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Abstract: Methicillin-resistant S. aureus (MRSA) are a threat to public health as they frequently reveal
a multidrug-resistant pattern. Researchers all over the world are on an urgent hunt for new treatments
to help fight infections before antibiotics become obsolete, and some natural alternatives, such as
polyphenols, have already exhibited therapeutic properties. Therefore, this study aimed to determine
the phenolic profile, antioxidant capacity, and antimicrobial activity against MRSA of the leaf, fruit,
and stem bark extracts of Platanus hybrida. The polyphenols were extracted with a water/ethanol
(20:80) mixture and the methodology included HPLC-DAD, DPPH, FRAP, and CuPRAC. To address
this issue from a One Health perspective, the Kirby–Bauer disc diffusion method was performed
against nine MRSA strains from three different sources (livestock, wild animals, and humans).
Fourteen phenolics were identified and the leaf extract showed the highest phenolic content, followed
by the fruit extract. The leaf extract also showed the highest antioxidant capacity while the fruit
extract had the lowest antioxidant capacity. Both leaf and fruit extracts inhibited the growth of strains
from all sources, while the stem bark extract did not inhibit the growth of human strains. This work
highlights the complex chemical composition and the antioxidative and antimicrobial potential of
extracts derived from P. hydrida.

Keywords: antimicrobial activity; antioxidant activity; drug-resistant bacteria; MRSA; One Health;
phenolic compounds

1. Introduction

The commensal flora of many animal species and humans often includes Staphylococ-
cus aureus. These bacteria have a high ability to easily acquire antibiotic resistance, starting
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with the penicillin resistance in 1940, followed by the methicillin resistance in 1961 [1].
Methicillin-resistant S. aureus (MRSA) is a worldwide threat to public health since they
frequently show a multidrug-resistant pattern which includes several antimicrobial classes,
such as macrolides, fluoroquinolones, aminoglycosides, tetracyclines, and lincosamides [2].
Moreover, MRSA can form biofilms which allows them to resist to adverse conditions, such
as sunlight and desiccation, and favor their persistence and dissemination in the environ-
ment [3]. These bacteria are responsible for multiple diseases ranging from superficial skin
infections to life-threatening conditions [4]. MRSA infections were mostly associated with
hospitals and health care institutions (HA-MRSA) but, currently, it is known that these
bacteria also emerge in the community (CA-MRSA). Furthermore, they colonize not only
humans but also pets and livestock including poultry, cows, and pigs [1]. CA-MRSA are
genetically different from HA-MRSA and the emergence of LA-MRSA implies that the
infected animal can be a MRSA reservoir that may lead to human infections [2]. Since these
bacteria affect the health of humans, animals, and the environment, it makes sense to ad-
dress this problem with a coordinated and multi-sectoral approach, such as One Health [5].
The One Health approach combines human, animal, and environmental components to
address global health challenges that have an ecological interconnection and plays a part in
promoting public health and health education [6].

The number of infections caused by antibiotic-resistant bacteria is rapidly growing
and is consequently causing serious public health problems and economic challenges.
According to the World Health Organization, more than two million people are infected by
drug-resistant bacteria [7]. Moreover, recent projections indicate that infections caused by
these bacteria will result in 10 million annual deaths by 2050, becoming a more frequent
cause of death than cancer [8]. Although antibiotic-resistant bacteria are a threat to public
health, antibiotic-resistant genes are accountable for the growing number of antibiotic-
tolerant microbials. The overprescription of antibiotics, their misuse by patients, and their
use as growth promotors and feed additives in livestock are the main causes of the high
prevalence of antibiotic-resistant bacteria and antibiotic-resistant genes [9]. Soon, many
bacteria will develop resistance mechanisms to all or most of the antibiotics used nowadays.
Standard antibiotics are already becoming inefficient, which makes the discovery and
development of new effective antibiotics an urgent need and it is important that the spread
of resistant bacteria is contained not only from person to person but also between human,
agriculture sectors, wildlife, and the environment [5,10].

In recent years, an increase in the scientific community’s interest in studying the
biological properties of plants has been observed [11–13]. Some of the plants’ mechanisms
of action remain unknown but it has been shown that several natural phenolic compounds
are responsible for their bioactive properties [14]. Plants are an invaluable source of these
compounds and their antimicrobial activity has been considered a possible therapeutic
tool [15]. Besides antimicrobial activity, phenolic compounds have also shown antioxidant,
anti-inflammatory, anti-hepatoxic, and several other properties which are mostly related to
their antioxidant power, their ability to modulate or inhibit topoisomerase-like enzymes,
and their effect as chelating agents [16]. Antioxidants are vital in food systems and in the
human body because they reduce oxidative processes and the harmful effects of reactive
oxygen species [17]. The identification of natural antioxidants has also drawn attention in
the livestock industry since oxidative stress has been identified as one of the main threats
to animal welfare [18]. Therefore, phytochemical studies of plant materials are important to
determine the concentration of bioactive elements and to clarify many interesting aspects
related to their presence.

Platanus, also known as plane tree, is a small genus of trees that belongs to the
Platanaceae family [19]. These trees are commonly used in large cities of Mediterranean
countries as a setting for outdoor recreational and sporting activities or to provide air-
quality services, such as air pollution removal by intercepting particulate matter and
pollutants on plant surfaces [20]. Some studies have mentioned that this tree is also
used to treat some dermatological, gastrointestinal, rheumatic, and inflammatory diseases.
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Moreover, several pharmacological properties such as cytotoxic, cytostatic, antimicrobial,
and antiseptic effects have been credited to Platanus species [19,21,22]. Platanus hybrida
Brot. (syn. Platanus × acerifolia (Ait.) Willd, Platanus × hispanica Mill. Ex Münchh) is
a crossbreed between Platanus orientalis L. (Oriental origin) and Platanus occidentalis L.
(American origin) [23]. It is possible that the original cross occurred in 1640, after which
this tree became extensively planted in London and other main European cities [24]. This
plane tree has several valuable traits, such as fast growth, wide adaptability, resistance to
environmental pollution, and ability to absorb most harmful gases and heavy metals [25].
Besides being commonly cultivated and highly valued as an ornamental tree, it has been
reported that P. hybrida’s stems, leaves, buds, barks, and blossoms can be used medicinally
for the treatment of different diseases, such as dysentery, ophthalmia, and toothache [26].
Although there is some information about the bioactive properties of various Platanus spp.,
few studies have been conducted with P. hybrida. This tree was selected to be investigated
because it is available in a great quantity, easy to obtain, cheap, and because of its promising
phytochemical and biological profile [27].

Due to the increasing prevalence of MRSA-related infections in both humans and
animals, and the emergent need for efficient antibiotic therapies, the phenolic compounds
of the components of P. hybrida were extracted, their phenolic profile was characterized,
their antioxidant power was determined, and their antimicrobial activity against MRSA
isolated from wild animals, livestock, and humans was evaluated to identify possible
therapeutic tools or, at least, therapeutic adjuvants.

2. Materials and Methods
2.1. Plant Material

The plant material was collected in July 2020 in Trás-os-Montes and Alto Douro,
Portugal (41◦16′35′′ N 7◦28′26′′ W), and included leaf, fruit, and stem bark of P. hybrida.
These were separated, lyophilized, mill powdered with a commercial blender, and stored
in a desiccator for future extraction [28].

2.2. Phenolic Extracts

The extraction of phenolic compounds was performed as described by Silva et al. (2020)
with minor modifications [16]. Two grams of each powdered sample was added to 100 mL of
an ethanol/water (80:20) solution and stirred for two hours at room temperature in a dark
place. Afterward, all samples were centrifuged at 10.000 RPM for 15 min. Each supernatant
was filtered and saved, and the pellet was rejected. Then, the solvent was evaporated on a
rotatory evaporator at 40 ◦C under reduced pressure. Lastly, the achieved dry residues were
weighed and redissolved in dimethyl sulfoxide (DMSO) or methanol to a final concentration
of 100 and 50 mg/mL, respectively, and stored at −20 ◦C, until further analysis.

2.3. Phenolic Profile

To determine the profile and content of phenolic compounds, the samples were sub-
mitted to High-Performance Liquid Chromatography–Diode Array Detector (HPLC-DAD),
as described by Aires and Carvalho (2020) [29]. An eluent formed by water with 0.1% tri-
fluoroacetic acid (TFA) (solvent A) and acetonitrile with 0.1% TFA (solvent B), was injected
in 10 µL of each extract. The flow rate of the elution was 1 mL/min, and the gradient was:
0% solvent B at 0 min, 0% solvent B at 5 min, 20% solvent B at 15 min, 50% solvent B at
30 min, 100% solvent B at 45 min, 100% solvent B at 50 min, 0% solvent B at 55 min, and
0% solvent B at 60 min. Chromatograms were recorded at 254 and 280 nm for benzoic
acids and flavan-3-ols the, 320 nm for cinnamic acids, and 370 nm for flavonoids, with
a C18 column (250 × 46 mm, 5 mm, ACE HPLC Columns, Advanced Chromatography
Technologies Ltd., Abeerden, Scotland, UK). Peak retention time, UV spectra, UV max
absorbance bands, and comparison with external commercial standards (Extrasynthese,
Cedex, France) allow the identification of individual polyphenols. To prepare external
standards, we used a methanol/water (70:30) solution at a concentration of 1.0 mg/mL and
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ran it in HPLC-DAD simultaneously to the samples. The internal standard method was
used to determine the quantity of each polyphenol and the results were expressed as mg
per gram of dry weight. The analysis was performed in duplicate.

2.4. Antioxidant Power

Powdered lyophilized samples were extracted with 1 mL of methanol and the antioxidant
activity of each sample was assessed by three different methods: DPPH (2,2-diphenyl-1-
picrylhydrazyl), FRAP (Ferric Reducing Antioxidant Power), and CuPRAC (Cupric Reducing
Antioxidant Capacity). All analyses were performed in triplicate.

2.4.1. DPPH Assay

The DPPH assay was used to determine the DPPH radical scavenging activity of each
extract. A DPPH solution (4 mg of 2.2-diphenyl-1- picrylhydrazyl radical in 100 mL of 95% of
ethanol) was prepared and 15 µL of the plane tree extracts and 285 µL of the DPPH solution
were added to each well of a 96 well microplate. A blank sample (extraction solvent instead of
a sample with all the reagents) was added to one well. Then, the microplates were incubated
at room temperature, in the dark, for 30 min. The absorbance values were measured at
517 nm in a microplate reader (MultiskanTM GO Microplate Photometer, Waltham, MA, USA).
The DPPH radical scavenging capacity was calculated according to the following formula:
% DPPH scavenging capacity = [(Absblank − Abssample)/Absblank] × 100 [30]. The results of
the antioxidant power were expressed as the ability to reduce the DPPH radical, that is, the
amount of extract required to reduce the initial DPPH concentration by 50% (EC50).

2.4.2. FRAP Assay

The FRAP assay was conducted as described in Benzie and Strain (1996) with minor
alterations [31]. We prepared a FRAP reagent solution by mixing sodium acetate buffer
(300 mM, pH 3.6) with 10 nM TPTZ solution (40 mM HCl as solvent) and 20 mM iron
(III) chloride solution in a volume proportion of 10:1:1, respectively. Subsequently, in each
well of a 96-well microplate, we added 25 µL of the plane tree extracts and 275 µL of the
FRAP solution reagent. Then, the microplates were incubated at room temperature, in the
dark, for 5 min. The absorbance values were measured at 593 nm in a microplate reader
(MultiskanTM FC Microplate Photometer, Waltham, MA, USA). As a control standard, we
used FeSO4 (Sigma-Aldrich, Tauferkichen, Germany) and the results were expressed as
µmol of FeSO4 equivalents per gram of sample (µmol/FeSO4E/g/dw). Furthermore, EC50
values were calculated based on a dose–response curve.

2.4.3. CuPRAC Assay

The CuPRAC assay was performed colorimetrically according to Aires et al. (2017) [30].
We used a 96-well microplate and in each well, we added sequentially 50 µL of CuCl2
(10 mM in water), 50 µL of neocuproine (Sigma-Aldrich, Tauferkichen, Germany) at 7.5 mM
in 96% ethanol, 50 µL of NH4Ac buffer (1 mM in water, pH 7.0), 25 µL of each sample, and
lastly 25 µL of bidistilled H2O. Then, the microplates were incubated at room temperature,
in the dark, for 30 min. The absorbance values were measured at 450 nm in a microplate
reader (MultiskanTM GO Microplate Photometer, Waltham, MA, USA) against a blank
sample (all reagents except CuCl2). As a control for a calibration curve, we used the
commercial compound Trolox and the results were expressed as µM of Trolox equivalents
per gram of sample (µM/TE/g/dw). As in FRAP assay, EC50 values were also calculated
based on a dose–response curve.

2.5. Antimicrobial Activity
2.5.1. Bacterial Strains

The antimicrobial susceptibility was tested against nine MRSA strains isolated from
different sources: three from hares (wild animals), three from rabbits (livestock), and three
from humans. The wild animals’ MRSA strains were isolated from the buccal mucosa and
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perianal skin of wild Iberian hares (Lepus granatensis), the livestock MRSA strains were
isolated from purulent lesions of rabbits from a slaughterhouse, and the human MRSA
strains were isolated from infected diabetic foot ulcers. The strains’ resistance phenotype
and genotype have been previously described (Table 1) [1,32–34]. For further analysis, all
bacterial strains were seeded in Brain Heart Infusion (BHI) agar (Oxoid, Basingstoke, UK)
and incubated overnight at 37 ◦C.

Table 1. Characteristics of the MRSA strains isolated from three different sources.

Source Bacterial Strain
Resistance

Reference
Phenotype Genotype

Rabbits

VS2746 PEN-FOX-ERY-DA-TET mecA, tetK, ermC [34]

VS2747 PEN-FOX-CIP-ERY-DA mecA, ermC [34]

VS2752 CIP-CN-TOB-ERY-DA-TET ermC, aac(6′)-Ie-aph(2”)-Ia [34]

Hares

VS2730 PEN-FOX-ERY blaZ, ermC, ermB [1]

VS2731 PEN-FOX-ERY-DA ermC, mphC [1]

VS2732 PEN-FOX-CN-ERY-DA ermC, mphC, aac(6′)-le-aph(2”)-la [1]

Humans

VS2704 PEN-FOX-CIP-LNZ-CN-
ERY-DA-TET-STX

blaZ, aac(6′)-Ie-aph(2”)-Ia,
tetK-teto-tetL, cfr, dfrA, dfrG, dfrK [33]

VS2705 PEN-FOX-CIP-CN-TOB-
KAN-ERY

blaZ, ermA, aac(6′)-Ie-aph(2′ ′)-Ia,
ant(4′)-Ia, aph(3′)-IIIa [32]

VS2713 PEN-FOX-CN-TOB-ERY-DA blaZ, ermC, aac(6′)-Ie-aph(2”)-Ia,
msr(A/B), ant(4′)-Ia, mphC, linA [32]

Antimicrobial abbreviations: PEN—penicillin; FOX—cefoxitin; CIP—ciprofloxacin; LNZ—linezolid; CN—
gentamicin; TOB—tobramycin; KAN—kanamycin; ERY—erythromycin; DA—clindamycin; TET—tetracycline;
STX—trimethoprim-sulfamethoxazole.

2.5.2. Antimicrobial Susceptibility Test

The antimicrobial susceptibility was tested by the Kirby–Bauer disc diffusion method.
Before the inoculation on Müller–Hinton (MH) agar (Oxoid, Basingstoke, UK), the colonies
obtained from BHI agar were suspended in a physiological solution to a turbidity corre-
sponding to 0.5 McFarland standard. The dry residues that were redissolved in DMSO
to a final concentration of 100 mg/mL were diluted to 75, 50, 25, and 10 mg/mL, and all
five concentrations were tested against the MRSA strains. Sterile blank discs (6 mm) were
loaded with 20 µL of every extract concentration, placed on the inoculated MH plates,
and incubated for 24 h at 37 ◦C. The measurement of the inhibition zones allowed the
assessment of the antimicrobial activity of the extracts against the MRSA strains [28].

2.6. Statistical Analysis

The results are expressed as mean values and standard deviation (SD). The antioxidant
measurements were analyzed using the one-way analysis of variance (ANOVA). Different
values of antioxidant activities were compared using the Pearson correlation test. A p-value
of <0.05 was considered significant and the statistical analysis was carried out with IBM
SPSS Statistics v 28.0.1.0.

3. Results
3.1. Phenolic Profile

The extraction of phenolic compounds is a critical step since it can be influenced
by numerous parameters, such as extraction time, temperature, solvent-to-sample ratio,
number of repeat extractions of the sample as well as solvent type [35]. Two major param-
eters that affect the phenolics extracted from plants are time and temperature. Extended
extraction times and high temperatures usually degrade or lead to unwanted reactions to
plant phenolics [36]. Moreover, studies have revealed that high amounts of phenolics are
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obtained in the first minute of extraction and that a longer time did not affect the number of
phenolics extracted [35]. In addition to time and temperature, the selection of the extraction
solvent also influences the extraction of polyphenols [36]. Several studies have shown that
water–ethanol mixtures are better solvents for phenolic extractions [37,38].

The phenolic profile of P. hybrida’s components was measured by HPLC-DAD and
the individual phenolics identified were neochlorogenic acid, chlorogenic acid, coumaric
acid, coumaric acid isomer, caffeic acid, ferulic acid, quercetin-3-O-rutinoside, quercetin-3-O-
galactoside, baicalein, luteolin-7-O-glucoside, luteolin-4-O-glucoside, luteolin, luteolin isomer
1, and luteolin isomer 2 (Figure 1).
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bacteria [41].  

The phenolic profile of P. hydrida’s fruit extract revealed that baicalein was the main 
phenolic with a 70% prevalence. Baicalein is a flavone that was originally isolated from 
the roots of Scutellaria baicalensis, and it is accountable for most of the health benefits 
attributed to this plant, namely, antioxidant, anti-viral, anti-inflammatory, and anti-cancer 
effects [44]. Comparing our results with other studies performed with S. baicalensis, it is 
possible to notice that the obtained level of baicalein is high [45,46]. However, these 
differences could be explained by external factors such as the type of solvent used in the 
extraction process [14]. Neochlorogenic acid, chlorogenic acid, and coumaric acid have 
also been identified in fruits of P. occidentalis [43].  

The stem bark extract was the element that exhibited the lowest content of phenolics 
and the majority (59%) of the total individual phenolics identified in this extract was 
represented by ferulic acid. Phenolic acids, particularly ferulic acid, are normally found 

Figure 1. HPLC-DAD chromatograms of polyphenols standards used for identification and quantifi-
cation in P. hybrida extracts ((A)—leaf extract; (B)—fruit extract; (C)—stem bark extract).

The phenolic profile of each extract is presented in Table 2. The only phenolic com-
pound common to all extracts was coumaric acid. This is a plant-derived secondary
metabolite that is generally found in fruits, vegetables, mushrooms, and cereals [39]. Sev-
eral studies have shown that this phenol acts on the reduction of oxidative stress and
inflammatory reactions through scavenging and antioxidant properties. Besides that, it
possesses other bioactivities such as anti-cancer, anti-melanogenic, and anti-diabetic [40].

Table 2. The average levels and standard deviation (SD) of the individual phenolics identified in
P. hybrida’s extracts expressed as mg/g of dry weight.

Phenolics Leaf Fruit Stem Bark

Neochlorogenic acid 0.57 ± 0.037 0.72 ± 0.106 nd
Chlorogenic acid 3.02 ± 0.001 0.92 ± 0.105 nd

Coumaric acid 0.92 ± 0.025 2.17 ± 0.008 0.21 ± 0.018
Coumaric acid isomer nd nd 0.30 ± 0.040

Caffeic acid nd nd 0.16 ± 0.029
Ferulic acid nd nd 0.99 ± 0.053

Quercetin-3-O-rutinoside 1.08 ± 0.022 nd nd
Quercetin-3-O-galactoside 6.06 ± 0.143 nd nd

Baicalein nd 8.87 ± 0.198 nd
Luteolin-7-O-glucoside 0.43 ± 0.072 nd nd
Luteolin-4-O-glucoside 0.32 ± 0.054 nd nd

Luteolin 1.23 ± 0.162 nd nd
Luteolin isomer 1 0.85 ± 0.055 nd nd
Luteolin isomer 2 1.17 ± 0.044 nd nd

Total 15.65 ± 1.631 12.68 ± 2.374 1.66 ± 0.269
“nd” means not detected. Values are expressed as mean ± SD (standard deviation) of two replicates. “Total”
represents the sum of all individual phenolics identified by HPLC-DAD.

The leaf extract was the plant material that showed the highest content of phenolics
and quercetin-3-O-galactoside and chlorogenic acid represent, respectively, 39% and 19%
of the total individual phenolics identified in the extract. These findings are important
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because both phenolics are responsible for many important and therapeutic functions, such
as antioxidant, antibacterial, anti-inflammatory, and free-radical-scavenging properties.
Quercetin-3-O-galactoside is a flavonoid that is commonly found in fruits, vegetables,
wines, herbs, and beverages while chlorogenic acid is a phenolic acid that can be typically
found in food, particularly, coffee and tea [41,42]. Nevertheless, chlorogenic acid has been
identified in Platanus occidentalis’ leaves [43]. This acid is a very significant and biologically
active dietary polyphenol and it has been described as a suitable preservative and food
additive because of its antimicrobial effect and inhibitory outcome on multidrug efflux
mechanisms and biofilm-producing ability of multidrug-resistant bacteria [41].

The phenolic profile of P. hydrida’s fruit extract revealed that baicalein was the main
phenolic with a 70% prevalence. Baicalein is a flavone that was originally isolated from
the roots of Scutellaria baicalensis, and it is accountable for most of the health benefits
attributed to this plant, namely, antioxidant, anti-viral, anti-inflammatory, and anti-cancer
effects [44]. Comparing our results with other studies performed with S. baicalensis, it
is possible to notice that the obtained level of baicalein is high [45,46]. However, these
differences could be explained by external factors such as the type of solvent used in the
extraction process [14]. Neochlorogenic acid, chlorogenic acid, and coumaric acid have also
been identified in fruits of P. occidentalis [43].

The stem bark extract was the element that exhibited the lowest content of phenolics
and the majority (59%) of the total individual phenolics identified in this extract was
represented by ferulic acid. Phenolic acids, particularly ferulic acid, are normally found in
stems since they constitute lignin which is a significant element of stems [47]. This phenolic
acid has an active role in many biological processes, such as oxidative stress, inflammation,
vascular endothelial injury, fibrosis, apoptosis, and platelet aggregation [48].

3.2. Antioxidant Power

The assessment of the antioxidant power using different assays is important to obtain
the overall antioxidant potential of any matrix [49]. Therefore, in this study, to determine
the antioxidant power of all phenolic extracts we used three spectrophotometric methods:
DPPH, FRAP, and CuPRAC. Spectrophotometric methods have many advantages such
as cost and speed. Moreover, they do not require a high level of specialization from the
technician performing the analysis, being suitable for a screening approach that can be
performed even in small laboratories [16]. The results, which are presented in Table 3,
are expressed in effective concentration (EC50), and lower values are related to a higher
antioxidant power.

Table 3. The antioxidant power of P. hybrida’s extracts according to three different methods (DPPH,
FRAP, and CuPRAC), expressed in EC50 (mg/mL).

Assay Leaf Fruit Stem Bark

DPPH 1.13 ± 0.004 a 1.65 ± 0.112 b 1.17 ± 0.021 a

FRAP 1.03 ± 0.003 a 1.11 ± 0.013 a 1.05 ± 0.004 a

CuPRAC 1.05 ± 0.004 a 1.10 ± 0.012 a 1.07 ± 0.008 a

Values are expressed as mean ± SD (standard deviation) of three replicates. Different superscript letters (a and b)
indicate significant differences at p-value < 0.05.

Although the results were all very similar, the antioxidant power of each extract was
slightly higher with the in vitro FRAP assay. This assay is a widely used method that is
reasonably simple, quick, and economical. Different types of samples can be tested with
the FRAP assay and it measures accurately and with high sensitivity and duplicability the
combined antioxidant activity of redox-active components [50].

The DPPH assay results for the fruit extract were not coherent with the other results.
DPPH is a stable free radical that receives an electron or hydrogen radical to become a
stable diamagnetic molecule. Antioxidants can affect the DPPH radicals because of their
ability to donate hydrogen [51]. The second most prevalent phenolic identified in the fruit
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extract profile was coumaric acid which has an alkene group adjacent to the carboxylic
group. This structural characteristic could explain the obtained results since it interferes
with the transfer of H atoms from the carboxylic group [52].

To study the relationships between the sum of individual phenolics obtained by HPLC-
DAD and the antioxidant assays, and between all antioxidant assays, we used a regression
analysis. All Pearson correlation coefficients are shown in Table 4.

Table 4. Pearson correlations coefficients (R) between the sum of individual phenolics obtained by
HPLC-DAD and the antioxidant values obtained by DPPH, FRAP, and CuPRAC assays.

DPPH FRAP CuPRAC

HPLC-DAD 0.25 b 0.25 b −0.27 b

DPPH 0.98 a 0.94 a

FRAP 0.99 a

Different superscript letters (a and b) indicate significant differences at p-value < 0.05.

The relationship between all antioxidant assays showed a significant positive correlation
and the leaf extracts showed the highest antioxidant power, followed by the stem bark extract
and fruit extract. Since the stem bark extract was the one that exhibited the lowest phenolic
content, it was expected that they also demonstrated the lowest antioxidant power [53]. How-
ever, in our work, the sum of individual phenolics and the three antioxidant assays exhibited
an insignificant correlation. This suggests that the antioxidant power is not associated with
the phenolic compounds in this tree. The sum of all individual phenolics does not reveal the
total antioxidant potential of the mixture due to synergistic, additive, or antagonistic effects
that might occur [54]. It is not easy to predict the antioxidant power of merged phytochemicals,
so it is necessary to perform specific experimental studies of the combinatorial system and to
consider the assessment of mechanisms of interaction [55].

A study conducted by Dogan and Anuk (2019) demonstrated that the use of P. orientalis leaf
at certain quantities revealed a potential antioxidant activity [21]. As previously described, the
main phenolic identified in the leaf’s extract was quercetin-3-O-galactoside which could explain
the leaf’s antioxidant power since quercetin-3-O-galactoside possesses a significant antioxidant
activity [56–58]. According to Chatzigeorgiou et al. (2017), the fruits of P. orientalis have also
shown antioxidant effects [22]. Baicalein, the most prevalent phenolic identified in the fruit of
P. hybrida, has exhibited antioxidant properties, probably by chelating metal transition ions or
by scavenging free radicals through the donation of hydrogen atoms or electrons [59]. Both
main phenolics identified in the leaf and fruit extracts of P. hybrida are flavonoids: quercetin-3-O-
galactoside is a flavonol and baicalein is a flavone [60]. These two subclasses of flavonoids have
highly similar structures but flavonols are typically more active than flavones as antioxidants
which is in agreement with our results [61,62].

Due to the lack of studies performed with Platanus spp., it was not possible to compare
the antioxidant power of the stem bark extract with results from other researchers. However,
the antioxidant activity of the stem bark extract could be justified by the presence of ferulic
acid since it has previously shown effective antioxidant properties [63].

3.3. Antimicrobial Activity

The plane tree extracts were tested against nine MRSA strains isolated from three different
sources (livestock, wild animals, and humans) and the results are presented in Table 5. The Kirby–
Bauer disc diffusion method evaluates the antimicrobial susceptibility through the inhibition
zone diameter and all extracts exhibited inhibition zones against at least two different strains.
The leaf extract inhibited the growth of all bacterial strains, while the fruit extract inhibited the
growth of eight bacterial strains and the stem bark extract inhibited the growth of two bacterial
strains (none isolated from humans). The strains included in this study have been previously
described and all demonstrated resistant patterns [1,32–34]. The extracts’ ability to suppress the
growth of these MRSA strains while other classical antimicrobial agents could not, highlights that
these extracts are potent anti-MRSA agents. Ibrahim et al. (2009) described several metabolites
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from P. occidentalis as viable growth inhibitors of MRSA [64]. Moreover, many natural sources of
phenolic compounds have also demonstrated good anti-MRSA activity [65–67].

Table 5. The diameter of the inhibition zone (mm) of each extract concentration tested against the
nine MRSA strains, obtained by the Kirby–Bauer disc diffusion method.

Source Bacterial
Strain

Extract
Concentration

(mg/mL)

Diameter of Inhibition Zone (mm)

Leaf Fruit Stem Bark

Rabbits

VS2746

100 14 14 -
75 13 13 -
50 11 12 -
25 8 10 -
10 - - -

VS2747

100 13 14 12
75 13 14 11
50 11 14 11
25 8 10 10
10 - 9 9

VS2752

100 11 14 -
75 11 14 -
50 11 13 -
25 8 10 -
10 - - -

Hares

VS2730

100 12 12 -
75 12 11 -
50 11 10 -
25 9 9 -
10 - - -

VS2731

100 12 14 -
75 12 14 -
50 11 13 -
25 8 11 -
10 - - -

VS2732

100 14 14 10
75 13 14 -
50 12 13 -
25 12 11 -
10 10 9 -

Humans

VS2704

100 10 15 -
75 10 13 -
50 10 12 -
25 - 11 -
10 - 9 -

VS2705

100 13 - -
75 12 - -
50 9 - -
25 - - -
10 - - -

VS2713

100 13 14 -
75 13 13 -
50 10 13 -
25 - 12 -
10 - - -

“-” means no inhibition activity.

In general, the fruit extracts inhibited microbial growth at lower concentrations and
presented slightly higher inhibition zones. The efficacy of the fruit extracts from Platanus
spp. against drug-resistant bacteria was already demonstrated by Chatzigeorgiou et al.
(2017) [22]. The main phenolic compound found in the fruit extract, as well as in the leaf
extract, was a flavonoid (baicalein). Flavonoids are frequently synthesized by plants as a
defense mechanism against microorganisms [68]. Baicalein, in particular, has shown an
excellent antibacterial activity [69]. Therefore, their antimicrobial outcome is no surprise
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and is possibly caused by their complex formation with both extracellular and soluble
proteins, as well as the bacterial cell wall and cell membranes [70]. Moreover, it has been
shown that the combination of baicalein with oxacillin against MRSA inhibits their cell
wall synthesis, causing bacterial death, which could be an advantage for the drug-resistant
bacteria fight [71].

The antibacterial activity of the leaf extracts could be related to their phenolic com-
ponents, particularly quercetin-3-O-galactoside. Macêdo et al. (2021) and Upadhyay et al.
(2010) evaluated the antimicrobial effect of quercetin and, in both studies, this flavonoid
inhibited the growth of several bacteria [72,73]. Previous studies have considered the leaf
extract to be nontoxic, highly active, and selective against MRSA [64].

Changes in the cell membrane, inactivation of essential enzymes, and/or modifica-
tion of the functions of genetic material are some mechanisms that allow phenolic com-
pounds to suppress microbial growth [16]. Since the stem bark extract was the extract that
demonstrated the lowest phenolic content, it was expected that it demonstrated a lower
antimicrobial activity when compared to the leaf or fruit extracts. However, while the stem
bark extract was not very effective against the MRSA strains tested in this study, they are
a source of ferulic acid and, according to Ibitoye and Ajiboye (2019), this phenolic acid
potentiates the antibacterial activity of quinolone-based antibiotics against Acinetobacter
baumannii which is a pathogenic Gram-negative bacteria [74]. Due to their distinctive struc-
ture, Gram-negative bacteria are typically more resistant than Gram-positive bacteria [75].
To better understand these results and confirm that the stem bark extracts could be efficient
against pathogenic bacteria, further studies should be carried out.

4. Conclusions

P. hybrida is a biological sample with a substantial value of phytochemicals that have
been showing several potential positive effects on human health. The results obtained
with this work highlight the complex chemical composition and the antioxidative and
antimicrobial potential of extracts derived from P. hydrida. Since resistant bacteria can affect
humans, animals, and the environment, the extracts’ ability to suppress microbial growth
of strains from all sources suggests that these extracts could be used as a food supplement
or a pharmaceutical additive to help fight drug-resistant bacteria. However, we must
consider that the structural characteristics of the phenolic compounds and external factors
such as the solvent, time, and temperature can affect the bacterial response to natural
compounds. Therefore, to figure out how these extracts act on pathogenic bacteria, to
explore their toxicity, and to guarantee that there would be no side effects, more studies,
such as in vivo trials, should be carried out. Moreover, the extraction of polyphenols from
the components of P. hybrida and, consequently, their use as a pharmaceutical tool, supports
the production and consumption of natural resources which is a major contribution to the
circular economy.
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Betulinic Acid in Transgenic Hairy Roots of Senna obtusifolia Growing in the Sprinkle Bioreactor and Evaluation of Their Biological
Properties in Various Biological Models. Chem. Biodivers. 2021, 18, e2100455. [CrossRef] [PubMed]

14. Barral-Martinez, M.; Garcia-Oliveira, P.; Nuñez-Estevez, B.; Silva, A.; Finimundy, T.C.; Calhelha, R.; Nenadic, M.; Sokovic, M.;
Barroso, F.; Simal-Gandara, J.; et al. Plants of the Family Asteraceae: Evaluation of Biological Properties and Identification of
Phenolic Compounds. Chem. Proc. 2021, 5, 51. [CrossRef]

15. Álvarez-Martínez, F.J.; Barrajón-Catalán, E.; Micol, V. Tackling antibiotic resistance with compounds of natural origin: A
comprehensive review. Biomedicines 2020, 8, 405. [CrossRef]

16. Silva, V.; Falco, V.; Dias, M.I.; Barros, L.; Silva, A.; Capita, R.; Alonso-Calleja, C.; Amaral, J.S.; Igrejas, G.; Ferreira, I.C.F.R.; et al.
Evaluation of the phenolic profile of Castanea sativa mill. By-products and their antioxidant and antimicrobial activity against
multiresistant bacteria. Antioxidants 2020, 9, 87. [CrossRef]
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