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Abstract: Staphylococcus epidermidis is an opportunistic pathogen that, under certain conditions,
can induce aggravated infectious processes, mainly in immunosuppressed patients. Moreover, S.
epidermidis is one of the leading causes of medical device- and implant-associated infections and
is also recognized as a canonical biofilm producer. Fabiana punensis, F. densa and F. patagonica are
three medicinal plants that grow in arid environments in Argentina (Altoandina, Puna, Prepuna
and Monte regions). In this work, we studied the antimicrobial activity of alcoholic extracts of
these plant species obtained via maceration (M) and ultrasound-assisted extraction (UAE) against S.
epidermidis. In addition, the antibiofilm activity of the F. densa extract was also evaluated. It was found
that the extracts obtained via M did not present differences with those obtained via UAE regarding
the chemical profile. F. densa showed the lowest minimum inhibitory concentration (MIC) value
(75 ug GAE/mL). At concentrations higher than the MIC, the extract induced the release of cellular
constituents. At the concentration of 1/8x MIC, the extract inhibited biofilm formation by 78%,
reducing metabolic activity by 67%. On the other hand, it presented a low percentage of preformed
biofilm removal. In all assays, gallic acid (GA) has been used as a reference antimicrobial compound.
Finally, it was shown via microscopy visualization that the extract reduces adhesion to hydrophobic
and hydrophilic surfaces. Thus, F. densa extracts could potentially be used for the antibiotic treatment
of infections produced by S. epidermidis or as an inhibitor agent of production biofilm, avoiding
infections caused by medical devices.

Keywords: Fabiana species; Fabiana densa; Staphylococcus epidermidis; ultrasound-assisted extraction
antibacterial; antibiofilm

1. Introduction

Staphylococcus epidermidis is a commensal Gram-positive coagulase-negative bacterium
universally present in humans [1]. It is a bacterium capable of colonizing various areas
of the human body such as skin, nostrils, head, and mucous membrane. Under certain
conditions, S. epidermidis behaves as an opportunistic pathogen, worsening conditions in im-
munosuppressed patients such as patients with implanted medical equipment, chronically
hospitalized, drug misusers, and patients with acquired immunodeficiency syndrome [2].
It is one of the pathogens that are commonly found in infections produced in prema-
ture infants during late-onset sepsis [3] and can complicate inflammatory processes in
neonates such as bronchopulmonary dysplasia, white matter injury, and retinopathy of
prematurity [4]. The application of invasive procedures in modern medicine has signif-
icantly favored the development of infections caused by nosocomial pathogens, mainly
in the setting of prosthetic devices such as intravenous catheters, prosthetic joints, and
heart valves [5,6]. Infections caused by S. epidermidis are due in many situations to its
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ability to form a biofilm on biotic surfaces (host tissue) or inert surfaces (medical implants,
catheters, prostheses) [7,8]. Biofilm is a virulence factor that allows planktonic bacteria to
adhere to surfaces and generate cellular aggregates, thus forming sessile microcolonies
surrounded by a polymeric extracellular matrix formed mainly by proteins, carbohydrates,
lipids, and DNA, enhancing the host’s immune system’s reaction as well as its resistance
to antibiotics [9]. The worldwide distribution of three lineages of S. epidermidis of the
multi-drug-resistant (MDR) clonal complex 2 and their adaptation to hospitals has been re-
ported, which has presented a broad spectrum of resistance to antibiotics such as 3-lactams,
rifampicin, and vancomycin [10]. The presence of these pathogens, both sensitive and
resistant, raises the clinical importance and the need to seek medical alternatives to treat
this type of infection.

Since ancient times, plants have been utilized to treat illnesses [11]. They represent
a renewable and economic source of antimicrobials. The presence of metabolites, which
are mostly formed during the secondary metabolism of plants, is what gives plant-derived
extracts their antibacterial properties. Although not necessary for development, these
metabolites are crucial for defense, protection, and competitiveness, especially phenolic
derivatives [12,13]. Infections can be combated using antibiotics, which, in turn, prevent cell
wall formation, promoting membrane instability, and blocking DNA replication or protein
synthesis [14]. Another alternative approach is anti-virulence therapy, which consists of
combating virulence factors such as biofilm, quorum sensing, motility, toxins, etc. This
therapy leads to a less severe infection and allows the host to have an immune response.
The advantage of anti-virulence therapy is that it affects factors that are not necessary for
survival or growth; therefore, it induces less selective pressure, which makes resistance
development difficult [15], and it also has more target molecules and thus other mechanisms
of action [16].

The Fabiana genus of South America belongs to the Solanaceae family. It grows in dry
areas of the mountainous regions of the southern Andes. In Argentina, some species located
in the Altoandina, Puna, Prepuna and Monte regions in northwestern Argentina have been
described. Among them, one can find F. bryoides, F. densa, F. patagonica and F. punensis. All
of them are used traditionally in medicine as anti-inflammatory and antiseptic, as well as as
materials for construction, fodder, and spiritual activities [17-21]. Antimicrobial activities
of alcoholic extracts of different Fabiana species against Gram-positive and Gram-negative
pathogens have been reported, as well as diuretic, antioxidant, and anti-inflammatory
activity [22-26].

The extraction method is a key step for the separation of molecules of interest within
a complex matrix. Some of the conventional methods such as maceration (M) or Soxhlet
have some disadvantages such as longer extraction time, extra use of solvents or higher
energy consumption. Ultrasound-assisted extraction (UAE) is an unconventional extraction
method that has some advantages, such as less time and energy consumed, less solvent
used, and improved extraction yields, and is considered a clean and environmentally
friendly technology [27,28].

The aim of this work was to obtain alcoholic extracts from different species of Fabiana
collected from the northwestern region of Argentina using conventional (maceration) and
non-conventional (UAE) extraction methods, to select the one with the best antimicrobial
activity against S. epidermidis, and to evaluate its ability to inhibit the biofilm formation.

2. Results
2.1. Comparison of Ultrasound-Assisted Extraction (UAE) and Maceration

From the extracts obtained via M, the Fabiana patagonica extract showed the highest
content of total phenolics compounds (TPC), while from the extracts obtained via UAE,
F. patagonica and F. punensis extracts showed higher content of TPC than F. densa (Table 1).
Both extraction methods only showed significative differences in the content of extracted
TPC from F. patagonica. However, this content was only 18% higher than that obtained via
UAE. On the other hand, the content of total flavonoids (TF) was significantly higher in F.



Plants 2023, 12, 1830

30f19

punensis, F. densa and F. patagonica extracts obtained via M compared to those obtained via
UAE, 23, 35 and 48%, respectively. It was also observed that, as with the TF content, the
dry extract yield was significantly higher for the extracts obtained via M compared to those
obtained via UAE, 18% (F. punensis), 20% (F. densa) and 55% (F. patagonica).

Table 1. Yield of dry extract, total phenolics compounds and total flavonoids of Fabiana species extracts
obtained via maceration and UAE. Values are presented as mean =+ standard deviation (1 = 3).

Total Phenolics Compounds Total Flavonoids Yield of Dry Extract
Plant (ug GAE/mL) (ug QE2/mL) (mg/mL)
Maceration UAE Maceration UAE Maceration UAE
E densa 1615.41 + 61.42 24 1586.03+ 86.47 24 22053 + 6.76 24 143.59 4 10.88 2B 16.80 + 0.43 24 13.43 + 0.05 28
F. patagonica  2101.11 4 28.82 PA 1824.17 + 33.26 *B 165.06 + 3.53 PA 86.24 + 5.29 bB 15.20 + 0.62 PA 8.43 +0.05 "B
E. punensis 1930.38 + 22.17 <A 1872.06 =+ 44.35 PA 234.76 + 5.00 <A 180.35 + 2.94 B 12.86 4 0.60 <A 1053 £ 0.4 B

Al

Different lowercase letters indicate significant differences for the same column. Different capital letters indi-
cate significant differences between two columns, that is, for the two extraction methods for the same extract.
(p < 0.05). GAE!: gallic acid equivalents QE?: quercetin equivalents.

On the other hand, different HPLC profiles were found for each plant species; however,
no differences were found in the HPLC profiles between extracts obtained via M and UAE
for each plant species. In all cases, a high content of less polar compounds was observed
(Figure 1).

2.2. Antimicrobial Activity
2.2.1. Profile of Antibiotic Resistance of S. epidermidis

According to the zone diameter breakpoints provided by the Clinical and Laboratory
Standards Institute guidelines M100- Ed. 32 [29], the S. epidermidis INBIOFIV S11 strain
showed resistance to penicillin, ampicillin, erythromycin, and gentamicin, and was sensitive
to tetracycline, chloramphenicol, rifampicin, and oxacillin. No inducible resistance to
clindamycin was observed.

2.2.2. Effect of Fabiana Species on Growth of S. epidermidis: Reduction in Cell Viability and
Minimum Inhibitory Concentration (MIC)

Antimicrobial activity against S. epidermidis was demonstrated by Fabiana species.
There were no differences observed in the MICs of the extracts obtained via M and UAE
using the macrodilution method. The F. densa extract displayed the lowest MIC values
(75 ng GAE/mL), followed by the F. patagonica extract with double the MIC values of F.
densa (150 pg GAE/mL). Finally, F. punensis exhibited the highest MIC values (1200 pg
GAE/mL). As F. densa exhibited the highest antimicrobial potency, the decision was made
to continue the studies using F. densa extracts.
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Figure 1. HPLC profile of Fabiana extracts obtained via maceration and UAE.

(a) E. punensis—maceration; (b) F. punensis—UAE; (c) F. densa—maceration; (d) F. densa—UAE; (e) F.
patagonica—maceration; (f) F. patagonica—UAE. The fingerprints were registered at 254 nm.

Figure 2 shows the reduction in cell viability at different concentrations of the F. densa
extract obtained via UAE during 8 h of incubation at 37 °C. After 8 h of incubation, no
significant changes were observed. Values above the MIC reduce the cell viability until
8 h of incubation have elapsed. A concentration of 16 x MIC showed the higher reduction
in cell concentration of 73.24% (log 6.86 CFU/mL). Extract concentration of 8 x MIC and
4x MIC did not show significant differences at the same time and they both reduce it by
65.81 and 63.14%, respectively. No significant differences between 2x MIC and 4 x MIC
were evident at 8 h of incubation. On the other hand, sub-MIC concentration (1/2x MIC
and 1/4x MIC) showed a similar effect to that of the concentration of 2000 pg/mL of GA,
used as a reference compound. Although these three treatments did not show a decrease in
cell concentration, they did show a slowdown in cell growth with respect to the control.
Dilutions below 1/8x MIC and 500 ug/mL GA did not show differences with respect to
the control, suggesting that, under these conditions, cell viability did not show inhibition.
Additionally, DMSO (solvent) did not present any negative effect on cell viability. Cell
viability also was determined in the presence of F. densa extract obtained via maceration.
No differences were found in the growth curve assayed at the same concentration.
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Figure 2. Reduction in cell concentration of S. epidermidis at different concentrations of the extract of
F. densa obtained via UAE and different concentrations of gallic acid (GA) (positive control) at 8 h of
incubation. Different letters indicate significant differences (p < 0.05).
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2.2.3. Cell Constituents’ Release of S. epidermidis

The release of cellular constituents was determined via absorbance measurements at
260 nm (Figure 3a). The highest absorbance was detected at 4 h of incubation for extract
concentrations of 16 x MIC. The concentrations of 8 x MIC and 4x MIC did not show
differences at 4 h of incubation. For the 16 x MIC and 8x MIC concentrations, a slight
decrease in absorbance was observed at 24 h, while the absorbance at 4 x MIC concentra-
tion remained constant until 24 h of incubation (data not shown). The concentrations of
2x MIC and the 1 x MIC did not show differences with respect to the control. On the other
hand, Figure 3b showed the protein content. A rapid increase in the content of released
proteins was observed with the two highest concentrations assessed until 8 h of incubation
(0.31 £ 0.0011 and 0.20 + 0.0013 mg protein/mL for 16 x MIC and 8 x MIC, respectively).
Then, the protein content remained constant for all concentrations. At the 4x MIC con-
centration, the release of the protein content was slower; only after 8 h of incubation did
the protein content reach a protein content as that of the 8x MIC concentration. The
concentrations of 2x MIC and MIC did not present significant differences between them
for any of the times, and the concentration of protein released was significantly lower than
the content of protein released by the other concentrations assayed (0.10 & 0.0009 mg/mL).
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Figure 3. Release of cell material that absorbs at 260 nm at 4 h of incubation (a) and protein at 8 h
of incubation (b) from S. epidermidis treated with F. densa extract. Means with different superscripts
show significant differences for different F. densa extract treatments (p < 0.05).
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2.3. Antibiofilm Activity of F. densa Extract
2.3.1. Determination of the Minimum Inhibitory Concentration of F. densa Extracts on
Biofilm Formation and on Metabolic Activity

According to the results observed in the viability curves obtained by counting colony
on MH agar medium presented in the previous section, the F. densa extract concentra-
tions between 1/8x MIC and 1/32x MIC and gallic acid concentration of 1000 and
500 pg/mL were chosen to evaluate the effect on biofilm formation because, at these
sub-MIC concentrations, S. epidermidis growth was unaffected.

The extracts showed Inhibition of cell adhesion during biofilm formation. The effect
of the extracts was evidenced by a reduction in biofilm biomass produced with respect to
the control (Figure 4). The extract at a concentration of 1/8x MIC presented the highest
percentage of inhibition of initial cell adhesion (77.75%), followed by that at concentration
adjusted to 1/16x MIC (66.45%) and 1/32x MIC (56.01%). The highest concentration
of GA presented a low inhibitory effect of biofilm formation similar to that of the lowest
concentration of extract assayed (57.01%).
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Figure 4. Percentage of inhibition of biofilm formation of S. epidermidis at different sub-MIC concen-
trations (1/8x MIC-1/32x MIC) of F. densa extract and gallic acid (GA) (1000 and 500 pg/mL). Bars
with different letters indicate significant differences (p < 0.05).

Table 2 shows the percentages of metabolic activity reduction with respect to the
control during biofilm formation. The F. densa extract at 1/8x MIC and 1000 pg/mL of
GA, used as reference compound, showed the highest percentage of inhibition of metabolic
activity. In addition, the inhibition of metabolic activity decreased when the dilution
increased. The concentration of 500 ng/mL of GA presented a reduction in metabolic
activity as that of the medium whose concentration was 1/16 x MIC (42.94%).

Table 2. Percentage of inhibition of metabolic activity during biofilm formation and on preformed
biofilm. Data are presented as means + standard deviation (1 = 3).

Biofilm Formation Biofilm Preformed

Treatment Inhibition (%) Eradication (%)
DMSO 5.89 + 2572 0.24 +0.442
1/8x MIC 66.56 + 0.43 P 2249 +7.14°
1/16x MIC 4253 +226°¢ 19.38 +7.15b
1/32x MIC 30.33 £ 5.18d 10.15 £ 3.51°¢
1000 GA 67.04 + 3.60 40.46 + 4504
500 GA 42954+ 1.27°¢ 26.59 + 2.55P

Different letters for the same column denote statistically different differences (p < 0.05).
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2.3.2. Effect of F. densa Extract on Preformed Biofilm and Metabolic Activity

The effect of different concentrations of the F. densa extract on preformed biofilm was
evaluated. After 24 h of incubation, the concentrations tested exhibited a low capacity to
eradicate the preformed biofilm. The highest percentage of inhibition was shown by the
medium with a concentration of 1/8x MIC (25.66%), while the highest dilutions tested
and the medium supplemented with GA (1000 pg/mL) presented a removal capacity
below 10%. Finally, the concentration of 500 ug/mL GA did not present activity to remove
preformed biofilm. An effect of DMSO can also be observed in the removal of the preformed
biofilm (12%) so that the solvent could favor the effect of the tested extract. On the other
hand, Table 2 shows metabolic activity inhibition percentages obtained via MTT assay. The
maximum reduction in metabolic activity was registered after the preformed biofilm was
in the presence of 1/8x MIC (22.49%), which was similar to the reduction produced with
500 pg/mL of the reference compound GA (26.59%).

2.3.3. Reduction in Extracellular Polymeric Substances (EPS) and Proteins during
Biofilm Formation

The structure of the biofilm is formed by a matrix composed of extracellular polymeric
substances, such as polysaccharides, proteins, and extracellular DNA [30]. Additionally,
this external matrix, called slime, confers stability and resilience to the biofilm [31]. The
cells are embedded in this matrix, which serves as a protective barrier against the attack of
antimicrobial compounds or against the host’s own defense mechanisms. A mechanism
through which the EPS content is reduced would allow the biofilm to be destabilized and
favor antimicrobial action [32].

F. densa extracts caused a reduction in the EPS formed by S. epidermidis. The con-
centration of 1/8x MIC of extracts was able to reduce 33.0% of the EPS formed with
final EPS concentrations of 27.32 mg/mL. This effect was similar to that observed with
1000 pg/mL GA (final concentration of 26.64 mg/mL). On the other hand, 1/16x MIC and
500 pg/mL of GA did not have a different effect between them, producing a reduction in
EPS between 17.0 (33.7 mg/mL) and 19.0% (33.26 mg/mL), respectively. In extract-free or
GA-free conditions, S. epidermidis produced an EPS concentration of 40.78 mg/mL. Nei-
ther DMSO nor 1/32x MIC concentration exhibited reduction in EPS formed relative to
the control.

One of the important constituents of EPS are proteins. The reduction in protein content
was quantified via the Bradford method. At the highest tested concentration (1/8x MIC),
the reduction in protein content was 61.91% (8.25 ng/mL). This effect was greater than that
observed for GA at a concentration of 1000 ng/mL, which produced a reduction in 40.98%
(12.78 ug/mL), and 500 pug/mL of GA barely reduced the protein content by 16.74%. The
solvent did not present significant differences with respect to the control and, under these
conditions, S. epidermidis produced a concentration of 22.0 ug/mL of proteins.

2.3.4. Microscopic Observation of Biofilm Formation

The biofilm inhibitory activity of the extracts of F. densa and GA was confirmed via
visualization using light optical microscopy. A reduction in the coverage of the biofilm
formed on the glass surface was clearly observed in those slides that were incubated in the
presence of the extract and gallic acid, while in the control medium and in the medium with
1/32x MIC, it was observed that the surface was entirely covered with cellular aggregates
(Figure 5).
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Figure 5. Micrographs obtained via light microscopy showing the reduction in biofilm adherence of
S. epidermidis on glass slides at different concentrations of F. densa extract. (a) control (without extract),
(b) solvent control (DMSO), (c) 1/8x MIC, (d) 1/16x MIC, and (e) 1/32x MIC of F. densa extract,
(£) 1000 pg/mL and (g) 500 pg/mL of GA.
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3. Discussion
3.1. Extraction Methods and Chemical Composition of Fabiana Species

Conventional extraction techniques such as maceration or infusions have been widely
used for the extraction of compounds of plants and their standardization. However, these
methods usually have some disadvantages. They require a longer extraction time and a
larger amount of plant tissue; in addition, organic solvents are used, which could have
a negative effect on human health and the environment, and, in some cases, heating
is necessary, which produces an extra cost of energy [33]. For this reason, strategies
such as extraction with unconventional methods have been developed to overcome these
disadvantages [34]. UAE is characterized by greater extraction efficiency and, since it does
not require much time, it can also be employed at ambient pressures; in addition, this
procedure is cheaper than traditional methods [35]. However, the cost of the equipment is
quite high compared to the cost of the equipment needed to carry out macerations.

To date, a limited number of studies on the antibacterial effectiveness of the Fabiana
species described in this work have been carried out. The collection of extracts of Fabiana
species from the ecoregion of the Monte de Sierras y Bolsones (2200-3000 m above sea
level) obtained via UAE was shown for the first time in this article. Some authors [23,24]
reported that alcoholic extracts of F. densa, F. patagonica and F. punensis, collected from the
Puna region of Argentina, located between 3700 and 4800 m.a.s.1., obtained via M, showed
higher concentration of TPC compared with the species of this work. The difference in the
concentration of the phenolic compounds could be due to the difference in altitudes from
where the samples were collected. Some authors reported an increase in the content of
secondary metabolites in plants associated with growth at higher altitudes. These increases
could be related to environmental abiotic factors such as low temperatures and UV-B
radiation, which increase at higher altitudes [36-38].

The UAE is an economical and eco-friendly method that allows one to obtain phenolic
compounds in less extraction time compared to other conventional methods such as mac-
eration. For example, using the response surface model, the conditions were optimized
to obtain Eucalyptus marginata L. extracts with the highest TPC content, in which the op-
timal extraction time for UAE was shorter (49.9 min) than that required for maceration
(88 min) [39]. In the same way, the optimization of the extraction of TPC from ethanolic
extracts (60% v/v) of Robiniae pseudoacaciae flowers via the maceration, Soxhlet and UAE
methods presented optimal extraction time as being higher for maceration (24 h), followed
by that required for Soxhlet (6 h) and finally that for UAE (0.5 h) [40]. Many authors agree
that UAE improves the extraction rate, that is, the extraction time is shorter compared to
other conventional methods [41-43]. Our results are in agreement with what was published
by these researchers. The UAE allowed one to obtain extracts with higher yield, since, al-
though the TPC concentration is similar to that of the extracts obtained via M, the extraction
time in UAE is significantly less (30 min) compared to the extraction time required with M
(7 days). Furthermore, no differences were observed in the compounds extracted in both
methods, evidenced by the HPLC profiles. In other words, this unconventional method
allows the extraction of the same amount and composition in a shorter extraction time.

3.2. Antimicrobial and Antibiofilm Activity of F. densa against S. epidermidis

In this work, the antimicrobial and antibiofilm activity of the ethanolic extract of F.
densa against resistant S. epidermidis clinical isolate was demonstrated.

It is widely accepted that the MIC corresponds to the lowest concentration of the
antimicrobial that produces the inhibition of the microorganism and is one of the ways of
expressing the antimicrobial activity of a compound [44]. It is also a criterion for selecting
new antimicrobials. Crude extracts that present a MIC below 100 pg/mL [45], and less than
or equal to 10 ng/mL for isolated compounds from extracts [46], are generally accepted
as antimicrobials with promising properties. The F. densa extract presented an MIC of
75 ug/mL, suggesting that it has appropriate and promising antimicrobial activity. To date,
little has been reported on the antimicrobial activity of this plant against this opportunistic
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pathogen. Nevertheless, researchers isolated and identified two diterpenes derivates, oxalyl
and succinyl ester, from acetone extracts of F. densa variety ramulosa with antimicrobial
activity against S. epidermidis ATCC 12228. The authors revealed that these compounds
inhibited the growth of the population of S. epidermidis by 50 and 80%, respectively, at the
highest concentration assayed (64 uM) [26]. There are various mechanisms through which
agents can combat microbial infections, primarily by inducing bacterial cell death and
targeting different areas, such as specific inhibition of cell wall synthesis, destabilization
of membrane components, inhibition of DNA replication, or restriction of protein synthe-
sis [47]. An increase in absorbance measurements at 260 nm and the release of proteins
serve as indicators of irreversible damage to membrane integrity, implying a loss of internal
cellular materials such as nucleic acids, cytoplasmic material, and essential proteins neces-
sary for cell growth [48]. As it was demonstrated in the results section, the presence of the F.
densa extracts produced an increase in these indicators in the external environment, which
would mean that the extracts of F. densa potentially possess an antimicrobial mechanism
that would act by damaging the integrity of the membrane.

S. epidermidis is a pathogen able to produce biofilm. This property favors resistance
to antibiotics, which makes it difficult to treat infections caused by this microorganism.
Studying alternatives for inhibiting biofilm formation is an interesting prospect for the
treatment of these infections associated with this virulence factor. F. densa extract showed a
high percentage of inhibition of S. epidermidis biofilm formation at sub-MIC concentration.
Some authors reported that aqueous extracts from different parts of plants present in semi-
arid areas of Brazil (Caatinga) were screened against the formation of biofilm produced by
the S. epidermidis strain ATCC 35984. It was found that at a concentration of 0.4 mg/mL of
the extracts, the percentages of inhibition were in a range between 56.7 and 67.3% without
producing inhibition of microbial growth. At higher concentrations (4 mg/mL), these
extracts inhibited the growth of the bacteria by at least 40% [49]. The anti-biofilm effect
of ethanolic extracts from different Thai herbal recipes on S. epidermidis ATCC 35984 was
evidenced through the MTT reduction assay. The authors found that a combination of
Maranta arundinacea L. (Rhizome) Oroxylum indicum Vent. (Bark) Commelina benghalensis
L. (whole plant) completely inhibited biofilm formation at a concentration of 250 pg/mL,
while the the combination of Curcuma longa L. (Rhizome), Areca catechu L. (Seed) Oryza
sativa L. (Seed), Garcinia mangostana L. (Pericarp) showed inhibition of activity between 30
and 40% for concentrations between 0.63 and 5 pg/mL without inhibiting the growth of
the bacterial strain [50]. Additionally, it was found that hydroalcoholic extracts of hops
from Humulus lupulus L. variety cascade presented high percentages of inhibition of biofilm
formation between 95 and 99% against the strains of S. epidermidis SE009 and S. epidermidis
317 at a concentration of 1/2x MIC; even at a concentration of 1/4x MIC, the hop extract
showed an inhibition of 65% [51]. The F. densa extracts obtained via UAE presented an effect
similar to those reported by these researchers, exhibiting a high percentage of inhibition of
biofilm biomass formation, close to 80%, and a reduction in metabolic activity, determined
via the assay of MTT, greater than 60%.

GA has been shown to exhibit antimicrobial activity against bacterial pathogens
with MIC values ranging from 250 to 1000 pug/mL. Specifically, against the S. epidermidis
12228 strain, the MIC value was >1000 ug/mL [52]. In this study, it was also detected
that at concentrations below 1000 pg/mL, there was no inhibition of microbial growth
with respect to the control. Additionally, GA has been reported as an inhibitor of biofilm
formation against other Gram-positive bacterial genera such as Staphylococcus aureus [53],
Streptococcus mutans [54], and Gram-negative bacteria such as Escherichia coli [55] and
Pseudomona aeruginosa [56]. However, in this research, the inhibitory activity of biofilm
formation by GA against S. epidermidis was reported for the first time.

The ability of some agents to eradicate preformed biofilm is an interesting prospect
for the treatment of advanced infections. The F. densa extract presented a high percentage
of inhibition of biofilm formation; however, the percentage of eradication of the preformed
biofilm was low. Similar results were observed with a soybean extract against the S.
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epidermidis ATCC 35984 strain, which exhibited a high percentage of inhibition of biofilm
formation (77%), while it did not show the ability to eradicate a biofilm formed after
treatment (24 h) [57]. This suggests that the activity of the F. densa extract acts mainly
during the early stages of biofilm formation. Some authors evaluated the effect of the
extract on the eradication of preformed biofilm using MTT assay. They found that after
24 h of incubation with ethanolic extract of Thai herbals recipes at a concentration of
500 pg/mL and 20 pg/mL, it presented a reduction of more than 90% of the 7-day-old
biofilms produced by S. epidermidis ATCC 35984 [50]. The ability of alpha mangostin
to eradicate the performed biofilm produced by the S. epidermidis strain ATCC 35984
was also reported. The reduction in the biomass of the mature biofilm was 38 to 47% at
high concentrations of the compound, 8x MIC and 16x MIC, respectively. The authors
propose that the reduction in the preformed biofilm is related to the high concentrations
of the extract tested, which presents bactericidal activity. However, this activity of killing
bacteria is lower compared to biofilms with a longer maturation time (24 h). The low
concentrations tested could explain (sub-MIC) the low capacity of the F. densa extract to
reduce the preformed biofilm [58].

On the other hand, the F. densa extract was able to produce an important reduction
in EPS and proteins content in a dose-dependent manner during the formation of the
biofilm. These results are in accordance with some reports, i.e., umbelliferone (500 png/mL)
produces an inhibition of 83% of the biofilm biomass of methicillin-resistant strain S.
epidermidis ATCC 35984 and a reduction in carbohydrate and protein content of 57 and 27%,
respectively [59]. Sessile cell adherence to surfaces favors the resistance of these bacteria,
which prevents or reduces this adherence, thus becoming a challenge for medicine. Optical
microscopy made it possible to visualize and validate the reduction in adhesion produced
by the dose-dependent extract of F. densa and GA on the biofilm formed by S. epidermidis
on glass.

4. Materials and Methods
4.1. Plant Material

Aerial part of F. densa, F. patagonica and F. punensis were collected in February 2021
from Monte de las Sierras y Bolsones region in the Argentinean Northwest area (26°36'42"
S 65°50'26"” W). The identification of plant materials was carried out by the botanist Ana
Soledad Cuello. Both the Fundacién Miguel Lillo Herbarium (LIL) and INBIOFIV received
the voucher specimens.

4.2. Plants Extracts Preparation

The preparation of the extracts was carried out using two methods: maceration (M)
and ultrasound-assisted extraction (UAE). The plant material was previously dried and
ground. For comparative purposes, ethanol 80° was used as an extraction solvent, in
addition to a liquid—solid ratio of 20 (5 g of dry plant tissue in 100 mL of solvent), for both
extraction methods.

Maceration was carried out for 7 days of incubation with shaking at 40 cycles per
minute at 40 °C. The UAE was performed using the ultrasonic homogenizer (UP2005St,
200 w, 26 KHz HielscherUltrasonics GmbH, Teltow, Germany). Extraction was carried
out in an ice bath. The available bibliography was used to set the extraction variables.
Amplitude: 70% [60]; extraction time: 30 min [61]; and constant pulse mode (5son/ 5s
off) [62].

The extracts were then concentrated using a rotary evaporator at 40 °C after being
filtered with Whatman No. 1 filter paper. The extracts were then dissolved in dimethyl
sulfoxide (DMSO) and stored at —20 °C.
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4.3. Phytochemical Screening
4.3.1. Phenolic Compound Determination

The Folin—Ciocalteu method was used to calculate the total phenolic compound
(TPC) content [63]. The results were presented as equivalents of gallic acid. (GAE). A
spectrophotometric approach was used to quantify the content of total flavonoids (TF).
Quercetin equivalents (QE) were used to express the results [64].

4.3.2. HPLC Analysis

A HPLC fingerprint was performed in order to compare the profile of compounds
from Fabiana extracts obtained via maceration vs. UAE. The analysis was carried out
according to with some modification. Briefly, an HPLC system consisting of a Waters 1525
Binary HPLC Pumps system with a 1500 Series Column Heater, a manual injection valve
with a 20 uL loop (Rheodyne Inc., Cotati, CA, USA) and a Waters 2998 photodiode array
detector (PDA) were used to analyze the extracts (220-540 nm). Samples (2 mg/mL) were
run through a XBridgeTM C18 column (4.6 mm x 150 mm, 5 pm; Waters corporation,
Milford, MA). A gradient system was used as mobile phase: 0.1% acetic acid in water (A)
and 0.1% acetic acid in methanol (B). The gradient system was performed with a flow rate
of 0.5 mL/min as follows: A 90% + B 10% from 0 to 35 min, A 43% + B 57% from 35 to 45
min, and B 100% from 45 to 65 min [65]. The fingerprints obtained at 254 nm of extracts of
each plant species were compared.

4.4. Bacterial Strain

S. epidermidis (INBIOFIV S11) clinical isolates of human patients from Hospital Dr.
Nicolas Avellaneda, San Miguel de Tucuman, Tucuman, Argentina, were used. The identi-
fication of the strain was carried out using biochemical profiles according to the recommen-
dations of the Manual of Clinical Microbiology [66].

The organism was maintained in a Miieller-Hinton (MH) medium supplemented with
30% (v/v) glycerol at —20 °C. Before testing, the suspensions were transferred to trypticase
soy agar and incubated aerobically overnight at 37 °C.

4.5. Antimicrobial Susceptibility Testing

Disk diffusion method with antibiotics was used to determine in vitro antimicrobial
susceptibility testing in accordance with the guidelines recommended by the Clinical and
Laboratory Standards Institute (CLSI). The assayed antibiotics were penicillin (10 ug),
oxacillin (1 ug) erythromycin (15 ug), clindamycin (2 ug), tetracycline (30 ng), gentamicin
(10 pg), chloramphenicol (30 pg) ampicillin (2 pg) and rifampicin (5 pug). S. aueus ATCC
29213 was used as control strain in accordance with CLSI breakpoints. The minimum
inhibitory concentration value of vancomycin was determined with the standard agar
dilution method recommended by the CLSI [67].

4.6. Minimal Inhibitory Concentration (MIC)

MIC values of Fabiana extracts were determined using the serial agar macrodilution
method. Briefly, 500 pL of serial two-fold dilution of each stock extract solution was added
to 4.5 mL of MH medium to obtain a final concentration range of 1200- 7.5 ug GAE/mL.
Subsequently, the culture media were inoculated with 2 puL spots of a bacterial suspension
previously adjusted to a concentration of 10° CFU/mL (ODsgppm: 0.08 diluted 1:100). The
plates were then incubated at 37 °C for 20 h. Control of DMSO was also carried out. Culture
without extract and without DMSO was considered as negative control. MIC was defined
as the lowest concentration of extract at which no colony was observed after incubation.

4.7. Viability Cell Analysis and Release of Cellular Constituents

The growth curve assay was performed to determine the effect of the different con-
centrations of F. densa extract on the viability of S. epidermidis. Serial two-fold dilutions
of stock extract solution were prepared in 2 mL of trypticase soy broth (TSB) to obtain a
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final concentration range of 16 x MIC-1/32x MIC pg/mL of GAE and inoculated with the
bacterial suspension to reach a final concentration of 1.5 x 10> CFU/mL. Cultures were
incubated at 37 °C for 24 h. Aliquots were taken at 4, 8, 12 and 24 h diluted and seeded
on MH agar in order to determine the viable cell concentration expressed as CFU/mL.
TSB medium without extract was used as positive control. The effect of higher DMSO
concentrations also was evaluated.

4.8. Damage to Membrane Integrity

Membrane integrity was examined by determining the release of cellular constituents
in those extracts whose concentration was higher than the MIC (MIC-16x MIC). For this, the
cultures were centrifuged at 9000 g for 10 min every 4 h. Supernatants were collected, and
absorbance was measured at 260 nm [68]. The content of released protein was determined
using the Bradford method [69]. Blanks were used for each of the conditions to eliminate
the interference produced by the presence of the extract in the culture medium. TSB without
extract was used as the negative control of the reaction.

4.9. Determination of the MIC of Biofilm Formation

The aim of this assay was to determine the minimum concentration at which initial
bacterial cell attachment is inhibited. For this purpose, a bacterial suspension was prepared
and the absorbance was adjusted to 0.08 at 560 nm and diluted 1:100 in 200 pL of TSB
supplemented with 1% glucose to reach a final concentration of 1.5 x 10° CFU/mL. The
assay was carried out in TSB supplemented with sub-inhibitory concentrations (sub-MIC)
of F. densa extract (1/2 MIC-1/32 MIC). As a positive control, TSB without extract was
used. The effect of the highest concentration of DMSO tested was also considered. Gallic
acid (GA), a phenolic acid present in several vegetable species, is reported as a natural
inhibitor of biofilm formation [70]. Therefore, in this trial, the inhibition capacity of the
F. densa extract was compared with different sub-MIC concentrations of GA (500, 1000,
2000 pg/mL). The assay was carried out in 96-well microplates. Microcultures were
incubated at 37 °C for 24 h. Subsequently, the planktonic cells were carefully aspirated
to remove them from the wells and washed three times with phosphate-buffered saline
(PBS-pH 7.4). The microplate was left to air-dry for 24 h; subsequently, the wells containing
the biofilm formed were stained with 200 pL of a 0.3% (w/v) crystal violet solution for
15 min at room temperature. The wells were washed three times with PBS to remove
unabsorbed dye. Subsequently, glacial acetic acid (30% v/v) was used to dissolve crystal
violet and the titer plate was read at 570 nm. The percentage of biofilm inhibition was
calculated using Equation (1) [71]:

Biofilm inhibition (%) = [(Control OD — Treated OD)/Control OD] x 100 €))]

4.10. Determination of Preformed Biofilm Eradication Capacity

In order to evaluate the eradication capacity of the biofilm preformed (maturation
phase), an incubation of 48 h was carried out. Briefly, microplates containing 200 pL
of TSB supplemented with 1% glucose inoculated with a bacterial suspension at a final
concentration of 10° CFU/mL were incubated for 24 h at 37 °C to promote adherence
and biofilm formation. Subsequently, the exhausted medium and the planktonic cells
were discarded, and the adhered biofilm was rinsed with PBS three times to eliminate the
non-adhered cells. Each well was reloaded with TSB supplemented with 1% glucose spiked
with sub-MIC concentrations of F. densa extract (1/2x MIC-1/32x MIC). TSB supplemented
with 1% glucose without inoculation was considered a negative control. The highest
concentration of DMSO tested and the different concentrations of gallic acid mentioned
in the previous section were also considered. After 24 h of incubation, the medium was
discarded and washed three times with PBS to remove non-adherent cells. Subsequently,
the formed biofilm was stained according to the crystal violet staining protocol described in
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the above section. The test was performed in quintuplicate, and the percentage of biofilm
removal was calculated with Equation (1) [72].

4.11. Measurement of the Biofilm Metabolic Activity of the Biofilm

Respiratory activity both in the initial phase and in the maturation phase of biofilm
was measured using the 3-[4, 5- dimethylthiazol-2-yl]-2, 5- diphenyltetrazolium bromide
(MTT) reduction assay. After 24 (attachment inhibition) and 48 h (removal of the biofilm
formed) of incubation, planktonic or loosely attached cells were carefully aspirated to be
discarded and the wells were washed with PBS three times. Then, 100 L. of MTT solution
in PBS (5 mg/mL) was added to each well and incubated at 37 °C for 4 h. Subsequently, the
insoluble purple precipitate produced by dehydrogenase enzymes present in living cells
that hydrolyze MTT was further dissolved via the addition of 100 uL of DMSO. Absorbance
measurements were obtained at 570 nm in a microplate reader. Each assay was performed
in triplicate. TSB medium without extract was considered a positive control [73].

4.12. Extraction and Quantification of Extracellular Polymeric Substances (EPS)

To obtain the formed EPS, 1 mL of S. epidermidis culture (final concentration:
10° CFU/mL) was incubated in TSB supplemented with 1% glucose in the presence and
absence of the different sub-MIC concentrations mentioned above for 24 h at 37 °C. After
incubation, the medium with planktonic cells was separated and centrifuged at 9000x g
for 10 min to separate the cells from the medium and thus obtain a cell-free supernatant,
which contains free EPS. On the other hand, the wells containing the biofilm formed were
rinsed with PBS three times to eliminate planktonic cells and weakly adhered cells. Then,
500 pL of TE buffer (10 mM EDTA in 10 mM Tris buffer) was added and incubated for
24 h at 4 °C. Subsequently, the content of each well was taken and centrifuged at
9000x g for 10 min to eliminate the cells. After that, three times the volume of cold
acetone was added to both the cell-free supernatant (free EPS) and the supernatant ob-
tained from the wells (cell-bound EPS), and incubated for 24 h at 4 °C. The samples were
centrifuged at 9000 x g for 10 min and the supernatant was separated. The solution was
incubated at room temperature to dry until evaporation of the acetone [32]. Subsequently,
the precipitates were resuspended in TE buffer to quantify the total EPS content using
the phenol sulfur method (Nielsen 2010). Quantification was performed using a glucose
1 mM solution to perform a calibration curve. Absorbances were measured at 490 nm.
Finally, the protein content was quantified according to Bradford method [69]. A bovine
serum albumin (BSA) solution of 0.5 mg/mL was used as a standard solution to perform a
calibration curve.

4.13. Biofilm Inhibition Optical Microscopy Visualization

The reduction in biofilm formation was validated using light microscopy. For this
purpose, the protocol described in Section 4.9 with some modifications was used. Briefly,
1 mL of TSB supplemented with glucose 1% previously inoculated with bacteria (final
concentration 10® CFU/mL) was placed in the wells of 24-well microplates with and
without the presence of the F. densa extract at different sub-MIC concentrations. A clean
and previously sterilized 1 cm x 1 cm glass coverslip was placed in each well. After 24 h
of incubation at 37 °C, the depleted medium with planktonic or poorly attached cells was
aspirated, the coverslips were washed with PBS three times and allowed to dry in the air.
Subsequently, they were stained with crystal violet solution (0.3% w/v) for 15 min. Cover
slips were washed with sterile distilled water to remove excess staining and then air-dried.
Stained glass pieces were placed on slides with the biofilm on top of the glass slide. Biofilms
were evaluated and confirmed using light microscopy at 100 x magnification [74].

4.14. Statical Analysis

All the experiments were carried out in triplicate except for the biofilm quantification
assays using the crystal violet method, which were carried out in quintuplicate. Experi-
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ments were performed with at least two technical replications. The results were presented
as the mean =+ standard deviation (SD). Statistical significance was determined using the
one-way ANOVA method followed by Tukey’s post hoc test using the statistical software
InfoStat version 2017.1.2. Values were considered significantly different at p-value < 0.05.

5. Conclusions

The UAE is an extraction method of TPC from Fabiana species that is more efficient
than M in ethanol since it entails a shorter extraction (30 min) compared to that when
employing M (7 days). The MIC values for both extraction methods did not present
differences for the same species. However, the F. densa extract showed the lowest MIC value
against S. epidermidis of the three species tested. The presence of the extracts produced
an increase in the release of cellular constituents such as DNA and proteins; therefore,
the extract could exert an antimicrobial mechanism of action involved in the rupture of
the cell membrane. On the other hand, concentrations below 1/8x MIC did not affect cell
growth and showed inhibitory activity on biofilm formation and reduction in cell metabolic
activity in a dose-dependent manner. However, the extracts showed a low reduction in the
preformed biofilm. The presence of the extracts reduces the production of EPS and proteins
significantly during the biofilm formation phase. Finally, extracts reduce adhesion to inert
surfaces, both hydrophilic (glass) as hydrophobic (polystyrene microplates); thus, they
could potentially be used for the treatment of infections associated with medical devices.
This study supports the potential use of F. densa extracts for the treatment of infections
caused by S. epidermidis through antimicrobial therapy or as anti-virulent agent inhibitors
of biofilm formation, as there is a pressing need to find alternatives for the treatment of
infections caused by bacteria resistant to antibiotics. At our laboratory, more investigation is
being carried out to clarify the potential mechanisms preventing the production of biofilms.

Author Contributions: Conceptualization, ] M.C. and I.C.Z.; Data curation, ]. M.C.; Formal analy-
sis, ].M.C.; Funding acquisition, M.LI. and I.C.Z.; Investigation, ].M.C.; Methodology, ] M.C. and
1.C.Z; Project administration, M.I.I. and I.C.Z.; Resources, M.LI. and I.C.Z.; Supervision, M.LL. and
I.C.Z,; Validation, ].M.C.; Visualization, M.LI. and 1.C.Z.; Writing—original draft, ] M.C.; Writing—
review and editing, M.LI. and I.C.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Universidad Nacional de Tucuman, UNT (PIUNT2018
G637), Agencia Nacional de Promocién Cientifica y Técnica, ANPCyT (PICT2014 N°3136 and
PICT2017 N°4436), Consejo Nacional de Investigaciones Cientificas y Técnicas, CONICET, Argentina.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from the corresponding author upon
reasonable request.

Acknowledgments: The authors acknowledge the cooperation of the inhabitants of the areas
of study.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Brown, M.M.; Horswill, A.R. Staphylococcus epidermidis—Skin friend or foe? PLoS Pathog. 2020, 16, €1009026. [CrossRef]

2. Otto, M. Staphylococcus epidermidis—The “accidental” pathogen. Nat. Rev. Microbiol. 2009, 7, 555-567. [CrossRef] [PubMed]

3. Marchant, E.A.; Boyce, G.K.; Sadarangani, M.; Lavoie, PM. Neonatal sepsis due to coagulase-negative Staphylococci. Clin. Dev.
Immunol. 2013, 2013, 586076. [CrossRef] [PubMed]

4. Dong, Y.; Speer, C.P.; Glaser, K. Beyond sepsis: Staphylococcus epidermidis is an underestimated but significant contributor to
neonatal morbidity. Virulence 2018, 9, 621-633. [CrossRef] [PubMed]

5. Becker, K.; Heilmann, C.; Peters, G. Coagulase-negative Staphylococci. Clin. Microbiol. Rev. 2014, 27, 870-926. [CrossRef]

6.  Foster, T.]. Surface proteins of Staphylococcus epidermidis. Front. Microbiol. 2020, 11, 1829. [CrossRef]


https://doi.org/10.1371/journal.ppat.1009026
https://doi.org/10.1038/nrmicro2182
https://www.ncbi.nlm.nih.gov/pubmed/19609257
https://doi.org/10.1155/2013/586076
https://www.ncbi.nlm.nih.gov/pubmed/23762094
https://doi.org/10.1080/21505594.2017.1419117
https://www.ncbi.nlm.nih.gov/pubmed/29405832
https://doi.org/10.1128/CMR.00109-13
https://doi.org/10.3389/fmicb.2020.01829

Plants 2023, 12, 1830 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Donlan, R.M.; Costerton, J.W. Biofilms: Survival mechanisms of clinically relevant microorganisms. Clin. Microbiol. Rev. 2002, 15,
167-193. [CrossRef]

Le, K.Y,; Park, M.D.; Otto, M. Immune evasion mechanisms of Staphylococcus epidermidis biofilm infection. Front. Microbiol. 2018,
16, 143-155. [CrossRef]

Freitas, A.L; Lopes, N.; Oliveira, F,; Bras, S.; Franga, A.; Vasconcelos, C.; Vilanova, M.; Cerca, N. Comparative analysis between
biofilm formation and gene expression in Staphylococcus epidermidis isolates. Future Microbiol. 2018, 13, 415-427. [CrossRef]

Lee, J.Y.H.; Monk, I.R.; Gongalves da Silva, A.; Seemann, T.; Chua, K.Y.L.; Kearns, A.; Hill, R.; Woodford, N.; Bartels, M.D.;
Strommenger, B.; et al. Global spread of three multidrug-resistant lineages of Staphylococcus epidermidis. Nat. Microbiol. 2018, 3,
1175-1185. [CrossRef]

Achan, J.; Talisuna, A.O.; Erhart, A.; Yeka, A.; Tibenderana, J.K.; Baliraine, EN.; Rosenthal, P.J.; D’ Alessandro, U. Quinine, an old
anti-malarial drug in a modern world: Role in the treatment of malaria. Malar. ]. 2011, 10, 144. [CrossRef] [PubMed]

Hussein, R.A.; El-Anssary, A.A. Plants secondary metabolites: The key drivers of the pharmacological actions of medicinal plants.
In Herbal Medicine; IntechOpen: London, UK, 2019.

Ruddaraju, L.K,; Pammi, S.V.N.; sankar Guntuku, G.; Padavala, V.S.; Kolapalli, VR.M. A review on anti-bacterials to combat
resistance: From ancient era of plants and metals to present and future perspectives of green nano technological combinations.
Asian J. Pharm. Sci. 2020, 15, 42-59. [CrossRef] [PubMed]

Mostafa, A.A.; Al-Askar, A.A.; Almaary, K.S.; Dawoud, T.M.; Sholkamy, E.N.; Bakri, M.M. Antimicrobial activity of some plant
extracts against bacterial strains causing food poisoning diseases. Saudi J. Biol. Sci. 2018, 25, 361-366. [CrossRef]

Cheesman, M.].; Ilanko, A.; Blonk, B.; Cock, L.E. Developing new antimicrobial therapies: Are synergistic combinations of plant
extracts/compounds with conventional antibiotics the solution? Pharmacogn. Rev. 2017, 11, 57-72. [PubMed]

Gorlenko, C.L.; Kiselev, H.Y.; Budanova, E.V.; Zamyatnin, A.A.; Ikryannikova, L.N. Plant secondary metabolites in the battle of
drugs and drug-resistant bacteria: New heroes or worse clones of antibiotics? Antibiotics 2020, 9, 170. [CrossRef] [PubMed]
Villagran, C.; Castro, V. Ciencia indigena de los Andes de Chile; Editorial Universitaria: Guadalajara, Mexico, 2000; p. 244.
Villagran, C.; Romo, M.; Castro, V. Etnobotanica del sur de los Andes de la Primera Region de Chile: Un enlace entre las culturas
altiplanicas y las de quebradas altas del Loa superior. Chungard 2003, 35, 73-124. [CrossRef]

Toursarkissian, M. Plantas Medicinales de la Argentina, 1st ed.; Editorial Hemisferio Sur, S.A.: Buenos Aires, Argentina, 1980.
Pérez, E.L. Las Plantas Utilizadas por la Comunidad de Antofagasta de la Sierra, Puna Catamarquefia, Argentina. Bachelor’s
Thesis, Facultad de Ciencias Naturales e Instituto Miguel Lillo Universidad Nacional de Tucuman, San Miguel de Tucuman,
Argentina, 2006.

Barbaran, FR. Medicinal plants of the Argentinian puna: A common property resource and an opportunity for local people. In
Proceedings of the Governing Shared Resources: Connecting Local Experience to Global Challenges 12th Biennial Conference of
the International Association for the Study of Commons, Cheltenham, UK, 14-18 July 2008.

Erazo, S.; Zaldivar, M.; Delporte, C.; Backhouse, N.; Tapia, P.; Belmonte, E.; Monarche, ED.; Negrete, R. Antibacterial diterpenoids
from Fabiana densa var. ramulosa. Planta Med. 2002, 68, 361-363. [CrossRef]

Zampini, L.C.; Cuello, S.; Alberto, M.R.; Ordofiez, R M.; Almeida, R.D.; Solorzano, E.; Isla, M.I. Antimicrobial activity of selected
plant species from “the Argentine puna” against sensitive and multi-resistant bacteria. J. Ethnopharmacol. 2009, 124, 499-505.
[CrossRef]

Cuello, S.; Alberto, M.R.; Zampini, I.C.; Ordofiez, R-M.; Isla, M.I. Comparative study of antioxidant and anti-inflammatory
activities and genotoxicity of alcoholic and aqueous extracts of four Fabiana Species that grow in mountainous area of Argentina.
J. Ethnopharmacol. 2011, 137, 512-522. [CrossRef]

Schmeda-Hirschmann, G.; Theoduloz, C. Fabiana imbricata Ruiz et Pav. (Solanaceae), a Review of an Important Patagonian
Medicinal Plant. J. Ethnopharmacol. 2019, 228, 26-39. [CrossRef]

Quaglio, D.; Corradji, S.; Erazo, S.; Vergine, V.; Berardozzi, S.; Sciubba, E.; Cappiello, F; Crestoni, M.E.; Ascenzioni, F; Imperi, F;
et al. Structural elucidation and antimicrobial characterization of novel diterpenoids from Fabiana densa var. ramulosa. ACS. Med.
Chem. Lett. 2020, 11, 760-765. [CrossRef] [PubMed]

Ojha, K.S.; Aznar, R.; O'Donnell, C.; Tiwari, B.K. Ultrasound Technology for the Extraction of Biologically Active Molecules from
Plant, Animal and Marine Sources. TrAC—Trends Analyt. Chem. 2020, 122, 115663. [CrossRef]

Kumar, K.; Srivastav, S.; Sharanagat, V.S. Ultrasound assisted extraction (UAE) of bioactive compounds from fruit and vegetable
processing by-products: A review. Ultrason. Sonochem. 2021, 70, 105325. [CrossRef] [PubMed]

Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing; 24th Informational
Supplement. (M100 Ed. 32); Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2022.

Flemming, H.C.; Wingender, J. The Biofilm Matrix. Nat. Rev. Microbiol. 2010, 8, 623-633. [CrossRef] [PubMed]

Lee, ].H.; Kim, Y.G.; Yong Ryu, S.; Lee, ]. Calcium-chelating alizarin and other anthraquinones inhibit biofilm formation and the
hemolytic activity of Staphylococcus aureus. Sci. Rep. 2016, 6, 19267. [CrossRef] [PubMed]

Kannappan, A.; Balasubramaniam, B.; Ranjitha, R.; Srinivasan, R.; Packiavathy, I.A.S.V.; Balamurugan, K.; Pandian, S.K.; Ravi,
A.V. In vitro and in vivo biofilm inhibitory efficacy of geraniol-cefotaxime combination against Staphylococcus spp. Food Chem.
Toxicol. 2019, 125, 322-332. [CrossRef]


https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.3389/fmicb.2018.00359
https://doi.org/10.2217/fmb-2017-0140
https://doi.org/10.1038/s41564-018-0230-7
https://doi.org/10.1186/1475-2875-10-144
https://www.ncbi.nlm.nih.gov/pubmed/21609473
https://doi.org/10.1016/j.ajps.2019.03.002
https://www.ncbi.nlm.nih.gov/pubmed/32175017
https://doi.org/10.1016/j.sjbs.2017.02.004
https://www.ncbi.nlm.nih.gov/pubmed/28989242
https://doi.org/10.3390/antibiotics9040170
https://www.ncbi.nlm.nih.gov/pubmed/32290036
https://doi.org/10.4067/S0717-73562003000100005
https://doi.org/10.1055/s-2002-26746
https://doi.org/10.1016/j.jep.2009.05.011
https://doi.org/10.1016/j.jep.2011.06.005
https://doi.org/10.1016/j.jep.2018.09.020
https://doi.org/10.1021/acsmedchemlett.9b00605
https://www.ncbi.nlm.nih.gov/pubmed/32435382
https://doi.org/10.1016/j.trac.2019.115663
https://doi.org/10.1016/j.ultsonch.2020.105325
https://www.ncbi.nlm.nih.gov/pubmed/32920300
https://doi.org/10.1038/nrmicro2415
https://www.ncbi.nlm.nih.gov/pubmed/20676145
https://doi.org/10.1038/srep19267
https://www.ncbi.nlm.nih.gov/pubmed/26763935
https://doi.org/10.1016/j.fct.2019.01.008

Plants 2023, 12, 1830 18 of 19

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Deng, Q.; Zinoviadou, K.G.; Galanakis, C.M.; Orlien, V.; Grimi, N.; Vorobiev, E.; Lebovka, N.; Barba, E]J. The effects of
conventional and non-conventional processing on glucosinolates and its derived forms, isothiocyanates: Extraction, degradation,
and applications. Food Eng. Rev. 2015, 7, 357-381. [CrossRef]

Heng, M.Y,; Tan, S.N.; Yong, ] W.H.; Ong, E.S. Emerging green technologies for the chemical standardization of botanicals and
herbal preparations. TrAC—Trends Analyt. Chem. 2013, 50, 1-10. [CrossRef]

Saifullah, M.; McCullum, R.; McCluskey, A.; Vuong, Q. Comparison of conventional extraction technique with ultrasound
assisted extraction on recovery of phenolic compounds from lemon scented tea tree (Leptospermum Petersonii) leaves. Heliyon 2020,
6, €03666. [CrossRef]

Monschein, M.; Jaindl, K.; Buzimki¢, S.; Bucar, F. Content of phenolic compounds in wild populations of Epilobium angustifolium
growing at different altitudes. Pharm. Biol. 2015, 53, 1576-1582. [CrossRef]

Cirak, C.; Radusiene, J.; Jakstas, V.; Ivanauskas, L.; Seyis, F.; Yayla, F. Altitudinal changes in secondary metabolite contents of
Hypericum androsaemum and Hypericum polyphyllum. Biochem. Syst. Ecol. 2017, 70, 108-115. [CrossRef]

Hashim, A.M.; Alharbi, B.M.; Abdulmajeed, A.M.; Elkelish, A.; Hassan, H.M.; Hozzein, W.N. Oxidative stress responses of some
endemic plants to high altitudes by intensifying antioxidants and secondary metabolites content. Plants 2020, 9, 869. [CrossRef]
Hasni, S.; Rigane, G.; Ghazghazi, H.; Riguene, H.; Bouallegue, A.; Khedher, O.; Oueslati, M.A.; ben Salem, R. Optimum conditions
and LC-ESI-MS analysis of phenolic rich extract from Eucalyptus marginata L. under maceration and ultrasound-assisted extraction
methods using response surface methodology. J. Food Qual. 2021, 2021, 5591022. [CrossRef]

Gajic, 1.S.; Savic, L.; Boskov, L; Zerajié, S.; Markovic, L; Gajic, D. Optimization of ultrasound-assisted extraction of phenolic
compounds from black locust (Robiniae pseudoacaciae) flowers and comparison with conventional methods. Antioxidants 2019,
8, 248. [CrossRef] [PubMed]

Yang, Q.Q.; Gan, R.Y;; Ge, Y.Y.; Zhang, D.; Corke, H. Ultrasonic treatment increases extraction rate of common bean (Phaseolus
vulgaris L.) Antioxidants. Antioxidants 2019, 8, 83. [CrossRef]

Yilmaz, EM.; Gorgiig, A.; Uygun, O.; Bircan, C. Steviol glycosides and polyphenols extraction from Stevia rebaudiana Bertoni
leaves using maceration, microwave-, and ultrasound-assisted techniques. Sep. Sci. Technol. 2021, 56, 936-948. [CrossRef]
Aguilar-Villalva, R.; Molina, G.A.; Espafia-Sanchez, B.L.; Diaz-Pefa, L.F,; Elizalde-Mata, A.; Valerio, E.; Azanza-Ricardo, C,;
Estevez, M. Antioxidant capacity and antibacterial activity from Annona cherimola phytochemicals by ultrasound-assisted
extraction and its comparison to conventional methods. Arab. J. Chem. 2021, 14, 103239. [CrossRef]

Eloff, ].N. Avoiding Pitfalls in Determining Antimicrobial Activity of Plant Extracts and Publishing the Results. BMC Complement.
Altern. Med. 2019, 19, 106. [CrossRef] [PubMed]

Bueno, J. In Vitro Antimicrobial Activity of Natural Products Using Minimum Inhibitory Concentrations: Looking for New
Chemical Entities or Predicting Clinical Response. Med. Aromat. Plants 2012, 1, 7. [CrossRef]

Rios, J.L.; Recio, M.C. Medicinal Plants and Antimicrobial Activity. |. Ethnopharmacol. 2005, 100, 80-84. [CrossRef]

Kapoor, G.; Saigal, S.; Elongavan, A. Action and resistance mechanisms of antibiotics: A guide for clinicians. ]. Anaesthesiol. Clin.
Pharmacol. 2017, 33, 300-305. [CrossRef]

Zhang, J.; Ye, K.P; Zhang, X,; Pan, D.D.; Sun, Y.Y.; Cao, ] X. Antibacterial activity and mechanism of action of black pepper
essential oil on meat-borne Escherichia coli. Front. Microbiol. 2017, 7, 2094.

Trentin, D.D.; Giordani, R.B.; Zimmer, K.R.; da Silva, A.G.; da Silva, M.V.; Correia, M.T.D.S.; Baumvol, 1.].R.; MacEdo, A.].
Potential of medicinal plants from the brazilian semi-arid region (caatinga) against Staphylococcus epidermidis planktonic and
biofilm lifestyles. J. Ethnopharmacol. 2011, 137, 327-335. [CrossRef]

Chusri, S.; Sompetch, K.; Mukdee, S.; Jansrisewangwong, S.; Srichai, T.; Maneenoon, K.; Limsuwan, S.; Voravuthikunchai, S.P.
Inhibition of Staphylococcus epidermidis biofilm formation by traditional thai herbal recipes used for wound treatment. Evid. Based
Complement. Altern. Med. 2012, 2012, 159797. [CrossRef] [PubMed]

di Lodovico, S.; Menghini, L.; Ferrante, C.; Recchia, E.; Castro-Amorim, J.; Gameiro, P.; Cellini, L.; Bessa, L.]. Hop Extract: An
efficacious antimicrobial and anti-biofilm agent against multidrug-resistant Staphylococci strains and Cutibacterium acnes. Front.
Microbiol. 2020, 11, 1852.

Carvalho, R.S.; Carollo, C.A.; de Magalhaes, J.C.; Palumbo, ].M.; Boaretto, A.G.; Nunes e S4, 1.C.; Ferraz, A.; Lima, W.G.; de
Siqueira, ].M.; Ferreira, ]. M. Antibacterial and antifungal activities of phenolic compound-enriched ethyl acetate fraction from
Cochlospermum regium (Mart. Et. Schr.) Pilger roots: Mechanisms of action and synergism with tanin and gallic Acid. S. Afr. ]. Bot.
2018, 114, 181-187.

Liu, M.; Wu, X; Li, J.; Liu, L.; Zhang, R.; Shao, D.; Du, X. The specific anti-biofilm effect of gallic acid on Staphylococcus aureus by
regulating the expression of the ica operon. Food Control 2017, 73, 613-618.

Passos, M.R.; Almeida, R.S.; Lima, B.O.; Rodrigues, ].Z.; Macédo Neres, N.S.; Pita, L.S.; Marinho, P.D.; Santos, I.A.; da Silva, ].P;
Oliveira, M.C.; et al. Anticariogenic activities of Libidibia ferrea, gallic acid and ethyl gallate against Streptococcus mutans in biofilm
model. J. Ethnopharmacol. 2021, 274, 114059. [PubMed]

Shao, D.; Li, J.; Li, J.; Tang, R.; Liu, L.; Shi, J.; Huang, Q.; Yang, H. Inhibition of gallic acid on the growth and biofilm formation of
Escherichia coli and Streptococcus mutans. . Food. Sci. 2015, 80, M1299-M1305. [CrossRef]

Abdel Bar, EM.; Alossaimi, M.A.; Elekhnawy, E.; Alzeer, M.A.A.; Abo Kamer, A.; Moglad, E.; EINaggar, M.H. Anti-quorum
sensing and anti-biofilm activity of Pelargonium x hortorum root extract against Pseudomonas aeruginosa: Combinatorial effect of
catechin and gallic acid. Molecules 2022, 27, 7841.


https://doi.org/10.1007/s12393-014-9104-9
https://doi.org/10.1016/j.trac.2013.03.012
https://doi.org/10.1016/j.heliyon.2020.e03666
https://doi.org/10.3109/13880209.2014.993039
https://doi.org/10.1016/j.bse.2016.11.006
https://doi.org/10.3390/plants9070869
https://doi.org/10.1155/2021/5591022
https://doi.org/10.3390/antiox8080248
https://www.ncbi.nlm.nih.gov/pubmed/31357622
https://doi.org/10.3390/antiox8040083
https://doi.org/10.1080/01496395.2020.1743311
https://doi.org/10.1016/j.arabjc.2021.103239
https://doi.org/10.1186/s12906-019-2519-3
https://www.ncbi.nlm.nih.gov/pubmed/31113428
https://doi.org/10.4172/2167-0412.1000113
https://doi.org/10.1016/j.jep.2005.04.025
https://doi.org/10.4103/joacp.JOACP_349_15
https://doi.org/10.1016/j.jep.2011.05.030
https://doi.org/10.1155/2012/159797
https://www.ncbi.nlm.nih.gov/pubmed/22919409
https://www.ncbi.nlm.nih.gov/pubmed/33794333
https://doi.org/10.1111/1750-3841.12902

Plants 2023, 12, 1830 19 of 19

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

dos Santos Ramos, F.; Martins, D.M.; Nunes Sagini, ].P.; Quines, C.B.; de Oliveira Pereira, ES.; de Avila, D.S.; Zanzarin, D.; Pilau,
E.J.; de Lima Postiga, I.A.; Tostes, ].; et al. Soybeans agroindustrial residues as Staphylococcus epidermidis and S. aureus biofilm
inhibitors. Ind. Crops Prod. 2021, 170, 113713.

Sivaranjani, M.; Prakash, M.; Gowrishankar, S.; Rathna, J.; Pandian, S.K.; Ravi, A.V. In vitro activity of alpha-mangostin in killing
and eradicating Staphylococcus epidermidis RP62A biofilms. Appl. Microbiol. Biotechnol. 2017, 101, 3349-3359.

Swetha, T.K.; Pooranachithra, M.; Subramenium, G.A.; Divya, V.; Balamurugan, K.; Pandian, S.K. Umbelliferone impedes biofilm
formation and virulence of methicillin-resistant Staphylococcus epidermidis via impairment of initial attachment and intercellular
adhesion. Front. Cell. Infect. Microbiol. 2019, 9, 357. [PubMed]

Irakli, M.; Chatzopoulou, P.; Ekateriniadou, L. Optimization of ultrasound-assisted extraction of phenolic compounds: Oleuropein,
phenolic acids, phenolic alcohols and flavonoids from olive leaves and evaluation of its antioxidant activities. Ind. Crops Prod.
2018, 124, 382-388.

Arteaga-Crespo, Y.; Radice, M.; Bravo-Sanchez, L.R.; Garcia-Quintana, Y.; Scalvenzi, L. Optimisation of ultrasound-assisted
extraction of phenolic antioxidants from Ilex guayusa Loes. leaves using response surface methodology. Heliyon 2020, 6, €03043.
[PubMed]

Cigeroglu, Z.; Aras, O.; Pinto, C.A; Bayramoglu, M.; Kirbaslar, I.; Lorenzo, ].M.; Barba, FJ.; Saraiva, J.A.; Sahin, S. Optimization
of ultrasound-assisted extraction of phenolic compounds from grapefruit (Citrus paradisi Macf.) leaves via D-optimal design and
artificial neural network design with categorical and quantitative variables. . Sci. Food Agric. 2018, 98, 4584-4596.

Singleton, V.L.; Orthofer, R.; Lamuela-Raventés, R.M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of Folin-Ciocalteu reagent. In Methods in Enzymology; Academic Press: San Diego, CA, USA, 1999; Volume 299, pp.
152-178.

Woisky, R.G.; Salatino, A. Analysis of propolis: Some parameters and procedures for chemical quality control. J. Apic. Res. 1998,
37,99-105. [CrossRef]

Torres-Carro, R.; Ana, Y.; Rojas-Marquez, ].D.; Stempin, C.C.; Zampini, I.C.; Isla, M.L.; Alberto, M.R. Argentinean Puna plants
with in vitro antioxidant and anti-inflammatory activities as a potential nutraceutical. J. Food Sci. 2019, 84, 3352-3363.

Murray, P,; Baron, E.; Faller, M.; Tenover, F.; Yolken, R. Manual of Clinical Microbiology, 7th ed.; ASM: Washington, DC, USA, 1999.
Guo, Y;; Ding, Y; Liu, L.; Shen, X.; Hao, Z.; Duan, J.; Jin, Y.; Chen, Z.; Yu, F. Antimicrobial susceptibility, virulence determinants
profiles and molecular characteristics of Staphylococcus epidermidis isolates in Wenzhou, eastern China. BMC Microbiol. 2019,
19, 157.

Shi, C.; Zhang, X.; Guo, N. The antimicrobial activities and action-mechanism of tea tree oil against food-borne bacteria in fresh
cucumber juice. Microb. Pathog. 2018, 125, 262-271.

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Silva, L.N.; Zimmer, K.R.; Macedo, A.].; Trentin, D.S. Plant natural products targeting bacterial virulence factors. Chem. Rev. 2016,
116,9162-9236. [CrossRef]

Selvaraj, A.; Valliammai, A.; Premika, M.; Priya, A.; Bhaskar, ].P.; Krishnan, V.; Pandian, S.K. Sapindus Mukorossi Gaertn. and its
bioactive metabolite oleic acid impedes methicillin-resistant Staphylococcus aureus biofilm formation by down regulating adhesion
genes expression. Microbiol. Res. 2021, 242, 126601. [CrossRef] [PubMed]

ben Abdallah, F.; Lagha, R.; Gaber, A. Biofilm inhibition and eradication properties of medicinal plant essential oils against
methicillin-resistant Staphylococcus aureus clinical isolates. Pharmaceuticals 2020, 13, 369. [CrossRef] [PubMed]

Costa, G.A.; Rossatto, F.C.; Medeiros, A.W.; Correa, A.P.; Brandelli, A.; Frazzon, A.P.; da Motta, A.D. Evaluation antibacterial and
antibiofilm activity of the antimicrobial peptide p34 against Staphylococcus aureus and Enterococcus faecalis. An. Acad. Bras. Cienc.
2018, 90, 73-84. [CrossRef] [PubMed]

Bazargani, M.M.; Rohloff, ]. Antibiofilm activity of essential oils and plant extracts against Staphylococcus aureus and Escherichia
coli biofilms. Food Control 2016, 61, 156-164. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ncbi.nlm.nih.gov/pubmed/31681633
https://www.ncbi.nlm.nih.gov/pubmed/31909247
https://doi.org/10.1080/00218839.1998.11100961
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1021/acs.chemrev.6b00184
https://doi.org/10.1016/j.micres.2020.126601
https://www.ncbi.nlm.nih.gov/pubmed/33010587
https://doi.org/10.3390/ph13110369
https://www.ncbi.nlm.nih.gov/pubmed/33171909
https://doi.org/10.1590/0001-3765201820160131
https://www.ncbi.nlm.nih.gov/pubmed/29424388
https://doi.org/10.1016/j.foodcont.2015.09.036

	Introduction 
	Results 
	Comparison of Ultrasound-Assisted Extraction (UAE) and Maceration 
	Antimicrobial Activity 
	Profile of Antibiotic Resistance of S. epidermidis 
	Effect of Fabiana Species on Growth of S. epidermidis: Reduction in Cell Viability and Minimum Inhibitory Concentration (MIC) 
	Cell Constituents’ Release of S. epidermidis 

	Antibiofilm Activity of F. densa Extract 
	Determination of the Minimum Inhibitory Concentration of F. densa Extracts on Biofilm Formation and on Metabolic Activity 
	Effect of F. densa Extract on Preformed Biofilm and Metabolic Activity 
	Reduction in Extracellular Polymeric Substances (EPS) and Proteins during Biofilm Formation 
	Microscopic Observation of Biofilm Formation 


	Discussion 
	Extraction Methods and Chemical Composition of Fabiana Species 
	Antimicrobial and Antibiofilm Activity of F. densa against S. epidermidis 

	Materials and Methods 
	Plant Material 
	Plants Extracts Preparation 
	Phytochemical Screening 
	Phenolic Compound Determination 
	HPLC Analysis 

	Bacterial Strain 
	Antimicrobial Susceptibility Testing 
	Minimal Inhibitory Concentration (MIC) 
	Viability Cell Analysis and Release of Cellular Constituents 
	Damage to Membrane Integrity 
	Determination of the MIC of Biofilm Formation 
	Determination of Preformed Biofilm Eradication Capacity 
	Measurement of the Biofilm Metabolic Activity of the Biofilm 
	Extraction and Quantification of Extracellular Polymeric Substances (EPS) 
	Biofilm Inhibition Optical Microscopy Visualization 
	Statical Analysis 

	Conclusions 
	References

