kudo.
The results demonstrated that the methanolic extracts of O. stamineus exhibited much
higher activity than those of G. hederacea [59].

Table 2. Antioxidant activities estimated via DPPH, ABTS and FRAP assays of G. hederacea extracts.

Extraction
Conditions

DPPH
(%)

ABTS
(µg TE/g)

FRAP
(µmol TE/g)

40 ◦C 56.48 a ± 3.98 36.58 a ± 1.20 18.15 a ± 0.21
50 ◦C 25.74 b ± 0.43 7.60 b ± 0.69 13.06 b ± 0.04
60 ◦C 22.21 c ± 0.39 4.66 c ± 0.12 12.88 b ± 0.07

Values are mean ± standard deviation, n = 3, values with the same lowercase letters in the same column indicate
no significant difference at the level of 5% (p < 0.05).

The correlation of total phenolic content with FRAP, ABTS and DPPH scavenging
activities is shown in Figure 1a–c, respectively. The analysis revealed that the results of
all three assays best correlated with the gallic acid equivalent values, estimated using
the Folin−Ciocalteu method. The Pearson’s correlation coefficient (r) and coefficient of
determination (R2) were the highest (r = 0.9983, R2 = 0.9967) between total phenolic content
and FRAP activity than those of total phenolic content and ABTS activity (r = 0.9938,
R2 = 0.9877), followed by total phenolic content and DPPH activity (r = 0.9926, R2 = 0.9853).
These results suggest that the total phenols in the G. hederacea extracts were the primary
contributor to the antioxidant activities of Glechoma extracts obtained using the SC-CO2 set
at different temperatures.

3.3. Antibacterial Activity

The antibacterial properties of the tested G. hederacea extracts, expressed as MIC and
MBC values, against Gram-positive and Gram-negative bacteria, are presented in Table 3.
All tested extracts exhibited the inhibition of indicator bacteria; however, the results de-
pended on both the bacterial strain and the sample extraction temperature. The strongest
antagonistic effect was observed for the herb extract obtained at 40 ◦C/250 bar for most
of the Gram-positive bacteria and one of the tested Gram-negative species. Stronger an-
tibacterial properties were detected mainly in relation to Gram-positive bacteria, whereas
the effect was weaker in relation to Gram-negative bacteria. MIC ranged from 0.3 to
>5.0 mg/mL for Gram-positive bacteria, and from 1.25 to 2.5 mg/mL for Gram-negative
bacteria, whereas MBC ranged from 0.6 to >5 mg/mL and from 2.5 to 5.0 mg/mL, respec-
tively. The MIC values for all extracts against Gram-positive M. luteus (1.25 mg/mL), as
well as Gram-negative P. aeruginosa (2.5 mg/mL) and E. coli (2.5 mg/mL), were the same for
all the different extraction temperatures. The strongest antibacterial activity was observed
towards S. aureus with an MIC of 0.3 mg/mL and an MBC of 0.6 mg/mL for the G. hederacea
extract obtained at 40 ◦C/250 bar. Among Gram-negative bacteria, the strongest inhibition
of bacterial growth was observed for P. aeruginosa for all tested extracts.
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Table 3. Antibacterial activity of G. hederacea, displayed by SC-CO2 extracts, against tested indicator
microorganisms.

Microorganism
MIC/
MBC/

(mg/mL)

Glechoma hederacea Extracts,
Extraction Conditions:

40 ◦C 50 ◦C 60 ◦C

Gram-positive bacteria

S. aureus ATCC 33862
MIC 0.3 2.5 2.5
MBC 0.6 >5.0 2.5

B. subtilis ATCC 11774
MIC 0.6 5.0 >5.0
MBC 1.25 >5.0 >5.0

E. faecalis ATCC 19433 MIC 0.6 2.5 2.5
MBC 1.25 5.0 2.5

Micrococcus luteus ATCC 4698
MIC 1.25 1.25 1.25
MBC 5.0 >5.0 >5.0

Gram-negative bacteria

P. aeruginosa ATCC 9027 MIC 1.25 1.25 1.25
MBC 2.5 5.0 2.5

S. Enteritidis ATCC 13076
MIC 1.25 2.5 2.5
MBC 2.5 5.0 2.5

E. coli ATCC 8739
MIC 2.5 2.5 2.5
MBC 5.0 5.0 2.5

The antibacterial potential of G. hederacea extracts obtained by SC-CO2, depending on
the process conditions, has not been established in the literature; however, the influence of
different extraction conditions of SC-CO2 on the antibacterial activity of plant extracts is
well described. Cadena-Carrera et al. (2019) [60] studied the biological activity of SC-CO2
guayusa leaf (Ilex guayusa Loes.) extracts obtained with differentiated process conditions. The
authors tested, among others, antibacterial properties against B. subtilis, S. aureus, E. coli and
P. aeruginosa. On the contrary to the results obtained in the studies with guayusa leaves, the
lower extraction temperature of G. hederacea extracts resulted in higher antibacterial properties
for most of the bacterial strains. The obtained results indicate the influence of the different
extraction temperatures of SC-CO2 on the total polyphenol composition of G. hederacea
extracts and consequently on the antibacterial activity. Mendiola et al. (2008) [61] determined
antimicrobial activity of SC-CO2 extracts of green alga (Dunaliella salina) obtained using
different extraction parameters against E. coli, S. aureus, C. albicans and Aspergillus niger.
The results showed that all tested alga extracts presented antimicrobial activity against
selected bacteria and yeasts. The authors confirmed the findings that when comparing
the activities of the extracts obtained under the different experimental conditions, the
sample obtained at the lowest temperature (9.8 ◦C) was the most active. Therefore, it can
be clearly stated that the lower the SC-CO2 extraction temperature, the higher antibacterial
properties the extract demonstrated. It has been reported that G. hederacea extracts show
antimicrobial activity against some microorganisms; however, their antibacterial activity is
related to the extraction techniques used, to the different parameters of the process and
therefore the concentration of active substances, and finally with the tested microorganism
strains [22,62,63].

3.4. Fungistatic Activity—MIC and MFC Values

The fungistatic activity of G. hederacea extracts obtained via SC-CO2 against five
filamentous fungi, expressed as MIC and MFC values, are presented in Table 4 and
Figure S1a–e in the Supplementary Materials. Based on the results, it can be stated that the
tested extracts exhibited fungistatic activity towards the tested fungi; however, this activity
was dependent mainly on the fungal species, whereas the extraction conditions generally
did not affect the activity of the extracts. An exception was the extract obtained at 40 ◦C,
which demonstrated activity against B. cinerea (MIC and MFC values were 5 mg/mL),
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whereas extracts obtained at 50 ◦C and 60 ◦C showed no inhibition of this species in the
tested concentration range. Similar results can be observed in the case of C. albicans, where
the extract obtained at 40 ◦C demonstrated the highest antagonistic activity compared
to the other tested extracts. The strongest activity of all extracts was observed towards
S. sclerotiorum with MIC and MFC values of 1.25 mg/mL, as well as towards C. albicans (MIC
and MFC at the level of 1.25 mg/mL), but only for the extract obtained at 40 ◦C. Among
the Fusarium strains, higher sensitivity to the tested G. hederacea extracts was observed for
F. graminearum (MIC and MFC at 2.5 mg/mL) compared to F. culmorum (MIC and MFC
at 5.0 mg/mL level). No fungistatic activity of the tested extracts was observed against
A. alternata.

Table 4. Fungistatic activity of G. hederacea extracts obtained via SC-CO2 against tested indicator fungi.

Microorganism
MIC/
MFC

(mg/mL)

Glechoma hederacea Extracts,
Extraction Conditions:

40 ◦C 50 ◦C 60 ◦C

F. graminearum KZF 1 MIC 2.5 2.5 2.5
MFC 2.5 2.5 2.5

F. culmorum KZF 5
MIC 5.0 5.0 5.0
MFC 5.0 5.0 5.0

A. alternata KZF 13
MIC 5.0 5.0 5.0
MFC 5.0 5.0 5.0

S. sclerotiorum KZF 23
MIC 1.25 1.25 1.25
MFC 1.25 1.25 1.25

B. cinerea BPR 187
MIC 5.0 >5.0 >5.0
MFC 5.0 >5.0 >5.0

C. albicans ATCC 10231
MIC 1.25 2.5 >5.0
MFC 1.25 >5.0 >5.0

Interesting data about the diversified fungistatic activity of different plant extracts
obtained via SC-CO2 can be found in the literature. Many authors reported that the
antagonistic activity of the extracts strongly depends on the fungal genus, which was also
underlined in this study. Confortin et al. (2019) [64] showed no differences in the fungistatic
activity of extracts obtained via SC-CO2 from Lupinus albescens against F. oxysporum and
F. verticillioides, which is similar to the result obtained in the present work (the same MIC
and MFC values were obtained for F. graminearum and F. culmorum). The high dependence
of the antifungal activity of extracts of guayusa leaves (Ilex guayusa Loes.) obtained by
SC-CO2 on the type of indicator microorganism was shown by Cadena-Carrera et al.
(2019) [60]. The studies presented in the mentioned paper showed little impact (in the case
of E. floccosum, M. canis, M. gypseum and T. mentagrophytes) or no influence (in the case of
A. fumigatus, Rhizopus and C. albicans) of the extraction conditions tested on the fungistatic
activity of the extracts obtained via SC-CO2 from guayusa leaves [60]. In the presented
study, a minor influence of extraction conditions on the fungistatic activity of G. hederacea
extracts was also noted. However, in the case of C. albicans, a significantly stronger effect of
the extract obtained at 40 ◦C was observed compared to the other temperature variants.

3.5. Antibiofilm Activity

The antibiofilm activity of the tested G. hederacea extracts, expressed as a percentage of
inhibition of biofilm formation or biofilm removal, is presented in Figure 2. Four strains of
bacteria were used for this experiment. All tested extracts reduced the biofilm formation,
with the highest ratio demonstrated by extract obtained at the 40 ◦C compared to the other
temperature variants. The percentage inhibition of the biofilm formation by E. coli and
E. faecalis exceeded 90%, whereas in the case of P. aeruginosa and B. subtilis it was almost
90% (88.6% and 87.9%, respectively). The extract obtained at 50 ◦C also had a strong in-
hibitory effect on biofilm formation, displaying the strongest inhibition of biofilm formed by
E. coli (88.2%). The percentage reduction of biofilm formation by other bacteria was lower,
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with the lowest percentage of biofilm inhibition by B. subtilis (55.0%). In the case of the ex-
tract obtained at 60 ◦C, the best results in the reduction of biofilm formation were observed
for E. coli (80.7%) and E. faecalis (71.5%), whereas the inhibitory efficiency was lower for
B. subtilis (60.5%) and P. aeruginosa (38.7%).
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Figure 2. Effect of G. hederacea SC-CO2 extracts on biofilm formation and removal: (a) E coli,
(b) E. faecalis, (c) P. aeruginosa, (d) B. subtilis. Averages with different letters (A–C) for biofilm
formation and (a–c) for biofilm removal are significantly different at p < 0.05.

The tested extracts showed variable effects on the removal of mature biofilm. In
contrast to the inhibition of biofilm formation, the best results in biofilm removal were
observed after the application of extracts obtained at 60 ◦C, within the range of 55.3–75.9%,
depending on the microorganism. Only a small percentage of biofilm was removed by
extracts obtained at 40 ◦C and 50 ◦C. Depending on the extract and bacterial strain, the
efficiency of biofilm destruction ranged from 1.5% to 34.7%, with no effect on the biofilm
formed by P. aeruginosa.

The antibiofilm activity of G. hederacea has not been described in the literature; how-
ever, several studies have described the effect of plant extracts obtained via supercritical fluid
extraction. Al-Maqtari et al. (2020) [65] reported that extracts of Artemisia arborescens,
Artemisia abyssinica, Pulicaria jaubertii and Pulicaria petiolaris were effective as anti-biofilm forma-
tion agents for all tested bacteria at 1/2 MIC. The highest inhibition rate of biofilm formation
by the extracts was observed against B. subtilis, whereas the lowest inhibition ratio was noted
on K. pneumoniae, S. typhimurium, P. aeruginosa and E. faecalis. Abdullah et al. (2021) [66] found
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that green cardamom essential oil obtained via supercritical fluid extraction prevented the
biofilm formation of E. coli O157:H7 and S. typhimurium JSG 1748. In the presented work,
the antibiofilm activity also depended on the bacterial strain, with the highest inhibition
rate observed against E. coli and E. faecalis, whereas the biofilm prevention performance
was slightly lower for P. aeruginosa and B. subtilis. Moreover, the extraction conditions had
an impact on the degree of reduction of biofilm formation. In a study by Santos et al. (2021) [67],
propolis extracts obtained via the supercritical and ethanolic extraction methods were effec-
tive in interfering with bacterial biofilm formation, whereas only little activity was observed
on the consolidated film, which is consistent with the results obtained in the presented
work. As the literature data suggest, one of the reasons for the extracts’ weak efficacy in
disrupting the biofilm maybe due to the structure of the biofilm, as the exopolymeric matrix
may prevent the penetration of antibacterial agents [68].

4. Conclusions

The results of antioxidant, antimicrobial and antibiofilm activity analysis of G. hederacea
extracts obtained via SC-CO2 under different conditions of the process using methanol as a
co-solvent show that the temperature of extraction affects the biological activity of the tested
product. Overall, the results indicate that the SC-CO2 extracts are characterized by high TPC
values that differ depending on the extraction conditions. The high TPC values correlate
with high antioxidant properties, as well as antimicrobial (excluding filamentous fungi)
and antibiofilm activity (the prevention of biofilm formation). Among the tested extracts,
the most promising results were obtained for the extract obtained at 40 ◦C, including the
highest TPC value, as well as the best-performing antimicrobial and antioxidant properties.
All tested extracts were effective in controlling biofilm formation of the studied bacteria
at MIC concentration, but only the extract obtained at 60 ◦C efficiently removed formed
biofilm. G. hederacea extracts obtained using SC-CO2 could have promising applications
at different stages of food production, as well as in the industry as a safe alternative to
chemical preservatives or disinfectants due to their demonstrated properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12073572/s1, Figure S1: The fungistatic activity of obtained
G. hederacea CO2 extracts against (a) F. graminearum, (b) F. culmorum, (c) A. alternata, (d) B. cinerea and
(e) S. sclerotiorum, expressed as MIC and MFC values. C—control; M—methanol; GH 40—G. hederacea
CO2 extract (extraction conditions: 40 ◦C/250 bar); GH 50—G. hederacea CO2 extract (extraction
conditions: 50 ◦C/250 bar); GH 60—G. hederacea CO2 extract (extraction conditions: 60 ◦C/250 bar);
Cp—percentage concentration of CO2 extracts.
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