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Editorial

Green Antimicrobials

Helena P. Felgueiras

Centre for Textile Science and Technology (2C2T), University of Minho, Campus de Azurém,
4800-058 Guimarães, Portugal; helena.felgueiras@2c2t.uminho.pt

In the last couple of years, the awareness of climate change and high pollution levels
have raised our sense of ecological responsibility. Pharmaceutical industries play a major
role in these issues; as such, alternatives must be found. New environmentally friendly
approaches to deal with the growing concern associated with antimicrobial-resistant bacte-
ria are also in great demand. The excessive consumption and misuse of these agents have
accelerated the rise of such pathogens responsible for compromising global health—not
only the health of humans, but also the health of all living systems. Considering our
natural resources are in great danger, finding green and less environmentally impactful
alternatives for fighting these resistant microbials is imperative. From green chemistries,
natural extracts and waste products, the sources of these alternate antimicrobial agents can
be immense, and their implications are of great impact for future generations [1–3].

Fernández-Fernández et al. reported the great biodiversity and biomass of microor-
ganisms found in soil microbiota that could be used in the production of new antimicrobial
agents. Through the MicroMundo project, they illustrated the relevant link between sci-
ence and education and the benefits of implementing service-learning methodologies to
raise awareness of the antimicrobial resistance problem. They collected soil samples from
different areas and analyzed their content for antimicrobial-producing bacteria. In total,
132 potentially producing bacteria were identified, from which 18 isolates were deemed low
producers of antimicrobial agents, 12 were recognized as medium producers, and 2 were
considered highly antimicrobial-producing isolates [4]. Aside from soil, agricultural wastes
can also serve as sources of antimicrobial agents. Arumugam et al. explored the abilities of
crude solvent extracts of both groundnut shells and black gram pods to reduce aerolysin
formation and biofilm matrix formation by Aeromonas hydrophila, an opportunistic bac-
terium, responsible for many diseases in humans and animals, particularly aquatic species.
Twelve potent metabolites extracted from these wastes showed interactions with aerolysin
during molecular docking analysis, confirming their potential for uses in pharmacological
solutions for treating A. hydrophila-induced infections in aquaculture [5].

Foodborne pathogens can pose great risks to human health. Torres Neto et al. in-
vestigated the antimicrobial potency of the essential oils of oregano, thyme, lemongrass
and their blends against three foodborne pathogens, Salmonella enterica serotype Enter-
itidis, Escherichia coli and Staphylococcus aureus. The data highlighted the ability of the
blends containing thyme to inhibit and kill each bacterium individually [6]. Adnan et al.
focused their efforts on finding effective agents against the foodborne pathogen Listeria
monocytogenes, responsible for the disease listeriosis. Here, active biosurfactants and their
potential targets were tested against the bacterium, revealing their ability in regulating
several bacterium pathways responsible for the bacterium’s pathogenic nature, evidencing
their pharmacological potency [7]. Stavropoulou et al. demonstrated that honey samples
obtained from different geographical locations in Greece and with diverse pollen origins
were influenced by the pollinizing animals. In fact, they detected 335 distinct taxa in
honey microbiota, native to the gut microbiota of melliferous bees and microbiota of their
flowering plants, including beneficial bacteria like probiotic strains. These could work
as indicators of the authenticity of honey, facilitating the identification of honey samples
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with potent antimicrobial profiles [8]. β-Glucan is an important natural prebiotic abundant
in lentinan, cereals and the yeast cell wall. Zhou et al. evaluated the influence of this
natural-origin component on growth performance and intestinal epithelium functions and
established β-glucan as an attenuator of intestinal damage by suppressing the secretion
of inflammatory cytokines, enhancing serum immunoglobulins and improving intestinal
epithelium functions and microbiota [9].

Skin disorders have benefited immensely from natural-origin antimicrobials. Diabetic
foot ulcers, for instance, have been shown to accelerate their healing in the presence of an-
timicrobial peptides derived from green, eco-friendly processes [10]. In chronic wound care,
many antiseptic agents have also been highlighted, namely octenidine and polyhexamide,
as beneficial for wound care without inducing any cytotoxic effects or raising significant
environmental concerns [11]. Ranjutha et al. identified synergisms between ceftriaxone
and Polyalthia longifolia methanol leaf extract against methicillin-resistant Staphylococcus
aureus, supporting their use as an etiological agent for skin disease therapies. The gene
responsible for the bacterium resistance was significantly suppressed by the antimicrobial
agents’ combination, and the same occurred with the concentration required to eliminate
the bacterium [12]. Matias et al. disclosed the seaweed Gelidium corneum as a sustainable
source of antimicrobial ingredients for new dermatological formulations, highlighting its
potential to be explored in a circular economy context. For this purpose, seaweed fractions
were compiled and examined against common pathogenic bacteria. The data showed
that the antimicrobial effects of the fractions were manifested in the form of membrane
hyperpolarization and DNA damage [13].

Innovations in silver nanoparticle production have also taken advantage of green
processes. For instance, Padmanabhan et al. reported the formation of clusters containing
biphasic calcium phosphate-modified silver nanoparticles for improved antimicrobial and
cytocompatibility performances and, thus, engineering of bone tissue replacements [14].
Sharma et al. explored the use of silver nanoparticles embedded into polymeric films to
prevent and mitigate pathogen transmission in biomedical surfaces. It was shown that
the incorporation of silver nanoparticles inhibited the growth of Gram-positive and Gram-
negative bacteria, generating a polymeric substrate that is both cost-effective and highly
scalable, by means of simple production methodologies (sputter deposition) [15].
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Evaluating Biofilm Inhibitory Potential in Fish Pathogen,
Aeromonas hydrophila by Agricultural Waste Extracts and
Assessment of Aerolysin Inhibitors Using In Silico Approach

Manikandan Arumugam 1, Dinesh Babu Manikandan 1, Sathish Kumar Marimuthu 2, Govarthanan Muthusamy 3,

Zulhisyam Abdul Kari 4,5, Guillermo Téllez-Isaías 6 and Thirumurugan Ramasamy 1,*

1 Laboratory of Aquabiotics/Nanoscience, Department of Animal Science, School of Life Sciences,
Bharathidasan University, Tiruchirappalli 620024, India
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Technology (BIT) Campus, Anna University, Tiruchirappalli 620024, India

3 Department of Environmental Engineering, Kyungpook National University, Daegu 41566, Republic of Korea
4 Department of Agricultural Sciences, Faculty of Agro-Based Industry, Jeli Campus,

Universiti Malaysia Kelantan, Jeli 17600, Malaysia
5 Advanced Livestock and Aquaculture Research Group, Faculty of Agro-Based Industry, Jeli Campus,

Universiti Malaysia Kelantan, Jeli 17600, Malaysia
6 Department of Poultry Science, University of Arkansas, Fayetteville, AR 72701, USA
* Correspondence: ramthiru72@bdu.ac.in

Abstract: Aeromonas hydrophila, an opportunistic bacteria, causes several devastating diseases in
humans and animals, particularly aquatic species. Antibiotics have been constrained by the rise
of antibiotic resistance caused by drug overuse. Therefore, new strategies are required to prevent
appropriate antibiotic inability from antibiotic-resistant strains. Aerolysin is essential for A. hydrophila
pathogenesis and has been proposed as a potential target for inventing drugs with anti-virulence
properties. It is a unique method of disease prevention in fish to block the quorum-sensing mechanism
of A. hydrophila. In SEM analysis, the crude solvent extracts of both groundnut shells and black
gram pods exhibited a reduction of aerolysin formation and biofilm matrix formation by blocking
the QS in A. hydrophila. Morphological changes were identified in the extracts treated bacterial
cells. Furthermore, in previous studies, 34 ligands were identified with potential antibacterial
metabolites from agricultural wastes, groundnut shells, and black gram pods using a literature survey.
Twelve potent metabolites showed interactions between aerolysin and metabolites during molecular
docking analysis, in that H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl (−5.3 kcal/mol) and
2-Hexyldecanoic acid (−5.2 kcal/mol) showed promising results with potential hydrogen bond
interactions with aerolysin. These metabolites showed a better binding affinity with aerolysin for
100 ns in molecular simulation dynamics. These findings point to a novel strategy for developing
drugs using metabolites from agricultural wastes that may be feasible pharmacological solutions for
treating A. hydrophila infections for the betterment of aquaculture.

Keywords: aerolysin; agri-waste; antimicrobial metabolites; molecular docking and dynamics;
quorum sensing

1. Introduction

Although aquaculture is one of the industries producing food with the greatest growth
rate, bacterial fish infections result in large output losses every year [1]. The disease is a
significant negative socioeconomic consequence for those dependent on aquaculture and
a major barrier to aquaculture operations [2]. With the growth of aquaculture activities,
stress conditions also increase, encouraging the frequent incidence and development of
pathogens [3,4]. Furthermore, approximately 10 to 50% of output loss is brought on by
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epizootics, which severely hampers the efforts to increase productivity [5,6]. Aeromonas hy-
drophila is a freshwater chemoorganoheterotrophic, facultatively anaerobic, gram-negative
pathogenic bacteria that mostly affects fish, mammals, birds, amphibians, and reptiles. It
causes infections such as gastroenteritis, necrotizing fasciitis, and septicemia in the species
mentioned above [7,8]. Since the condition is driven by several virulence factors, includ-
ing cytotoxins, adhesions, hemolysins, proteases, lipases, and biofilm development, A.
hydrophila is multifaceted in its pathogenicity [9,10].

Aerolysin causes symptoms of many sorts of infections, including hemorrhagic and
ulcerative lesions on the skin and other organs [11,12]. Aerolysin has numerous effects
such as hemolytic, enterotoxin, and cytotoxic activities [13–15]. Aerolysin can enter the
target cell’s membrane after producing seven oligomeric subunits with a transmembrane
pore [16–18]. The channel pore breaches the cellular membrane permeability barrier, re-
sulting in cell death [19]. One of the main virulence factors in developing fish disorders
linked to A. hydrophila is the gene aerolysin, a destructive pore-forming enterotoxin [20].
Tetramycin and romet-30 are the most widely and frequently used antimicrobial drugs
against A. hydrophila contamination in freshwater aquaculture [2]. The key pathogenic
factors assisted by Aeromonas sp. are surface polysaccharides, extracellular proteins, iron-
binding systems, and exotoxins, which are crucial in the pathogenic mechanisms. These
virulence factors have antibiotic resistance that might develop in aquaculture systems; nev-
ertheless, these antimicrobial drugs are used indiscriminately [21–23]. These antibiotics are
mostly administered directly to the aquaculture system by feed or submersion. According
to the scientific literature, between 70 and 80% of prescribed antibiotics eventually enter
water [24–27].

As an outcome, the aquaculture systems have been designated as “biological hubs” for
bacterial transduction, conjugation, and transformation of antibiotic-resistant genes [28,29].
Therefore, as our reliance on aquaculture increases, it is vital to investigate appropriate
antibiotic substitutes that feedstuffs may deliver, lower the risk of antimicrobial resistance
emerging, and increase the fish immune system [30–32]. Various approaches have been
recently proposed to combat the rise of antibiotic resistance, including the use of plant
metabolites to improve and stimulate the fish’s immune characteristics in aquaculture [33].
Plants and their secondary metabolites have a wide range of activities, which raises the
possibility that they could be used as antimicrobial agents. In particular, the main natural
plant species come under the Apiaceae, Anacardiaceae, Burseraceae, Cupressaceae, Dracenaceae,
Euphorbiaceae, Fabaceae, Palmaceae, and Pinaceae families of plants [34,35]. Tannins are the
phenolic polymers in all plants that tend to inhibit the bacterial matrices, outer membranes,
and protein transport in bacterial cells and may prevent several hydrolytic enzymes such
as α-amylase which is essential for cell growth [36]. Several plant natural products or
secondary metabolites have been shown to positively impact disease virulence factors
in vivo and in vitro [37].

Quorum sensing (QS) system controls the expression of aerolysin and numerous other
virulence factors and biofilm development [38,39]. Blocking the action of aerolysin and
biofilm by inhibiting QS has been shown in prior research to reduce the pathogenicity
of A. hydrophila [40]. Additionally, developing novel and quick molecular docking tech-
niques has enhanced molecular simulations with critical applications for screening and
drug discovery [41–43]. A useful approach in drug design and compound screening for
the development of natural drugs is the study of molecular docking of protein–ligand
interactions [44,45]. It is possible to anticipate the conformations and binding affinities of
the putative phytoconstituents from the extracts. This research will focus on the successful
development of new medications by screening agricultural waste-derived metabolites for
the diseases caused by A. hydrophila in aquaculture industries.
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2. Results

2.1. Scanning Electron Microscopy

SEM images demonstrated a decrease in the biofilm development of A. hydrophila when
treated with agricultural waste extracts. A maximum cell size and shape reduction was seen
at the treatment concerning the calculated minimal inhibitory concentration (MIC) when
control images revealed a cell matrix. Streptomycin (50 μg/mL) was used as a positive
control and it exhibited dispersed cells without biofilm formation and morphological
changes of the A. hydrophila cells (Figures 1 and 2).

2.2. FT-IR Analysis of Bacterial Biomass

The FT-IR spectra of bacterial biomass treated with black gram pod extracts and
groundnut shell extracts (Figures 3 and 4). The peak at 3350–3450 cm−1 indicates the
existence of the OH group, which contains carbohydrates, proteins, and polyphenols and
is classified as an alcoholic group, and a minor intensity peak at 1700–1715 cm−1 indicates
the presence of fatty acid groups. Certain peaks at 3000 cm−1 show the presence of C-H
alkenes and aromatic rings as a result of the interaction of the metabolites present in the
ethyl acetate, acetone, methanol, and ethanol extracts of both groundnut shells and black
gram pods. In contrast, non-polar solvents such as petroleum ether and hexane did not
show any clear bands.

Figure 1. Scanning electron microscopic images of A. hydrophila biofilm matrix. (a) Negative control:
shows dense and thick adherence of biofilm; treated with groundnut shell extracts (b) methanol,
(c) ethanol, (d) acetone, (e) ethyl acetate, (f) hexane, (g) petroleum ether, and (h) positive control:
streptomycin (50 μg/mL) exhibits dispersed biofilm.
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Figure 2. Scanning electron microscopic images of A. hydrophila biofilm matrix. (a) Negative control:
shows dense and thick adherence of biofilm; treated with black gram pod extracts (b) methanol,
(c) ethanol, (d) acetone, (e) ethyl acetate, (f) hexane (g) petroleum ether, and (h) positive control:
streptomycin (50 μg/mL) exhibits dispersed biofilm.

Figure 3. FT-IR spectra of the Aeromonas hydrophila biomass treated against various extracts of
groundnut shell. Red dotted lines indicate the presence of polysaccharides. Untreated: (a) control.
Treated: (b) methanol, (c) ethanol, (d) acetone, (e) ethyl acetate, (f) hexane, and (g) petroleum ether.
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Figure 4. FT-IR spectra of the Aeromonas hydrophila biomass treated against various extracts of black
gram pods. Red dotted lines indicate the presence of polysaccharides. Untreated: (a) control. Treated:
(b) methanol, (c) ethanol, (d) acetone, (e) ethyl acetate, (f) hexane, and (g) petroleum ether.

2.3. Homology Modelling of AhEUS112 Aerolysin

Homology (comparative) modelling is typically considered the most reliable in silico
technique for predicting accurate 3D protein models using amino acid sequences [46,47].
The best AhEUS112 aerolysin sequence model (Figure 5a) with the lowest DOPE (discrete
optimized protein energy) score (Figure 5b) is chosen.

Figure 5. (a) Sequence of the AhEUS112 aerolysin. (b) Predicted three-dimensional structure of
aerolysin from A. hydrophila.

Using PROCHECK, the modelled structure is validated using a Ramachandran plot
using the RAMPAGE server [48]. The Ramachandran plot of the modelled protein rep-
resents 89.1% (366 aa) of the total residues in the most favoured regions. In comparison,
10.7% (44 aa) are in further and generously allowed regions, and only 0.2% of residues are
found in the disallowed region. Based on the Ramachandran plot, the modelled structure
indicates a good quality model (Figure 6). As a result, the predicted structure is chosen for
molecular docking and molecular dynamics simulations.
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Figure 6. The stereochemical spatial arrangement of amino acid residues in the preferred area of the
Ramachandran plot of the modelled 3D structure of aerolysin (Red coloured squares indicate residues
in most favoured regions, dark yellow-coloured squares indicate the residues in additional allowed
regions and pale yellow coloured square indicates residues in the generously allowed regions).

2.4. Phylogenetic Analysis of the Aerolysin

The AhEUS112 aerolysin shared 90–96% of its identity with other bacterial aerolysin
when their multiple sequence alignment was analyzed and aerolysin from other Aeromonas
sp. (Figure 7). MEGAX software was used to construct the distance matrix of the aerolysin
sequence obtained from the different species [49].

2.5. Molecular Docking

The main goal of in silico docking analysis of this study was to identify the optimal
binding conformations between aerolysin and metabolites from the agri-wastes that blocks
the function and membrane potential. To interpret the optimal binding position for the lig-
ands and the drugs developed, molecular docking was used to assess the great affinity for
the aerolysin active site residues of the A. hydrophila. Based on this, several positions were
created and evaluated. Crude extracts have both active and inactive chemical compounds
in their mixture of diverse chemical molecules that exhibit high affinity and complemen-
tarity to the target protein. The capacity of the ligands to interact with the target protein
in vivo, which impacts the outcomes of molecular docking studies, relates to the substances
in crude extracts. However, the molecular docking study may only foresee a potent bind-
ing relationship, if the active components in the crude extract have low affinities or can
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efficiently access the target region in the protein [50,51]. The metabolites chosen from the
different extracts of BGP and GNS for the interactions of aerolysin are shown in Table 1.

Figure 7. Phylogenetic tree of aerolysin from various species of Aeromonas hydrophila.

Table 1. List of compounds for molecular docking with aerolysin from black gram pods and
groundnut shells.

Black Gram Pods Groundnut Shells

S. No. Name of the Compound S. No. Name of the Compound

1. 1-Hexadecene 1. 2-Hexyldecanoic acid
2. 1-Isopropoxy-2-propanol 2. 2-Pentanone, 5-methoxy
3. 2,2-Difluorocycloheptan-1-one 3. 3-O-Methyl-d-glucose
4. 3-7-11-15-Tetramethyl-2-hexadecen-1-O 4. 4H-Pyran-4-one- 2-3-dihydro-3-5-dihydroxy-6-methyl
5. 5-Hydroxymethylfurfural 5. Cyclohexanone
6. Azulene 6. Eicosane
7. Butyronitrile 7. Ethyl linoleate
8. Cholesterol propionate 8. Hexatriacontane
9. Cholesterol 9. Methyl alpha-D-glucopyranoside

10. Cyanoacetic acid 10. Octadecane
11. Diacetone alcohol 11. Palmitic acid
12. Dodecanel 12. Pentadecane- 2-6-10-13-tetramethyl
13. Heptadecane 13. Stearic acid
14. Hexadecane 14. Tetracosane
15. Methyl palmitate
16. Methyl propyl ether
17. Naphthalene
18. Tetracontane
19. Tetratetracontane
20. Z-5-Nonadecene
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The number of hydrogen bonds that interacted with the aerolysin and the residues
involved in the interactions were given in Table 2. The H-Pyran-4-one-2,3 dihydro-3,5
dihydroxy-6-methyl showed the strongest affinity with aerolysin possessing binding en-
ergy of −5.3 (kcal/mol), followed by 2-Hexyldecanoic acid and 2,2-Difluorocycloheptan-1-one
(−5.2 kcal/mol), Methyl alpha-D-glucopyranoside (−5.1 kcal/mol), 5-Hydroxymethylfurfural
(−5.0 kcal/mol), Methyl-d-glucose and Palmitic acid (−4.9 kcal/mol), Ethyl linoleate
(−4.6 kcal/mol), Pentanone-5-methoxy (−4.3 kcal/mol), Diacetone alcohol (−4.1 kcal/mol),
Methyl palmitate (−3.9 kcal/mol), and Cyanoacetic acid (−3.6 kcal/mol), respectively. The
number of hydrogen bonds found during the interactions of metabolites with the aerolysin
was represented in (Figures 8 and 9).

2.6. Simulation Dynamics

Molecular dynamic simulation (MDS) was used to determine the precise interaction
of the ligand candidates with the protein under investigation. A methodology involving
molecular docking, molecular dynamics, and free energy computing was used to identify
the properties of specific natural compounds in a solvation state. In the current study, a
100 ns MDS was used to determine the best-docked molecule of H-Pyran-4-one-2,3 dihydro-
3,5 dihydroxy-6-methyl, and 2-Hexyldecanoic acid to the aerolysin based on binding affinity
and conformational stability (Figure 10a–d).

A significant RMS fluctuation was found between aerolysin and the other two ligands
up to 30 residues, then showed similar fluctuation with all three complexes throughout
the protein residues. The root-mean-square deviation (RMSD) estimate of backbone atoms
varied from 0.25 nm to a maximum of 1.5 nm across the whole simulation. The RMSD
value of the protein aerolysin was increased to 1.5 nm (10 ns), then showed at 0.75 nm
(22.5 ns), and maintained steadily at 1 nm (up to 100 ns). However, aerolysin interacted
with H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl exhibited at 1 nm (45 ns) and then
maintained at 0.75 nm (until 100 ns). Similarly, aerolysin interacted with 2-Hexyldecanoic
acid and possessed an RMSD value of 0.75 nm at 10 ns, and it was gradually increased and
maintained at 0.75 nm (until 100 ns). This data showed that the aerolysin formed a stable
complex with the H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl and 2-Hexyldecanoic
acid at the range of 0.75 nm steadily (from 25 ns to 100 ns).

Table 2. Molecular docking of aerolysin with metabolites identified from both black gram pod and
groundnut shell extracts. (Arg-Arginine, Pro-Proline, Tyr-Tyrosine, Asn-Asparagine, Met-Methionine,
Val-Valine, Ile-Isoleucine, Ser-Serine, Phe-Phenylalanine, Gly-Glycine, Lys-Lysine).

S. No. Compound
Binding Energy

(kcal/mol)
Hydrogen Bond

Interactions
Residues Involved During

Interactions

1 2,2-Difluorocycloheptan-1-one −5.2 2 Arg 414, Pro 139, Tyr 146,
Asn 411, Tyr 142

2 5-Hydroxymethylfurfural −5.0 5 Arg 417, Met 129, Tyr 135, Arg 414,
Val 415, Tyr 337

3 Cyanoacetic acid −3.6 1 Tyr 337
4 Diacetone alcohol −4.1 2 Asn 411, Tyr 146
5 Methyl palmitate −3.9 1 Tyr 146

6 2-Hexyldecanoic acid −5.2 3 Phe 371, Tyr 380, Ile 378, Ser 377,
Arg 379, Val 368

7 Pentanone-5-methoxy −4.3 4 Tyr 337, Arg 417, Arg 414, Tyr 135

8 Methyl-d-glucose −4.9 2 Gly 369, Ile 378, Ser 377,
Arg 379, Ala 369

9 H-Pyran-4-one-2,3 dihydro-3,5
dihydroxy-6-methyl −5.3 4 Val 335, Thr 419, Val 415, Pro 418

10 Ethyl linoleate −4.6 1 Arg 414, Pro 139, Tyr 142, Lys 138
11 Methyl alpha-D-glucopyranoside −5.1 4 Leu 416, Thr 419, Glu 334

12 Palmitic acid −4.9 3 Arg 379, Ile 378, Ser 377,
Phe 371, Tyr 380

12



Antibiotics 2023, 12, 891

Figure 8. A 2D view of the interactions of the compounds extracted from black gram pods. (a) 2,2-
Difluorocycloheptan-1-one, (b) 5-Hydroxymethylfurfural, (c) Cyanoacetic acid, (d) Diacetone alcohol,
(e) Methyl palmitate.
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Figure 9. A 2D view of the interactions of the compounds from groundnut shells. (a) 2-Hexyldecanoic
acid, (b) Pentanone-5-methoxy, (c) Methyl-d-glucose, (d) H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-
methyl, (e) Ethyl linoleate, (f) Methyl alpha-D-glucopyranoside, (g) Palmitic acid.
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Figure 10. Cont.
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Figure 10. Graphical representation of 100 ns MD simulation analysis of aerolysin (in black colour), a
protein with H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl (in green colour), and protein with
2-Hexyldecanoic acid (in red colour). (a) RMSF values of the backbone atoms, (b) radius of gyration
of the backbone atoms, (c) RMSD values of Cα atoms in the protein, and (d) hydrogen bonds stability
of the protein and complexes.

3. Discussion

The extraction of phenolic compounds depends on the nature of the solvents. Polar sol-
vents have lower electrostatic interactions that easily interact with the compounds present
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in the plant extracts that interchange their functional groups [52]. However, non-polar
solvents can easily penetrate bacterial cells due to their lower charge [53]. Gram-negative
bacteria such as A. hydrophila have rigid cell membranes that prevent the entry of the
compounds into the cytoplasm [54]. They also have lipopolysaccharides that limit the pene-
tration of hydrophobic compounds [55]. Based on our previous results, both GNS and BGP
solvent extracts possess phenols and tannins [56,57]. These primary bioactive compounds
are the major cause that exhibits better antioxidant and antibacterial properties [58,59]. The
metabolites from the polar solvents also tend to diffuse the fatty acid composition of the
rigid layer of A. hydrophila [60]. The metabolites of plant extracts may act on reducing the
colonization of body surfaces and different epithelial layers, certain inorganic and organic
molecules, along with other micro and macronutrients which are necessary for cell growth
also promotes cell adhesion [61]. After a 48 h treatment with the extracts of both GNS
and BGP, A. hydrophila cells were shrunken. They underwent splitting due to metabolites
such as palmitic acid, methyl linoleate, H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl,
and 2-Hexyldecanoic acid [62–65]. These metabolites adhered to the lipopolysaccharides
of the cell membrane, thus altering the bacterial cell morphology [66]. The metabolites
from the extracts may inhibit nutrient availability that paved the way for bacterial cell
growth [67]. The formation of the matrix by bacterial cells was separated due to inhibiting
quorum-sensing signals from one cell to another [39,68]. This QS controls the synthesis
of exopolysaccharide (EPS) by the A. hydrophila [69,70]. These polysaccharides, proteins,
and nucleic acids played a crucial role in preventing the entry of antimicrobial agents and
antibiotic exposure [71,72]. These exopolysaccharides play a vital role in cell detachment,
colonization, and safeguarding forces of bacterial cells. The approaches to developing
the new drug to combat multi-drug resistance and tolerance by polysaccharide lyases,
a key enzyme which targeting the production of exopolysaccharides. Reduction in the
exopolysaccharide production affects the QS signals between the cells [73,74]. According to
Pellock et al. [75], expr is the major gene that maintains the quorum-sensing mechanism,
and it is a homologue to lux receptors that leads to controls the production of exopolysac-
charides. However, gram-negative bacteria such as A. hydrophila had autoinducers that
tend to diffuse in and out of the cell [76]. These autoinducers, such as acyl-homoserine
lactones (AHLs) synthesized by S-adenosylmethionine, bind to the cytoplasmic receptors
and regulate the quorum-sensing gene expression [77–79]. Interfering with the synthesis,
transport, or identification of autoinducers can be used to prevent quorum sensing. The key
strategy is to utilize quorum-sensing inhibitors, which imitate or interfere with autoinducer
binding to their receptors. These metabolites can impair quorum sensing in several bacterial
species and limit biofilm development [80]. In gram-negative bacteria such as A. hydrophila,
LuxR-type cytoplasmic receptors interact with another cell by detecting the AHLs; this
complex transfers the quorum signals [81]. Additionally, fatty acids inhibit energy genera-
tion and cell lysis by interfering with components and preventing food intake [82]. Several
studies have investigated the effects of fatty acids on mixed culture biofilms in the presence
of natural conditions that may affect microbial signal production and reception [83].

In the FT-IR spectrum, the intensity peak at 1120–1160 cm−1 indicates the presence of
polysaccharides in both control and treated groups due to bacterial biofilm formation [84,85].
Peaks obtained in the 2800–2600 cm−1 confirm the presence of aldehydes in the extract-
treated biomass compared to the control [86]. The fatty acid groups in the polar and
mid-polar extracts interact with the electron transport chain of bacteria. It involves the ATP
transfer, which inhibits the bacterial enoyl-acyl reductase and leads to bacterial death [87].
In microbes, the electron acceptor is oxygen; when it demands, the organism tends to find
an alternative to accept in the form of oxidized metals or non-metals [88]. During oxygen
depletion, A. hydrophila utilizes iron (III) as an electron acceptor [89,90]. Carbon dioxide
formed during the reactions will generate electrons which are accepted by iron (III) [91,92].
In our study, it is suggested that the metabolites present in the extracts of the GNS and
BGP inhibit electron transfer by directly inhibiting iron reductase in the complex reactions.
The antibacterial nature of the metabolites is based on solvent extraction [93]. Non-polar
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solvents are chemically inert and do not mix with water, so the microorganism can easily
grow in the watery phase [94]. Essentially, polyphenols and bacteria interact in a non-
specific manner, relying on the hydrogen group and hydrophobic effects that may have a
significant influence owing to lipophilic interactions and the creation of covalent bonds [95].
Phenolic compounds present in the extracts may directly interact with the bacterial cell
membrane, which causes intracellular leakage and ROS generation [96]. FT-IR analysis of
A. hydrophila biomass can reveal important information about the bacterium’s chemical
composition, such as the presence of proteins, lipids, and fatty acids [97]. This knowledge
can help us understand the structure and function of the bacterial cell, as well as create
ways to prevent or treat A. hydrophila infections. An ideal tree was generated by utilizing
the neighbour-joining method to analyze the evolutionary history of the aerolysin of
A. hydrophila [98]. The existence of several branches representing the different architectural
structures of a protein was evident in the phylogenetic tree created from the multiple
sequence alignment of the AhEUS112 aerolysin with aerolysin from 200 different bacterial
species [99]. It is a feasible approach to find protein areas that have been conserved during
evolution by comparing the sequences of various species [100]. These conserved regions of
the protein may be critical for protein function and might be targeted for drug development
or other purposes.

A mixture of hydrophobic and van der Waals interactions with active site residues
also stabilized the ligand configurations [101,102]. To emphasize, amino acid characteristics
impact the functional activities of certain residues based on the physicochemical restric-
tions to variation of amino acid position/alignment [103]. The data analysis showed that
aerolysin had common interaction residues with most test compounds.

Molecular docking and homology modelling were unique and useful tools for char-
acterizing protein–ligand interaction patterns in configuration [104]. Due to the strong
covalent bonds, weak intermolecular linkages encompassed a variety of interactions that
did not involve the exchange of electrons. Still, hydrogen bonds played a vital role in the
interaction of proteins and ligands [102]. GRID detects favourable sites for ligand binding
with protein [105]. The binding nature between the ligand and protein depends on the
length and orientation [101,106]. These protein–ligand interactions formed due to the cavity
shape, size, and energy level of pocket formation [107,108]. Ligands are compounds that
can control the activity of a protein or enzyme by binding to specific sites on the target
protein or enzyme. In the case of aerolysin, ligands can be employed to prevent the produc-
tion of toxin aggregates, which can injure host cells and tissues [109]. Ligands can bind to
different sites of aerolysin, such as hydrophobic regions on the toxin’s surface, particular
spots on the pore-forming domain, and other sections of the molecule [110]. Flavonoids
and polyphenols have been demonstrated to suppress the production of aerolysin aggre-
gates. These bioactive compounds can attach to particular sites on the toxin and prevent it
from building huge complexes that can damage host cells. This kind of in vitro approach
is beneficial in decreasing aerolysin toxicity [111]. Our docking studies showed that the
key residues of the aerolysin protein’s binding pocket, such as Tyr 337, Arg 417, Arg 414,
and Tyr 135 interacted with pentanone-5-methoxy via traditional hydrogen bonding and
hydrophobic interactions [112]. These findings stated that pentanone-5-methoxy might
reduce quorum sensing by decreasing the expression of aerolysin, which then affects other
virulence-associated genes.

Palmitic acid reacted significantly with aerolysin, with a binding energy of −4.3 kcal/mol
and a two-hydrogen bonding interaction (Arg 379, Ile 378, Ser 377, Phe 371, Tyr 380); these
results agree with studies that reported the palmitic acid inhibiting the virulence factors
associated with biofilm [113,114]. According to Dong et al. [115], heptamer formation was
controlled by the ARG 414 and ARG 417 residual movements. This was the basic action
mechanism behind the inhibition of aerolysin by the ligand H-Pyran-4-one-2,3 dihydro-3,5
dihydroxy-6-methyl. However, 2-Hexyldecanoic acid is bound with the ASP360 and does
not involve forming heptamer [19]. Aerolysin often had the propensity to form a heptamer
after entering the host cell membrane [116]. This heptamer had a transmembrane pore
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that affected the permeability of the host cell membrane and caused cell death [117]. The
flexible portion of a protein or the parts of structures that change concerning the overall
structure was evaluated by the root-mean-square fluctuation (RMSF) [118].

The simulation’s dynamics give scientists a unique perspective on the structural and
functional changes that occur during ligand binding by allowing them to watch the move-
ment of specific atoms in the protein and the ligand over time [119]. The radius of gyration
of aerolysin, protein complex with 2-Hexyldecanoic acid, and protein complex with the
H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl was determined. Using thermody-
namic concepts, the radius of gyration indicated the protein’s compactness with protein
folding and unfolding [120]. The radius of gyration cannot be precisely measured because
of diverse samples [121]. The Rg values were obtained in the range of 2.75–3.0 nm, whereas
the aerolysin was maintained at 3.2 nm, and the aerolysin complexed with 2-Hexyldecanoic
acid lay at 3.2 nm, respectively, which gradually increased and maintained at 3.4 nm from
40–100 ns. However, the aerolysin with H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl
showed an Rg value at 3.4 nm initially and it held at 3.6 nm. With this evidence, the
examination of dynamics’ mean radius of gyration fell within the range of random-coil
statistics, confirming the protein folding in the presence of residual structure [122]. Ac-
cording to studies, aerolysin pores are fairly far from the host membrane surface and are
shown as nanodisc-entrapped pores compatible with the absence of hydrophobicity [123].
The molecular dynamics trajectories for the whole examined protein–ligand complex is
typically stable and within acceptable limits for the 100 ns simulation period, according
to the RMSD fluctuation analysis [124]. According to the findings, the inhibitor attaches
to a particular site of the protein and stabilizes it in a closed conformation, preventing
the formation of the opening in the membrane [125]. Overall, the results of the molecular
dynamics simulation study imply the stability of the protein–ligand complex of aerolysin
with metabolites from agricultural waste.

4. Materials and Methods

4.1. Maintenance of Bacterial Strain and Culture Media Preparation

A fish pathogen, A. hydrophila (glycerol stock preserved at Laboratory of Aquabi-
otics/Nanoscience, Bharathidasan University, Tiruchirappalli, Tamil Nadu, India)
(35 ± 2 ◦C/24 h), and bacterial cultures were maintained and grown in Tryptic soy agar or
broth (TSA/TSB) containing Tryptone 1%, yeast extract 0.5%, and sodium chloride 0.5%
with 1.2% agar.

4.2. Preparation of Extract

Groundnut shells (GNS) and black gram pods (BGP) were collected based on their
detailed experimental procedures [56,57]. The collected agri-wastes were shade dried at
37 ◦C, ground into a coarse powder, sieved using 0.2 mm sieve plates, and then stored
at −20 ◦C for subsequent examination in an airtight container. Cold maceration was
used to elution the extracts from powdered agri-wastes using six solvents (10:90 w/v):
ethyl acetate, petroleum ether, methanol, ethanol, hexane, and acetone. Additionally, the
solvents employed for this study is based on the polarity which ranges from least polar to
most polar [126]. The extracts were concentrated at roughly 40 ◦C in a rotating vacuum
evaporator under decreasing pressure until agglomerates were formed; before that, the
filtrate was collected using Whatman No. 1 filter paper. The extracts were dried to remove
excess solvents and kept at 4 ◦C for future research. For experimental purposes, dry extracts
were reconstituted with DMSO (0.1%) [127].

4.3. Scanning Electron Microscopy

The inhibition and deterioration of A. hydrophila biofilm using the various extracts of
GNS and BGP were visualized using scanning electron microscopy (SEM) with a slight
modification of the detailed protocol by Zhou et al. [128]. In short, biofilms of A. hydrophila
grown on glass coverslips (18 mm) submerged in nutrient broth with determined minimum
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inhibitory concentration (MIC) were given in Table 3. Based on this, various extracts
(acetone, methanol, hexane, ethanol, ethyl acetate, and petroleum ether) of groundnut
shells and black gram pods were poured into six-well plates, and the untreated (without
extracts) acted as the negative control. Streptomycin (50 μg/mL) was used as a positive
control. The treated and untreated plates were incubated for 48 h at 37 ◦C, and then
gently washed with miliQ to extract adherent bacterial cells. Samples were kept in 2.5%
glutaraldehyde for 15 min and dehydrated with 25–95% gradient ethanol for 10 min. The
dried biofilms were gold coated and examined under a scanning electron microscope (SEM,
TESCAN, Czech Republic, and Vega 3).

Table 3. Determination of minimum inhibitory concentration (MIC) of groundnut shell and black
gram pods for A. hydrophila (μg/mL).

S. No.. Extraction Solvents

Minimum Inhibitory Concentration (MIC) for
Aeromonas hydrophila (μg/mL)

Groundnut Shell Black Gram Pod

1. Methanol 250 250
2. Ethanol 250 250
3. Acetone 500 500
4. Ethyl acetate 500 500
5. Hexane 500 500
6. Petroleum ether 500 500

4.4. FT-IR Analysis of Bacterial Biomass

The bacterial cells of A. hydrophila treated with the extracts of agricultural wastes were
collected through centrifugation at 10,000 rpm for 10 min and washed with phosphate
buffer, pH 7.0, then made into a die using a desiccator at 45 ◦C. The KBr crystals were
vacuum-dried as described [129]; 1000 mg of KBr and 2.5 mg of bacterial biomass were
finely powdered and homogenized. The KBr beta press was used to form 100 mg of this bulk
mixture into a single pellet. With the bacterial biomass abundant as a clear pellet within
the KBr beta press barrel, the barrel was put on the sample holder in the FT-IR chamber.
Fourier transform infrared (FT-IR) spectrophotometer (Perkin Elmer, Waltham, MA, USA)
(4000–500 cm−1) scans were then performed, and the FT-IR chamber was carefully modified
until water vapour peaks were eliminated [130].

4.5. Ligand Screening for Molecular Docking

This ligand screening is based on the metabolites identified through GC-MS analysis
from various solvent extracts of groundnut shells and black gram pods from our previous
study [56,57]. A total of 325 metabolites were identified, of which 14 compounds from
groundnut shells and 20 compounds from black gram pods with potential antibacterial
efficacy were chosen for this study based on the earlier literature to analyze their interaction
with the aerolysin (Table 1). The chemical structure of each drug/compound was retrieved
in structure-data file (SDF) format from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/; accesed on 9 March 2021), and Open Babel was used to convert SDF to mol2
format [131].

4.6. Phylogenetic Analysis of Aerolysin

A multiple sequence alignment with the AhEUS112 aerolysin amino acid sequence
was performed on the amino acid sequences obtained from 200 various bacterial species
(Aeromonas sp. and other related bacteria). The evolutionary analysis was constructed with a
neighbour-joining (NJ) algorithm using the MEGAX maximum likelihood method [98,132].
In the bootstrap test, the numbers next to the branches indicated the fraction of duplicate
trees in which the related taxa were clustered together (100 repetitions) [133]. The tree
was built using the maximum likelihood method and visualized using iTOL (Interactive
Tree of Life) (https://itol.embl.de/; accessed on 24 April 2023). The phylogenetic tree’s
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branch lengths were shown to scale and correspond to the evolutionary distances. The
number of amino acid changes per site was used to calculate evolutionary distances using
the P-distance approach [134]. All unclear places for each sequence pair were eliminated,
leaving a final data set of 523 positions that were utilized for analysis.

4.7. Structural Analysis of Aerolysin

The AhEUS112 aerolysin’s amino acid sequence was analyzed using BLAST-P to find
the most appropriate template for homology modelling (accession no. MT491733) [135].
Following a similarity search for the best-aligned aerolysin crystal structures published in
the Protein Data Bank (PDB), 1HWG (PDB ID) was selected for the modelling template.
MODELLER software was used to construct the 3D model of the target sequence and
structure validated with the Ramachandran plot using the SAVES server.

4.8. Molecular Docking and Simulation Dynamics

The potential ligands identified from GNS and BGP with aerolysin were used for
molecular docking through AutoDock software [136,137]. The compounds with the high-
est binding affinity were chosen for the best-docked complexes. Using Webgro (online
server), the modelled protein aerolysin was subjected to a molecular dynamics simula-
tion. Using OPLS forcefield, MD simulation of both ligands and protein was analyzed for
100 ns [138,139].

5. Conclusions

This is a kind, sensible, and effective tactic in anti-virulence treatment, which involves
employing different aerolysin inhibitors or substances that lead to preventing QS in bacte-
rial pathogens such as A. hydrophila. Extracts from agricultural waste, such as groundnut
shells and black gram pods, have been evident in SEM micrographs to block QS signals
and disrupt the growth of biofilms. Additionally, the 3D structure of aerolysin has been
generated, and it plays a major role in causing septicemia. Using an in silico technique in
this study, H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl and 2-Hexyldecanoic acid
are shown to be more effective in inhibiting aerolysin oligomerization of A. hydrophila. This
protein homology implies that a different potential pharmacological target could possibly
work to restrict the activity of aerolysin in other pathogenic bacteria to form biofilms. It
also provides novel insight that limits the broad usage of pharmaceutical drugs for in vitro
testing. Thus, the agricultural waste extracts could be used as an appropriate medicine
to block aerolysin activity by A. hydrophila, and they may aid in treating hemorrhagic sep-
ticemia. The outcome of this study enlightens the aquafarmer and the country’s economy
by overcoming the major disease outbreak in aquaculture by A. hydrophila.
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Abstract: Medicinal plants are an essential source of traditional curatives for numerous skin diseases.
Polyalthia longifolia (Sonn.) Thwaites (Annonaceae family) is a medicinal plant used to cure skin illnesses.
P. longifolia is usually applied in folkloric therapeutical systems to treat skin diseases. The methicillin-
resistant Staphylococcus aureus (MRSA) bacteria is among the essential bacteria contributing to skin
diseases. Hence, to verify the traditional medicinal claim of P. longifolia usage in skin disease treatment,
the current research was performed to study the synergistic antibacterial activity of standardized
Polyalthia longifolia methanol leaf extract (MEPL) against MRSA bacteria. The synergistic antimicrobial
activity result of ceftriaxone, when mixed with MEPL, against MRSA was investigated by the disc
diffusion method, broth microdilution method, checkerboard dilution test, and modulation of mecA
gene expression by multiplex polymerase chain reaction (multiplex PCR). The MEPL extract exhibited
good synergistic antimicrobial activity against MRSA. Using the checkerboard method, we confirmed
the synergistic effect of MEPL from P. longifolia and ceftriaxone (2:1) for MRSA with a marked
reduction of the MIC value of the ceftriaxone from 8000 μg/mL to 1000 μg/mL. Moreover, the
combination of MEPL with ceftriaxone significantly (p < 0.05) inhibited the presence of the resistant
mecA gene in the tested strain. The LC–ESI–MS/MS analysis identified compounds that were reported
to exhibit antimicrobial activity. Conclusively, the MEPL extract, an important etiological agent for
skin diseases, showed worthy synergistic antimicrobial action against MRSA bacteria, thus supporting
the traditional use of P. longifolia.

Keywords: ceftriaxone; methicillin-resistant Staphylococcus aureus; Polyalthia longifolia; synergistic
effect; mecA gene; multiplex PCR; gene expression; skin diseases

1. Introduction

Microbial infectious diseases have become the third most crucial reason for mortality
and morbidity worldwide. The contagion instigated by methicillin-resistant Staphylococcus
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aureus (MRSA) has contributed significantly to deadly infections and diseases [1]. There is
growing proof that S. aureus is becoming resistant to all the standard antibiotics. Ceftriaxone
belongs to a class of drugs identified as cephalosporin antibiotics and is extensively used to
treat resistant bacterial strains, including S. aureus infection [2]. Nevertheless, disturbingly,
the emergence of ceftriaxone-resistance MRSA bacteria was reported in the literature [3].
Moreover, a genetic mutation was involved in the development of resistance to the antibiotic.
The attainment of the mecA gene by horizontal transmission by conjugation was the leading
cause of antibiotic resistance in S. aureus [4]. This important mecA gene has contributed to
methicillin resistance in S. aureus strains, which encodes a novel penicillin-binding protein
2A (PBP2A) [5]. Therefore, new alternative strategies are needed to address this issue
by developing new antimicrobial agents, modifying the existing antibiotic activity with
a combination of plant extracts as resistance modifying agents, or using the plant extract
combined with existing antibiotics against resistant bacteria to suppress the expression of
the mecA gene in MRSA bacteria. Consequently, the increasing incidence of MRSA bacterial
infection has drawn the pharmaceutical and scientific community’s attention to studies on
the potential antimicrobial activity of plant-derived substances used in traditional medicine
in different countries. Scientists from divergent fields are investigating medicinal plants
regarding their antimicrobial usefulness. Hence, the development of a new antibacterial
against MRSA is of crucial importance.

Consequently, the search for drugs derived from medicinal plants by scientists has
accelerated in recent years worldwide. The medicinal plant, a famous healthcare agent,
is used daily by billions of people globally for their primary healthcare. The medicinal
plant was considered a panacea with various curative values in traditional medicine, in-
cluding anti-infectious activity. One crucial medicinal plant with multiple curative values
is Polyalthia longifolia var. angustifolia Thw. (Annonaceae). P. longifolia is a medicinal
plant with linear–lanceolate leaves found in Sri Lanka, India’s tropical parts, and Malaysia.
This tree is normally planted along roadsides and gardens due to its beautiful appear-
ance. P. longifolia is one of the most important traditional indigenous medicinal plants
commonly used in folk medicine to treat skin diseases, fever, hypertension, helminthiasis,
and diabetes [6]. The MRSA bacteria is also one of the important bacteria contributing to
skin and soft tissue infection [7], which leads to major illness and death [8], comprising
endocarditis, septic shock, bacteremia, and pneumonia [9]. Hence, to verify the traditional
medicinal practitioner’s claims on the contribution of P. longifolia to skin disease treatment,
the present research studied the synergistic antimicrobial action of P. longifolia leaf extract
and ceftriaxone antibiotic against MRSA bacteria.

Until 2019, there was limited experimental evidence of the synergistic activity between
P. longifolia leaf extract and synthetic antibiotics against MRSA. Previous experiments have
demonstrated the in vitro interaction of ampicillin and P. longifolia leaf ethyl acetate frac-
tion (PLEAF) by checkerboard and microscopic techniques against MRSA [10,11]. That
previous study showed that the PLEAF fraction worked synergistically with ampicillin to
kill MRSA’s local resistance strain. Moreover, the PLEAF fraction also exhibited excellent
antioxidant activity. The combination of the PLEAF fraction with ampicillin also increased
Vero cell viability. This critical finding showed the non-toxic nature of ampicillin in the
presence of PLEAF in combinational therapy. Further study was also conducted to observe
the in situ synergistic antimicrobial effects between PLEAF and ampicillin against a local
MRSA isolate using modern scanning electron microscopy (SEM) observation [11]. PLEAF
and ampicillin combination exhibited significant antibacterial activity against MRSA by
killing the resistant MRSA bacteria, as observed via SEM analysis. However, as a further
study in understanding multidrug-resistant bacteria’s challenges, P. longifolia leaf extract
antibacterial activity, antibiotic modifying activity, and mutagenic effects combined with dif-
ferent first-line antibiotics commonly used against infectious agents should be investigated.
Investigating the synergistic antimicrobial effects of the P. longifolia leaf methanolic extract
combined with β-lactam antibiotics, such as ceftriaxone, will enhance the understanding of
the synergistic antimicrobial effects of P. longifolia leaf extract, which has never been studied
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in detail before. In addition, the synergistic effect of ceftriaxone and P. longifolia methanol
leaf extract in combination against MRSA bacteria and the mecA gene is still unclear, and
few studies were conducted in this line. Therefore, the objective of the current research was
to study the action of MEPL from P. longifolia on the regulation of mecA gene presence in the
MRSA strain and study the synergistic effect of ceftriaxone and MEPL in this bacterium.

2. Results

2.1. Ceftriaxone and MEPL Antibacterial Activity against MRSA Isolates

Antimicrobial susceptibility of MRSA isolates shows complete resistance to the stan-
dard dosage strengths (8 μg/mL, 16 μg/mL, 32 μg/mL, and 64 μg/mL) of ceftriaxone, and
no diameter of zone of inhibition was produced by all the different ceftriaxone dosages
tested in this study (Table 1). Conversely, the tested MEPL exhibited significant antibacterial
activity against MRSA by producing a clear zone of inhibition between 21 mm and 34 mm
(Table 1). The negative control 5% dimethyl sulfoxide (DMSO) did not produce any zone of
inhibition.

Table 1. Antimicrobial activity of MEPL against MRSA.

Concentration of
Ceftriaxone (μg/mL)

Diameter of Zone of
Inhibition (mm)

Concentration of
MEPL (mg/mL)

Diameter of Zone of
Inhibition (mm)

8 0 1 21 ± 2
16 0 2 24 ± 1
32 0 3 26 ± 2
64 0 4 28 ± 2

5 29 ± 2
6 31 ± 1
7 32 ± 1
8 34 ± 1

2.2. Determination of the MIC and MBC Concentration of Ceftriaxone and MEPL against the
MRSA Isolate

The antibiotic MIC value is an essential aid in evaluating bacterial resistance. Accord-
ing to 2022 CLSI interpretive measures, MRSA is susceptible to ceftriaxone when the MIC
value is ≤8 μg/mL, and MRSA is susceptible to ceftriaxone with a MIC value of 32 μg/mL.
The MIC of ceftriaxone was obtained using the broth dilution method, and the ceftriaxone
MIC value was 8000 μg/mL, visibly inhibiting MRSA growth in the broth. While the
ceftriaxone MBC value, where the lowest concentration showed zero growth on sterile NA,
was found at 8000 μg/mL. The MIC result demonstrated MRSA growth in a concentration
of ≥62.5 μg/mL (the breaking point of ceftriaxone is ≤16 to ≥64 μg/mL). This proves that
the MRSA used in this study was highly resistant towards ceftriaxone. The MEPL recorded
the MIC value of 16,000 μg/mL. On the other hand, when a volume of 100 μL of inoculum
from each tube was plated on fresh sterile NA, the lowest concentration of MEPL where no
MRSA growth was observed was at a concentration of 16,000 μg/mL, therefore, indicating
the MBC value of the MEPL to be also 16,000 μg/mL. It should be noted that the MIC and
MBC results for MEPL against the MRSA strain showed a larger value than ceftriaxone.

2.3. Synergistic Activity of Antibiotic with MEPL

The interrelation effects between ceftriaxone and MEPL against MRSA were tested
using the checkerboard technique in association with the MIC value. Ceftriaxone and
MEPL combination treatment enhanced the antimicrobial effect and exhibited synergistic
activity on MRSA (Table 2). In the combination treatment, the MIC values of ceftriaxone and
MEPL against MRSA were reduced to eight times lower (1000 μg/mL and 2000 μg/mL).
As predicted, unique antibacterial activity with a lower MIC value was demonstrated by
ceftriaxone in the presence of the MEPL in the combination therapy. Coherently, it resulted
in a synergistic antibacterial effect against the tested MRSA via the combination therapy of
ceftriaxone and MEPL extract.
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Table 2. Synergistic effect of MEPL and ceftriaxone sodium was determined by the checkerboard test.

MEPL (μg/mL)

16,000 8000 4000 2000 1000 500 250 125 62.5

Ceftriaxone
sodium

(μg/mL)

8000 No growth No growth No growth No growth No growth Mild
growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

4000 No growth No growth No growth No growth Mild
growth

Mild
growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

2000 No growth No growth No growth No growth Mild
growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

1000 No growth No growth No growth No growth Mild
growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

500 No growth Mild
Growth

Mild
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

250 No growth Mild
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

125 Mild
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

62.5 Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Heavy
Growth

Calculation of the FIC index of MEPL and ceftriaxone to determine the synergistic
effect:

MIC of ceftriaxone alone = 8000 μg/mL
MIC of ceftriaxone in combination = 1000 μg/mL
MIC of MEPL alone = 16,000 μg/mL
MIC of MEPL in combination = 2000 μg/mL
FICceftriaxone = 1000 μg/mL ÷ 8000 μg/mL = 0.125

FICMEPL = 2000 μg/mL ÷ 16000 μg/mL = 0.125

The sum of FIC (ΣFIC) is calculated as follows:

ΣFIC = FICceftriaxone + FICMEPL
= 0.125 + 0.125
= 0.25

In brief, the MIC value of the MEPL and ceftriaxone in the checkerboard test were
2000 μg/mL and 1000 μg/mL, respectively. The FIC index of the combination of MEPL
and ceftriaxone was 0.25, which indicates a significant synergistic antimicrobial activity
against the MRSA bacteria. The combination is considered synergistic when the ΣFIC index
is ≤0.5, and indifference is indicated by an FIC index > 0.5 to ≤4, while antagonism is
when the ΣFIC is >4. In addition, the initial MIC values of MEPL (16,000 μg/mL) and
ceftriaxone (8000 μg/mL) were found to reduce to 2000 μg/mL for MEPL and 1000 μg/mL
for ceftriaxone (p < 0.05), respectively, in the checkerboard test against the MRSA bacteria.

2.4. Presence of the mecA Gene in MRSA Treated with Different Combinations of MEPL
and Ceftriaxone
2.4.1. Purity of Genomic DNA

DNA concentration, purity, and contamination are the three factors that can affect
the multiplex PCR test. Nucleic acids are typically quantified (at an absorption ratio
of 260 nm/280 nm) to obtain an average DNA concentration and purity necessary to be
considered when carrying out PCR (Table S1). All the DNA extracted demonstrated a purity
ratio value of 1.8, which indicates low protein contamination. The result was analyzed by
electrophoresis on a 0.8% agarose gel followed by ethidium bromide staining to confirm
an adequate amount of the DNA present with a clear band for further amplification with
primary and targeted band detection. As shown in Figure 1, bands of genomic DNA can be
seen on top of the gel. The absence of smearing indicates that the DNA is intact and not
degraded.
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Figure 1. Electrophoresis gel (0.8% agarose) of the extracted genomic DNA from MRSA isolates. All
genomic MRSA DNA (Lane 1–Lane 4) are intact for downstream applications.

2.4.2. Optimization of mecA Gene Amplification

The gradient amplification was performed to obtain the optimum annealing tempera-
ture for the multiplex PCR. Isolate 20 with a purity value of 1.7 and DNA concentration
of 33.5 ng/μL (Table S1), was used throughout optimization since this isolate shows an
enhanced DNA band in extracted product during electrophoresis observation. Four specific
temperatures at 55.0 ◦C, 56.6 ◦C, 60.0 ◦C, and 61.0 ◦C were selected for the gradient PCR.
As shown in Figure 2, a clear thick band was visible using the annealing temperature of
60.0 ◦C. Table S2 shows the relative intensity of the PCR amplicons on the 3% agarose gel.
This finding proved that the DNA band present at 60.0 ◦C annealing temperature was the
perfect band for mecA gene amplification via PCR.
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Figure 2. Electrophoresis gel (3% agarose) of the PCR products of the mecA gene for PCR optimiza-
tion. The amplification optimized using MRSA isolates. Lane L = 1 kb ladder. The amplification of
optimized isolate for annealing temperature 55.0 ◦C, 56.6 ◦C, 60.0 ◦C, and 61.0 ◦C. Lane 1 = amplifi-
cation at annealing temperature 55.0 ◦C, Lane 2 = amplification at annealing temperature 56.6 ◦C,
Lane 3 = amplification at annealing temperature 60.0 ◦C, and Lane 4 = amplification at annealing
temperature 61.0 ◦C. A more apparent band was observed for the 60.0 ◦C reaction as shown in the
yellow box.

2.4.3. Detection of mecA Gene by Multiplex PCR

The multiplex PCR was used to detect mecA gene-encoded ceftriaxone resistance
directly from MRSA culture using the mecA gene and specific S. aureus 16S rRNA primers
as an internal control for the 16S rRNA gene, which is a conserved region in all prokaryotic
bacteria. In the MRSA bacteria, the mecA gene should amplify at 313 bp and the 16S rRNA
gene at 528 bp. In comparison, the methicillin-susceptible Staphylococcus Aureus (MSSA)
should only amplify the 16S rRNA gene at 528 bp. An MRSA confirmation test was carried
out using MRSA and MSSA isolates as the control. As shown in Figure 3, the MRSA isolates
successfully amplified the mecA gene (313 bp) and 16S rRNA gene (528 bp), while the MSSA
isolates only amplified the 16S rRNA gene (528 bp) as predicted.

Subsequently, different combinations of MEPL (1000 μg/mL and 2000 μg/mL) with
ceftriaxone (1000 μg/mL) were tested against the MRSA isolate to investigate the influences
of a different combinations of MEPL with ceftriaxone on the regulation of the mecA gene in
the tested MRSA strain. As shown in Figure 4, the mecA gene was present in the MRSA
isolate treated with MEPL and ceftriaxone at 1000 μg/mL; however, the combination of
MEPL with ceftriaxone at 2000 μg/mL of MEPL and 1000 μg/mL of ceftriaxone successfully
suppressed the presence of the mecA gene at 313 bp. In addition, as expected, the mecA
gene was not expressed in the tested MSSA isolate.
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Figure 3. Electrophoresis gel (3% agarose) of the PCR products of the mecA gene for the discovery
of the mecA gene from MRSA (Lane 2–3) and MSSA (Lane 4) isolates. Lane L = 100 bp ladder,
Lane 1 = empty lane, Lane 2 and 3 = MRSA isolates, Lane 4 = MSSA control isolate, and Lane
NEG = negative control. The yellow box: The mecA gene was expressed in MRSA strain while the
16S rRNA gene was expressed in both MRSA and MSSA strains.

Figure 4. Electrophoresis gel (3% agarose) of the PCR products of the mecA gene and 16S rRNA for the
detection of the mecA gene from MRSA (Lane 2–4) and MSSA (Lane 5) isolates. Lane L = 1 kb ladder,
Lane 1 = Treated MRSA isolate (in a combination of 1000 μg/mL PLLME and 1000 μg/mL ceftriaxone),
Lane 2 = Treated MRSA isolate (in a combination of 2000 μg/mL PLLME and 1000 μg/mL ceftriaxone),
Lane 3 = untreated MRSA isolates, Lane 4 = blank, Lane 5 = MSSA isolate (control), Lane 6 = empty lane
and Lane NEG = negative control. The yellow box: The mecA gene was not amplified in MRSA treated
with the combination of 2000 μg/mL PLLME and 1000 μg/mL ceftriaxone.

Figure 5 shows the relative intensity (Table S3) of the amplified multiplex PCR products
with the mecA gene and 16S rRNA bands formed on the electrophoresis gel using ImageJ
software. The ImageJ software analysis of DNA bands can be used to quantify the mecA
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gene expression in the MRSA isolate. The ImageJ software analysis on the relative intensity
of the mecA gene in MRSA provides quantitative data for the convenient evaluation of
qualitative electrophoresis gel results. Therefore, with the aid of the ImageJ software,
the quantification of the mecA gene band’s relative intensity on the electrophoresis gel
was further analyzed. The finding confirmed that the combination treatment of MEPL
(2000 μg/mL) with ceftriaxone (1000 μg/mL) against MRSA isolates (Figure 4, Lane 3)
displays a zero value for the mecA gene fragment (313 bp), which indicated the complete
suppression of the mecA gene in MRSA.

Figure 5. Relative band intensity by densitometry analysis of electrophoresis (3% agarose) gel of the
PCR products of the mecA gene and 16S rRNA performed using ImageJ quantification software. Lane
1 = Treated MRSA isolate (in a combination of 1000 μg/mL MEPL and 1000 μg/mL ceftriaxone);
Lane 2 = Treated MRSA isolate (in a combination of 2000 μg/mL MEPL and 1000 μg/mL ceftriaxone);
Lane 3 = untreated MRSA isolates, Lane 4 = blank, Lane 5 = MSSA isolate (control).

2.4.4. Antimicrobial Compounds in MEPL

Ultra High-Performance Liquid Chromatography (UHPLC) analysis was performed
to analyze and tentatively annotate the extracted metabolites in the MEPL with the
aid of the chemical library of Metlin_AM_PCDL-N-170502.cdb. The UHPLC analysis
of the MEPL showed the presence of several antimicrobial phytochemicals. Among
these, beta-himachalene (1.9%), 5Z,8Z,11Z,14Z-octadecatetraenoic acid (8.3%), 9Z,12Z,15E-
octadecatrienoicc acid (6.1%), and luteolin 7-rhamnosyl(1->6)galactoside (5.7%) were the
antimicrobial compounds in MEPL extract. The chemical structures of the antimicrobial
phytochemical compounds found in MEPL are presented in Figure 6.

36



Antibiotics 2023, 12, 477

Beta himachalene 5Z,8Z,11Z,14Z octadecatetraenoic acid

9Z,12Z,15E octadecatrienoic acid Luteolin 7 hamnosyl(1 >6)galactoside

Figure 6. Antimicrobial phytochemical compounds found in the methanol extract of Polyalthia
longifolia Leaf (MEPL) were detected using ultra high-performance liquid chromatography (UHPLC)
equipped with the chemical library.

3. Discussion

Methicillin-resistant Staphylococcus aureus (MRSA) infection has become one of the
most historic pathogenic bacterial infection associated with health issues in developing
countries. Moreover, the crucial mecA gene contributes to methicillin resistance in MRSA
strains, which encodes a novel penicillin-binding protein PBP2a. The global trend has
represented a rise in MRSA infections with the high emergence of multidrug-resistant
strains [12]. This bacterium has shown resistance to various antibiotics such as methi-
cillin, penicillin, and amoxicillin, including ceftriaxone. Ceftriaxone is a third-generation
cephalosporin and remains one of the most commonly used antibiotics for antimicrobial
therapy due to its efficacy and low therapeutic index [13,14]. It is reported that ceftriaxone
has a broad potency spectrum against Gram-positive and Gram-negative bacteria [15]. In
addition, ceftriaxone is used frequently to treat MSSA infections [16,17]. It has been used
as a first-line treatment against bacteremia alongside other antibiotic combinations [18].
The rise of microorganism resistance towards third-generation cephalosporins is a global
burden and has led to antimicrobial treatment failure. The bacterial organism becomes
inherently resistant to the increased use of antibiotics at a higher antibiotic dosage [19,20].
Besides, bacterial resistance to an antibiotic can also be attributed to random genetic muta-
tion [21] or the uptake of plasmid DNA (horizontal gene transfer) from foreign cells [22].
Hence, MRSA has become the center of this public health concern due to its high virulence
and resistance to a broad spectrum of antibiotics [23]. This widespread organism causes
challenges to both the healthcare system and patients due to increased hospitalization costs
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and notable mortality/morbidity rates [24]. In addition to this complication, antibiotics
often produce adverse effects, namely hypersensitivity, immune suppression, and allergic
reactions [25–28]. The need to develop new antimicrobials as an alternative to synthetic
antibiotics for MRSA treatment is achieved from various sources. Many developing coun-
tries commonly use medicinal plants in the treatment of multiple health complications.
The application of medicinal plant extracts rich with pharmacological activity, such as
P. longifolia and its associated phytochemicals, can significantly contribute to the treatment
of infectious diseases. Hence, the current research was performed to evaluate the synergis-
tic antibacterial activity of natural MEPL in combination with ceftriaxone against MRSA
bacteria.

The synergistic antimicrobial action between medicinal plant extracts and conven-
tional antibiotics has been extensively studied to overcome the antibiotic resistance prob-
lem [29–31]. Synergism takes place when two different molecules interact and strengthen
their actions. On the other hand, any reduction in activity from the combination treatment
is termed antagonism [32]. The synergistic properties of MEPL with ceftriaxone against
MRSA were evaluated in this study. The results indicated positive synergism in the combi-
nation treatment of MEPL and ceftriaxone compared to ceftriaxone or MEPL alone against
the MRSA bacteria. The MIC and MBC values of ceftriaxone and MEPL decreased in
the combination treatment, indicating the synergistic antimicrobial activity of MEPL in
combination with ceftriaxone. MEPL may promote synergistic antimicrobial properties
by acting as synergistic activity enhancers in combination with ceftriaxone, enhancing the
overall antibiotic effect. The advantages associated with the synergistic interactions are
that synergism effect increases treatment efficiency, decreases undesirable side effects of the
single drug, such as diarrhea, nausea, bloating, and indigestion, increases the bioavailability
of free agents, and an adequate therapeutic effect is achieved with comparatively smaller
doses when compared with individual synthetic antimicrobials [33]. Many researchers
have reported that combination therapy, mainly plant extracts with synthetic antibiotics,
exhibited a synergistic effect against S. aureus [34–37]. Interestingly, a recent study reported
impaired cell division, extensive wrinkles, cell shrinkage, and the emergence of rougher
cells with fibrous matrix and clustered cells, highlighting the synergistic effect of ethyl
acetate P. longifolia in combination with ampicillin against MRSA cells [10,11]. Another
study has also suggested that the membrane-disrupting activity of combination therapy
between Trp-containing antimicrobial peptides (AMPs) with four classes of traditional
chemical antibiotics, namely penicillin, ampicillin, and erythromycin, increases the access
of small molecule antibiotics to the cell, which allows the synergistic activity to improve
antimicrobial agents’ effectiveness, increasing bacterial killing and prevent resistance de-
velopment [38]. Moreover, AL-Ali et al. [39] reported the synergistic antimicrobial activity
of various plant extracts in combination treatment against multi-drug resistance (MRSA) S.
aureus. The combination of four plant extracts, namely Mentha cervina, Mentha longifolia,
Ocimum basilicum, and Origanum vulgare showed good synergistic antibacterial activity
against the multi-drug resistance (MDR) S. aureus. Besides, another independent study
has reported the antimicrobial activities of the methanol, acetone, and 1,4-dioxan fractions
of P. longifolia leaves [40]. The tested sample showed better antibacterial activity against
Gram-positive bacterial and fungal strains than the Gram-negative bacterial strains studied.

Various secondary metabolites in the MEPL, as reported in the literature, such as
flavonoids, alkaloids, and diterpenoids [41], can be responsible for the observed an-
timicrobial properties of the MEPL. Hence, screening of MEPL was performed to an-
notate the chemical profiles using UHPLC analysis equipped with the chemical library
of Metlin_AM_PCDL-N-170502.cdb to identify the bioactive chemical constituents that
could be responsible for the observed antimicrobial activity. UHPLC analysis led to the
detection of the various chemical constituents, as shown in Figure 6. Moreover, the pres-
ence of himachalene and its derivatives [42], fatty acid octadecatetraenoic (9Z,12Z,15E-
octadecatrienoicc acid and 5Z,8Z,11Z,14Z-octadecatetraenoic acid) [43,44], and luteolin
and its derivatives [45] compounds were found in MEPL, which were previously reported
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to show good antimicrobial activity against various microbes including S. aureus, which
might have contributed to the observed antimicrobial activity of the MEPL in this study.
Besides, rutin was used to standardize the MEPL extract in this study since rutin enhanced
the antibacterial activities, as reported in the literature [46]. As observed in this study, rutin
also might contribute to the synergistic effect of the MEPL extract.

In addition, various reports in the literature reported the isolation of compounds from
P. longifolia with antimicrobial and synergistic antibacterial activity. Interestingly, seven
antimicrobial clerodane diterpenoids, namely 16(R and S)-hydroxy-cleroda-3,13(14)Z-dien-
15,16-olide, 16-oxo-cleroda-3,13(14)E-dien-15-oic acid, methyl-16-oxo-cleroda-3,13(14)E-
dien-15-oate, 2-oxokolavenic acid, 16(R and S) hydroxy-cleroda-3,13(14)Z-dien-15,16-olide-
2-one, (4→2)abeo-16(R and S)-hydroxy-cleroda-2, 13(14)Z-dien-15, 16-olide-3-al, and 3β,
16α-dihydroxy-cleroda-4(18), 13(14)Z-dien-15,16-olide [47] were isolated from the methanol
extract of P. longifolia leaves, which are widely reported for their antibacterial and antifungal
properties [48]. Furthermore, diterpenoids induce bacterial membrane disruption [49],
which may allow other compounds to enter cells to initiate antibacterial activity in a
combination therapy mode. Therefore, the presence of diterpenoids [49] and flavonoids [50]
in the MEPL, as reported in the literature, can be hypothesized to be synergistic and enhance
the antibiotic function by disrupting the membrane of the MRSA and making it susceptible
to ceftriaxone. In particular, the presence of clerodane diterpene 16α-hydroxycleroda-
3, 13 (14) Z-dien-15, 16-olide (CD) has been reported to be synergistic against MRSA
through the disruption of the cell membrane [51]. In addition, the combination of CD, a
bioactive compound in MEPL, reduced the MIC of fluoroquinolones, such as norfloxacin,
ciprofloxacin, and ofloxacin, against MRSA through significant inhibition of the efflux
pump [52]. Efflux pumps have been cited as the main reason for the emergence of multidrug
resistance bacteria towards various antibiotics among Gram-positive and Gram-negative
bacteria [53]. It was reported that CD downregulates the expression of efflux pump genes,
such as norA, norB, norC, mdeA, and mepA, which are the genes responsible for expelling
antibiotics outside the S. aureus cells [54]. Therefore, it can be deduced that the bioactive
compounds in the MEPL may play a similar role in inhibiting the efflux pump in S. aureus
and synergistically reversing the resistance of MRSA towards ceftriaxone.

This study also attempted to assess whether the combination of MEPL with ceftriaxone
influences the presence of the mecA gene by observing the presence of the mecA gene on
the agarose gel upon treatment. In this study, MEPL from P. longifolia with ceftriaxone
inhibits the manifestation of the resistant mecA gene in the studied strain. In the presence
of β-lactam derivatives, the MRSA strains will not demonstrate growth inhibition and
can retain their capacity to expand the zone of inhibition [55]. The methicillin-resistant
mecA gene in MRSA isolates encodes PBP2a, a transpeptidase that inhibits the antibiotic’s
antimicrobial action. Another study has reported that the mecA gene can be a useful
molecular marker for MRSA isolates [56]. In contrast, S. aureus isolates lacking the mecA gene
can be considered as MSSA strains [57]. The mecA-positive strains differ in the expression
levels to methicillin resistance, which may be complex and difficult to diagnose [58].
Therefore, molecular techniques, such as polymerase chain reaction (PCR), are suitable for
detecting the methicillin resistance mecA gene. The multiplex PCR technique utilized in
this study is a rapid tool and considered the “gold standard” for detecting the methicillin
resistance mecA gene due to its efficacy and accuracy [59]. Optimization of the PCR protocol
is routine and necessary for better sensitivity and specificity. Adequate DNA templates
and optimum annealing temperature are crucial factors for successfully amplifying the
mecA gene [60]. This was evidently supported by the current research results, where the
positive control MRSA isolate amplification was improved with the appropriate annealing
temperature and DNA template.

Besides, the influence of MEPL on the mecA gene in MRSA bacteria was proven by
the finding of the checkerboard method conducted in this research to assess the synergistic
action of MEPL and ceftriaxone. The checkerboard method results indicate the synergistic
effect of ceftriaxone combined with MEPL against MRSA by enhancing the antimicrobial
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effect. The mecA gene analysis in the MRSA treated with ceftriaxone (1000 μg/mL) com-
bined with MEPL (2000 μg/mL) by multiplex PCR examination showed the absence of the
mecA gene band. This finding indicated that the gene-specific primers could not identify
and bind to the region coding the mecA gene. This finding disclosed the effective influence
of MEPL on inhibiting the presence of the mecA gene in MRSA bacteria. The combination
of ceftriaxone and MEPL influenced the presence of the mecA gene in MRSA to make the
local strain susceptible to ceftriaxone. Interestingly, several studies report on the influence
of medicinal plant extracts on bacterial gene expression, namely T. integrifolia, Eurycoma
longifolia Jack, and Helmintostachys zeylanica against Salmonella typhimurium strains via the
Ames Test [56,61]. Alkaloids, such as β-carboline, have been a vital influence against
bacterial DNA [57,58,62,63]. It was reported that β-carboline alkaloids, such as harman
and harmine of Passiflora spp. (Passifloraceae), are responsible for DNA damage of Sac-
charomyces cerevisiae [59,64]. In another study, the mutagenic properties of the methanolic
extract of Byrsonima crassa Niedenzu was reported due to amentoflavone. Plant extracts
containing flavonoids, such as Quercitin, have also been implicated in mutagenesis [60,65].
Therefore, flavonoids [50] and alkaloids [61,66] in MEPL might be responsible for the
observed suppression of the expression of the mecA gene, which warrants further detailed
studies.

The present research studies the antimicrobial effects and modulation of mecA gene
expression by MEPL combined with ceftriaxone against an MRSA strain for possible ap-
plication as a natural product agent. The MEPL combination with ceftriaxone exhibited
vigorous antimicrobial activity against the MRSA isolate. Moreover, MEPL showed a
synergistic antibacterial effect with ceftriaxone against the tested MRSA strain and sup-
pressed the presence of the resistant mecA gene. From the findings of this research, it
was established that MEPL could reinstate the effectiveness of ceftriaxone against MRSA.
Consequently, the findings of this research propose that the MEPL and ceftriaxone com-
bination could develop novel natural remedies based on combination antibiotics therapy
against MRSA infection. Furthermore, various in vitro and in vivo experiments, such as the
genotoxic effect evaluated via plasmid relaxation assay, acute oral toxicity studies in animal
models, and the Allium cepa assay [67], showed that MEPL was not toxic and safe in human
applications. The in vivo acute oral toxicity study showed that MEPL was safe even at a
single dose of 5000 mg/kg body weight in female albino Wistar rats. Besides, the literature
also reports that MEPL exhibits various biologically beneficial effects. The antimicrobial
activity of P. longifolia leaf extracts were also reported by Chanda and Nair [40] against
91 clinically significant pathogenic microbial strains. The polyphenol-rich MEPL exhibited
good antioxidant and hepatoprotective activities against paracetamol-induced oxidative
damage [67,68]. Besides, the MEPL also supported the X-ray irradiated mouse survival
rate increases compared to 100% mortality in the untreated mice [69], and renoprotection
against radiation-induced nephropathy by an anti-oxidative molecular mechanism [70].
These findings highlight that MEPL decreased oxidative stress and nephropathy in rats
due to its anti-inflammatory activities. Moreover, MEPL also showed good cytotoxicity
against HeLa cancer cells via inducing apoptotic cell death and miRNA regulation [71–74].
A recent study also showed that MEPL exhibited good antiaging activities in S. cerevisiae
by modulating oxidative stress, enhancing GSH content, and increasing SOD and SIRT1
gene expression [75].

4. Materials and Methods

4.1. Polyalthia longifolia Leaf

Mature leaves of P. longifolia were collected (Voucher specimen number: USM/
HERBARIUM/11306) from University Sains Malaysia (USM), Pulau Pinang, Malaysia
main campus, in February 2020. The leaves were rinsed thoroughly with tap water and
air dried under shade inside the laboratory for about 2 weeks until the leaves were dried
entirely. Dried leaf parts were homogenized to a fine powder using a regular blender and
stored in airtight bottles.
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4.2. Preparation of Polyalthia longifolia Leaf Extract

Dried powder P. longifolia leaves then underwent methanol extraction using a cold
percolation process on a rotary shaker [76]. A mass of 100 g of dried powder of P. longifolia
leaves was added into a conical flask and soaked in 1000 mL of methanol. The flask was
sealed with aluminum foil and kept on a rotary shaker (Ohaus, Parsippany, NJ, USA) at
190–220 rpm for 3 days. After 3 days, the content of the flask was filtered at different
levels, initiated via 8 layers of muslin cloth followed by Whatman No. 1 filter paper to get
the crude extract. The filtrates were then collected and concentrated in a rotary vacuum
evaporator (Eyela, Bohemia, NY, USA) [77] at 120 rpm and 200 pi at 41 ◦C overnight to
remove solvents from samples through the evaporation process. The concentrated extract
was then collected in a glass Petri dish, kept in the oven (60 ◦C), and incubated to remove
excessive methanol further from the sample. A constant weight of the completely solvent-
free filtrates was obtained after incubation in the oven. The filtrates were then stored at
4 ◦C in air-tight bottles. The final product of the methanol extract of Polyalthia longifolia
leaf (MEPL) was used to conduct the antibacterial study. The MEPL stock solution was
dissolved and prepared in 5% DMSO at a final 10 mg/mL concentration. The rutin measure
in MEPL extract was established on the peak area calculated from the calibration curve
equation of commercially (Sigma-Aldrich, St. Louis, MO, USA) available rutin (5, 10, 100,
400, 600, 800, and 1000 μg/mL) compound (standard) (y = 275,885x, r2 = 0.9977). The
amount of rutin in the MEPL was found to be 8.96 μg (0.896%) in 1000 μg [69].

4.3. Test Microorganism Collection and Maintenance

The Gram-positive bacterium MRSA and MSSA were collected from the Penang
General Hospital Microbiology Unit (GH), Penang, Malaysia. The MRSA and MSSA strains
were aseptically removed with an inoculating loop and streaked in a zig-zag pattern onto
the freshly prepared nutrient agar (NA) plate. The MRSA and MSSA strains on the NA
plate were grown for 24 h at 37 ◦C. The stock culture was then stored at 4 ◦C. The stock
culture was sub-cultured every 3 weeks to maintain viability.

Antimicrobial Susceptibility Test

Antimicrobial susceptibility testing (AST) of bacterial isolates is a collective and sig-
nificant technique in most clinical laboratories. In this study, AST was conducted using
the Kirby Bauer technique [78] based on the Clinical Laboratory Standard Institutions [79]
guidelines on molten Mueller Hinton Agar (MHA). The steps involved in this assay are as
follows.

4.4. Culture Media and Inoculum Preparation

The test organisms were grown on molten Mueller Hinton Agar (MHA) at 37 ◦C during
the antibacterial susceptibility test. The molten MHA was prepared according to the manu-
facturer’s instruction (Oxoid, Basingstoke, UK), autoclaved and poured onto sterile Petri
dishes, and solidified at room temperature. An inoculum suspension (1.5 × 108 cells/mL)
equal to 0.5 McFarland was prepared by inoculating 5 similar colonies with a wire loop in
up to 5 mL of tryptone soya broth (TSB) and incubated at 37 ◦C for 8 h up until mild-to-
moderate turbidity growths could be seen.

4.5. Agar Disc Diffusion Assay of Ceftriaxone

A sterile cotton swab was dipped into the prepared inoculum of the MRSA suspension,
which was rotated resolutely against the tube’s upper inside wall to rapidly removed excess
fluid and then streaked through the entire surface of MHA plates. The plate was allowed
to dry at room temperature with the inoculum, with the lid in place, for about 10 min.
Standard antibiotic discs of ceftriaxone (8 μg/mL, 16 μg/mL, 32 μg/mL, and 64 μg/mL),
also known as blank cartridges (Oxoid, Basingstoke, UK), were placed on the upper layer
of the seeded agar plate and gently pressed on the disc’s handle while making sure all
the discs were completely attached to the medium. The plates were incubated for 24 h at
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37 ◦C. The formation of a clear zone of inhibition of ≥21 mm in diameter was considered
a significant susceptibility of the organism to the MEPL extract. The experiment was
replicated three times, and the mean value is displayed in this study. By measuring the
diameter of the zone of inhibition, the antimicrobial activity was determined and recorded
in millimeters with the aid of sliding calipers, and the organisms present were classified as
sensitive, resistant, or intermediate, referring to CLSI guidelines (Table 3). The 5% DMSO
was used as a negative control.

Table 3. Diameter of inhibition zone interpretative criteria for S. aureus.

Diameter of Zone of Inhibition (mm)

Potency Resistant Intermediate Sensitive

Ceftriaxone 30 μg ≤13 14–20 ≥21

4.6. Agar Well Diffusion Method of Antibacterial Susceptibility Test for MEPL

The agar well diffusion method evaluated the antimicrobial activity of the MEPL with
certain modifications. MRSA was grown on nutrient broth (NB) and incubated at 37 ◦C for
24 h. A total of 1600 μL of overnight NB culture was added to 120 mL of molten MHA and
mixed well; the mixture was then poured into a sterile Petri dish and set aside to allow the
plate to dry at room temperature. A sterile 5 mm in diameter cork-borer was used on the set
agar to create wells. Subsequently, 25 μL of diluted plant extract in a sequence of 8 mg/mL,
7 mg/mL, 6 mg/mL, 5 mg/mL, 4 mg/mL, 3 mg/mL, 2 mg/mL, and 1 mg/mL was applied
to the wells, and the plates were then incubated at 37 ◦C overnight. The bacterial growth
was assessed based on the diameter of the inhibition zone. The tests were performed in
triplicate, and average values were recorded. A 5% DMSO solution was used as a negative
control.

4.7. Evaluation of the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) of the MRSA Isolate against Ceftriaxone and MEPL
4.7.1. Determination of the MIC of Ceftriaxone and MEPL against the MRSA Isolate

To determine the MIC concentration of ceftriaxone and MEPL against the MRSA
isolate, the broth dilution method was used under the CLSI guideline. Two-fold serial
dilutions of the ceftriaxone at a concentration of (8000—62.5 μg/mL) and the MEPL in the
arrangement of 16,000–62.5 μg/mL in 5% DMSO were prepared in sterile capped universal
bottles. Subsequently, 2 mL of overnight incubated (37 ◦C) MRSA suspension was added
to 2 mL of each concentration of the antibiotic ceftriaxone and MEPL dilution followed
by vortexing and 18 h incubation at 37 ◦C. The negative control comprised MHB and
ceftriaxone antibiotic, while the positive control was MHB and MRSA suspension. Another
2 mL broth prepared in the universal bottle was inoculated MRSA and kept overnight in a
refrigerator at 4 ◦C separately. The tube was used as a standard for determining complete
inhibition. The MIC value was determined as the lowest concentration of ceftriaxone and
MEPL inhibiting the MRSA by referring to turbidity. Besides, comparing to the standard
tube incubated previously in the refrigerator was used to assess the inhibition of the
organism’s growth.

4.7.2. Determination of the MBC of Ceftriaxone and MEPL against the MRSA Isolate

Immediately after the MIC determination, the tubes with ceftriaxone and MEPL
inhibiting the MRSA growth were used to determine the MBC. Subsequently, about 100 μL
of the inoculum was added to a sterile NA media plate and incubated for 24 h in a 37 ◦C
incubator to observe possible bacterial growth. The lowest concentration of ceftriaxone and
MEPL in the subculture that showed no bacterial growth on the plate was considered the
MBC [80].
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4.8. Investigation of the Synergistic Properties of MEPL with Ceftriaxone
4.8.1. Preparation of MEPL and Ceftriaxone for Synergistic Study

Two-fold serial dilutions of the extracts (16,000–62.5 μg/mL) and ceftriaxone
(8000–62.5 μg/mL) were prepared. A combination drug was prepared at a ratio of 1:1
of MEPL:ceftriaxone from the highest to lowest concentration to investigate of the synergis-
tic properties of MEPL with Ceftriaxone.

4.8.2. Measurement of the Fractional Inhibitory Concentration (FIC) by
Checkerboard Analysis

Ninety-six well microtiter plates were used to measure the FIC concentration for
synergistic activity between MEPL and ceftriaxone [81,82]. The inoculum suspension
was prepared in MHB. A total volume of 100 μL of two-fold dilution of EPL/ceftriaxone
combination (1:1 ratio) was added to 900 μL of the inoculum suspension into each well of
the microtiter plates, bringing the final total volume to 1 mL. The ceftriaxone was placed
in columns in ascending concentrations starting at zero MIC and ending at two times the
MIC. The MEPLs were similarly distributed among the rows. Accordingly, each well of
the 96-well microtiter plate had a unique combination of different concentrations of the
antibiotic and MEPL. Two control wells were preserved for each test batch. These included
the test control (the well containing MEPL/antibiotic and the medium without inoculum)
and organism control (the well containing the growth medium and the inoculum). The
plate was incubated overnight at 37 ◦C. The MIC value was determined as the lowest
concentration of ceftriaxone and MEPL inhibiting the MRSA by referring to turbidity.

Calculation of the Fractional Inhibitory Concentration (FIC) Index

The ΣFICs were computed with the formulae below [83]:

• FIC of plant extracts = MIC of MEPL in combination/MIC of MEPL alone
• FIC of antibiotic = MIC of antibiotic in combination/MIC of antibiotic alone

FIC index = FIC of MEPL + FIC of antibiotic

Synergy was defined as a FIC index ≤ 0.5.
The additive effect was defined as a FIC index > 0.5 but ≤4.0.
Antagonism was defined as a FIC index > 4.0.

4.9. Presence of the mecA Gene in MRSA Treated with Different Combinations of MEPL
and Ceftriaxone
4.9.1. Concentration-Dependent Assay of Ceftriaxone and MEPL against MRSA and
MSSA Isolates

The one-day-old cultures of MRSA and MSSA isolates were inoculated in 50 mL MH
broth and incubated at 37 ◦C at 120 rpm agitation. The next day, the MRSA and MSSA
isolates were treated with different combinations of plant extract dosages and antibiotics
as 1000 μg/mL ceftriaxone with 1000 μg/mL or 2000 μg/mL MEPL. The cultures were
incubated at 37 ◦C at a 120 rpm agitation rate for 24 h. The next day, the culture was
pelleted at 0.12× g (120 rpm) speed for 10 min in a tabletop centrifuge. The pellets were
then subjected to genomic DNA extraction.

4.9.2. Genomic DNA Extraction

The ready-to-use DNA mini kit from Stratec Molecular GmbH Berlin, Germany, was
used to separate bacterial DNA from MRSA and MSSA strains. The genomic DNA of
MRSA and MSSA strains was purified using the bacterial DNA purification mini kit
(Stratec Molecular, Berlin, Germany) following the manufacturer’s protocol, and stored at
−20 ◦C.
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4.9.3. DNA Quantification

The eluted genomic DNA was quantified by measuring UV absorption using a Nan-
oDrop spectrophotometer (BioRad, Hercules, CA, USA). The integrity of each eluted DNA
sample was evaluated by subjecting it to 0.8% (w/v) agarose gel electrophoresis analysis,
and the DNA samples were kept at −20 ◦C for future analysis.

4.9.4. Multiplex Polymerase Chain Reaction (PCR)

The genomic DNA was further subjected to multiplex PCR amplification to detect
targeted genes (mecA and 16S rRNA). The multiplex PCR amplification was carried out
using a Bio-Rad thermal cycler. PCR was carried out in 50 μL reaction mixtures, 25 μL
Quick-Load 2X power Taq Master Mix applied with 1 μL reverse primer (1 μM) and 1 μL
(1 μM) forward primer and genomic DNA (30 ng/μL). Sterile distilled water was added to
bring the total volume to 50 μL. The negative control comprised just the Quick-Load 2X
power Taq Master Mix, primers, and sterile water. The list of primers used in this study is
listed in Table 4. The conditions of the gradient multiplex PCR (30 cycles) used in this study
are as follows: denaturation at 95 ◦C for 30 s, annealing at 55–61 ◦C for 30 s, and eventually
elongation at 72 ◦C for 30 s [84]. After the optimization of the annealing temperature, a
conventional multiplex PCR was carried out using the same conditions of 95 ◦C for 30 s,
followed by annealing at 60 ◦C for 30 s, and eventually elongation at 72 ◦C for 30 s. All
PCR products were then assessed using 3% (w/v) gel electrophoresis.

Table 4. PCR primer sequences for the detection of MRSA.

Primers Oligonucleotide Primer Sequences (5′ to 3′) Amplicon Size (bp)

mecA 761R CTT GTA CCC AAT TTT GAT CCA TTT G 313
mecA 449F AAA CTA CGG TAA CAT TGA TCG CAA

16S rRNA 914R AAC CTT GCG GTC GTA CTC CC 528
16S rRNA 387F CGA AAG CCT GAC GGA GCA AC

4.9.5. Agarose Gel Electrophoresis Analysis of the PCR Product

The agarose gel (3%, w/v) was prepared using 3 g gel powder dissolved in 100 mL of
TBE buffer before microwave heating for up for 2 min. A 1 μL loading dye ratio to 3 μL PCR
liquid (1:3) was used for all reactions. A volume of 4 μL of the sample and appropriate DNA
ladder was loaded into each well and ran at a constant 65 V power supply for 40 min. Once
the bromophenol blue stain hit more than two-thirds, the gel was examined by staining
with ethidium bromide under a UV trans-illuminator (Appleton Woods, Birmingham, UK)
to observe the specific band locations of the amplified DNA, which were recorded in an
automatic gel documentation scanner. The intensity of the bands was quantified by using
the ImageJ software.

4.10. LC–ESI–MS/MS Identification of Antimicrobial Compounds in MEPL

Identification of the antimicrobial compounds was carried out by using the Agi-
lent 1200 series Ultra High-Performance Liquid Chromatography (UHPLC) system (Agi-
lent Technologies, Santa Clara, CA, USA), coupled with an Agilent 6520 Accurate-Mass
quadrupole-time of flight (Q-TOF) mass spectrometer with a dual electrospray ionization
source (ESI). The UHPLC system, equipped with the chemical library of Metlin_AM_PCDL-
N-170502.cdb, consisted of a vacuum solvent degassing unit, a capillary pump, and an
automatic sample injector. The ESI operated in positive and negative modes with an m/z
range from 100–3200. ESI conditions were as follows: fragmentor voltage 125 V; nebulizer
pressure 45 psi; capillary voltage 3500 V; gas temperature 300 ◦C, gas flow 10 L/min, and
skimmer 65 V. The chromatography was performed using Agilent Zorbax Eclipse XDB-C18,
Narrow-Bore 2.1 × 150 mm, 3.5 microns (Agilent Technologies, Santa Clara, CA, USA).
The auto-sampler compartment was maintained at 4 ◦C, and the mobile phase was 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The multi-step linear
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gradient was applied as follows: 5% solvent B for 5 min and the gradient keep isocratic at
100% solvent B from 20 min to 25 min. The initial condition was held for 5 min before the
subsequent analysis. The injection volume was 1 μL, and the flow rate was 0.5 mL/min.
The chromatographic separation was performed using C18 column (Agilent Eclipse XDB-
C18 Narrow-bore, 150 mm × 2.1 mm, 3.5-micron) and the column temperature was 25 ◦C.
The compounds in MEPL were identified via the Metlin database by using the spectra of
chromatograms obtain from liquid chromatography mass spectrometric analysis, which de-
termined the molecular mass of the compounds in the crude extract. The mass spectra of the
compounds derived from UHPLC were run against the Metlin_AM_PCDL-N-170502.cdb
library for the identification of homologous compounds via Agilent Mass Hunter software.
The determination of the novelty of the identified compounds was performed on Scifinder
software. Conversely, previously testified compounds were subjected to a literature search
for biological activities, specifically for antimicrobial activity.

5. Conclusions

In conclusion, the results obtained in this study demonstrate the potential of MEPL
to be a candidate for combination therapy against MRSA bacteria because it has a syn-
ergistic antibacterial effect with ceftriaxone in the tested strain. The killing effect of the
combinatorial treatment is connected with the inhibition of the presence of the mecA gene
in staphylococcal resistance to β-lactams antibiotics. The antimicrobial compound analysis
the in MEPL extract showed the presence of several antimicrobial compounds known for
their antibacterial activity. These discoveries provided a novel choice for clinicians to use
natural MEPL in combination with antibiotics in MRSA infection treatment. Further study
is also needed in an animal model to evaluate MEPL and ceftriaxone combination therapy
in vivo efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12030477/s1. Table S1. Extracted MRSA genomic
DNA concentration and purity. Table S2. The relative intensity of PCR products of the mecA gene for
PCR optimization was obtained using ImageJ quantification software. Table S3: The relative intensity
of PCR products of the mecA gene and 16S rRNA was obtained using ImageJ quantification software.
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Abstract: Pathogens (disease-causing microorganisms) can survive up to a few days on surfaces and
can propagate through surfaces in high percentages, and thus, these surfaces turn into a primary
source of pathogen transmission. To prevent and mitigate pathogen transmission, antimicrobial
surfaces seem to be a promising option that can be prepared by using resilient, mass-produced
polymers with partly embedded antimicrobial nanoparticles (NPs) with controlled size. In the
present study, a 6 nm thick Ag nanolayer was sputter deposited on polycarbonate (PC) substrate
and then thermally annealed, in a first step at 120 ◦C (temperature below Tg) for two hours, for
promoting NP diffusion and growth, and in a second step at 180 ◦C (temperature above Tg) for
22 h, for promoting thermal embedding of the NPs into the polymer surface. The variation in the
height of NPs on the polymer surface with thermal annealing confirms the embedding of NPs. It was
shown that the incorporation of silver nanoparticles (Ag NPs) had a great impact on the antibacterial
capacity, as the Ag NP-embedded polymer surface presented an inhibition effect on the growth of
Gram-positive and Gram-negative bacteria. The tested surface-engineering process of incorporating
antimicrobial Ag NPs in a polymer surface is both cost-effective and highly scalable.

Keywords: polycarbonate; silver nanoparticles; thermal embedding; glass transition temperature;
antimicrobial activity

1. Introduction

Infectious diseases (IDs) are a leading cause of death worldwide and affect so many
people globally per year. Pathogens (bacteria, fungi and viruses), including virulent and
drug-resistant strains, have consistently been found in high percentages on surfaces all over
the world [1,2]. Most pathogens are able to survive on surfaces for up to several months that
can act as primary sources of pathogen transmission if no disinfection is performed [3–5].
This transmission of pathogens through inanimate surfaces and equipment is a crucial
challenging health problem in intensive care units all over the world [5]. Another common
example is the transmission of impetigo (a very contagious skin disease that affects mostly
children) through contaminated toys [6].

To prevent this surface transmission of diseases, novel multifunctional antiviral/
antimicrobial surfaces need to be developed. Silver nanoparticles (Ag NPs) have been
shown to exhibit broad-spectrum antiviral/antimicrobial properties, including against
virulent and drug-resistant strains [7]. Although they have been associated with health
hazards [7], when released in small concentrations, Ag is non-toxic to humans, leading to an
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increased interest in their application in medical devices [8,9], and also being highlighted as
an anti-inflammatory agent [7]. Ag NPs have also been investigated as a potential anticancer
agent [10,11]. In vivo assays demonstrate the effectiveness of Ag NPs on antimicrobial
activity, epithelization, and collagen deposition [12]. Ag antimicrobial activity mechanism
may occur in various forms such as ionic, reactive oxygen species (ROS), or by NPs
internalization, depending on the embedding matrix [7,13,14].

Further extension of applications of biocide metals can be made possible via poly-
mer/metal composites. A large percentage of the steady growth of the polymer market
is due to their interesting properties, such as stiffness/flexibility, opacity/transparency,
durability, barrier behavior for gases and liquids, chemical and heat resistance, and low
production cost [15]. This set of properties has unlocked their extensive use in several
industries and applications, including in medical devices, packaging products, and delivery
systems for solid and liquid pharmaceuticals [15]. Thus, the development and deployment
of antimicrobial polymers could be a highly desirable strategy to avoid surface transmission
of pathogens. Such polymers could be prepared either by embedding a biocide agent into
the bulk polymer or by stabilizing bioactive NPs over the polymeric surfaces [16,17].

Polycarbonate (PC) is a transparent thermoplastic with carbonate functional groups,
which can be melted and forced into a mold with high pressure to give it the desired
shape. It has remarkable mechanical and optical properties, being resistant to impact and
fracture [18]. Moreover, it may show eco-friendly processing and recyclability. Due to
its desirable characteristics, PC is extensively used worldwide in products such as water
bottles, monitor screens, aircraft interiors, screens, cover sheets, automotive light covers,
etc. [18–20]. Therefore, the development of a post-processing, affordable, scalable method
for making PC surfaces antimicrobial might have a great positive impact on human health
and safety.

The direct deposition of NPs with biocide activity over the surface of materials is an
efficient way to provide it with antiviral/antimicrobial functionality. Physical, chemical,
and biological methods can be used to synthesize such NPs [10,11,13]. However, the de-
posited NPs usually show very low adhesion and, hence, can easily agglomerate and/or be
lost to the environment by simple mechanical action. A promising method to stabilize NPs
on a surface consists of the thermal embedding of NPs over an amorphous substrate [21].
Per surface science, the immersion on a rigid metal NP of a soft material can occur when
the surface tension of the NP/air interface is greater than the sum of the surface tensions
at the matrix/air and NP/matrix interfaces [22–24]. Considering our system, the surface
tension of Ag (1200 mJ/m2) is significantly higher than that of PC (30–40 mJ/m2) [25,26].
However, in the case of a solid-state polymer such as PC, the NP embedding requires a
change in Gibbs free energy to promote the work of adhesion. This energy can be provided
by external heating (thermal annealing) at a temperature near the thermal softening tem-
perature (Tg) of the amorphous material, leading to an increase in polymer chain mobility
at the polymer/air interface and facilitating the indentation [20,27].

In this study, PC polymeric surfaces were coated with Ag NPs and subsequently
thermally annealed below and above the substrate’s Tg. The samples were characterized
concerning surface morphology, NP adhesion, reflectivity and antibacterial properties.

2. Materials and Methods

2.1. Ag Nanoparticles Deposition

An Ag nanolayer with a nominal thickness of ~6 nm was deposited using a pure
(99.99%) Ag planar target (50.8 mm in diameter by 3 mm in thickness) in a pure (99.999%) Ar
atmosphere. Ar flux in the inlet was set to 30 sccm, corresponding to a constant deposition
pressure of 0.3 Pa. The target-to-substrate distance was maintained at 12 cm, and the rotation
speed of the substrate holder was set to 30 rpm. The substrate holder was kept at a floating
potential. PC substrates of 10 × 10 × 5 mm were used. Preceding the depositions, the
PC substrates were cleaned in an ultrasonic bath, in two steps using different solvents:
ethanol, and distilled water, each one for 10 min. A DC power supply (Advanced Energy
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Pinnacle Plus, CO, USA) was used with a constant power of 100 W during deposition.
The deposition chamber was pumped with rotary (Pfeiffer Vacuum, Germany DUO 20 M,
pumping speed 20 m3/h) and diffusion (BOC Edwards Diffstak, England 160/700, pumping
speed 2736 m3/h) pumps to a base pressure below 5 × 10−4 Pa.

2.2. Thermal Annealing Treatments

In thermogravimetric (TG) measurements, a Netzsch TG 209 F1 Libra was used, where
a nitrogen flow of 20 mL/min was used, with a heating ramp at 10 K/min from 30 to
600 ◦C. Regarding the conditions defined in the differential scanning calorimetry (DSC)
measurements, a nitrogen flow of 40 mL/min and a heating rate of 20 K/min between
−95 and 300 ◦C was implemented. The equipment used was the Netzsch DSC 204 F1
Phoenix. For data processing of results, the Proteus 8.0® program was used. DSC was
performed on the PC substrate to determine its glass transition temperature (Tg). Based
on this observation, thermal annealing of the deposited substrates was performed in a
two-stage sequence: (i) in the first step, the substrates were annealed in the oven for two
hours at 120 ◦C (a temperature below the substrate Tg) to promote thermal dewetting of
the Ag nanolayer and NP formation; (ii) in a second step, these samples were subsequently
heated for 22 h at 180 ◦C (a temperature above the substrate Tg) to promote NP growth
and NP thermal embedding.

2.3. General Characterizations

In this work, in order to test the adhesion of the coatings/NPs to the polymeric
substrates, 1 cm viton balls were adapted into a scratch tester stylus to perform scratch
tests using a progressive load setup up to 15 N. The vertical load rate was set to 100 N/min,
whereas the horizontal velocity was set to 30 mm/min. Experiments were performed in a
CSEM Revetest automatic scratch tester.

The surface morphology of samples was analyzed by atomic force microscopy (AFM)
on a Bruker diInnova using a silicon tip with 6 nm of tip radius. The scan area for all
films was 5 × 5 μm2. Grain size, shape, and height distributions were obtained for each
sample using the open-source software Gwyddion 2.61. For the reflectivity measurement,
the device used was a portable spectrophotometer of the brand ColorEye® XTH, model
Greta Macbeth with SCI (specular component included). The reflectivity values are given
as a function of the wavelength of the light, corresponding in this case to a range between
360 and 750 nm, with an increment of 10 nm between the points.

2.4. Antibacterial Assessment

The antibacterial activity of the films was tested using two bacteria, a Gram-positive
Staphylococcus aureus (ATCC 6538) and a Gram-negative Escherichia coli (CECT 434). The
zone of inhibition (ZoI) or halo test, adapted from the Kirby–Bauer method, was performed
to evaluate the antibacterial activity. Firstly, the samples were esterized by exposure to
UV light for 1 h. The inoculum of each bacterium was prepared by inoculation of a single
colony in 30 mL of Tryptic Soy Broth (TSB, Frilabo, Milheirós, Portugal) and incubated at
37 ◦C and 120 rpm overnight. The optical density (OD) of the inoculum was measured at
620 nm and properly diluted in culture media to 1 × 108 CFU/mL. An aliquot of cellular
suspension (100 μL) was spread in Tryptic Soy Agar (TSA, Merck, Darmstadt, Germany)
Petri dishes. After medium solidification, the samples were placed separately on the top
of the agar plate, placed on the side with the film in contact with the agar, and incubated
for 24 h at 37 ◦C. After the incubation period, the halo (transparent medium zone, which
translates that there is no bacteria growth) formed around the samples was photographed
to record the results (images captured by Image LabTM software 3.0). All the experiments
were repeated with at least three independent assays. After the halo test, the samples were
removed and washed three times in distilled water, followed by sequential dehydration in
graded ethanol solutions (70, 95, and 100% (v/v) for 10, 10, and 20 min, respectively), and
stored in a desiccator. Then, the cultured samples were coated with an Au/Pd thin film by
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sputtering using the SPI Module Sputter Coater equipment and analyzed by SEM (Quanta
400 FEG ESEM/EDAX Genesis X4M, Thermo Fisher Scientific, Waltham, MA, USA).

3. Results and Discussion

3.1. DSC and TG

Figure 1 shows the TG/DTG analysis of the PC substrate. No change in mass is
observed at around 100–200 ◦C, indicating that the PC is free from any absorbed solvent or
moisture. The major mass loss of around 80% occurred from 400 to 550 ◦C, which is related
to the decomposition of the polymer matrix. The PC starts to degrade from approximately
440 ◦C and degraded up to 86.3% in mass at 496.9 ◦C. As the temperature increases further,
the mass loss increases up to ~35.3% at 534.2 ◦C. These temperatures are close to those
reported in the literature for the degradation temperature of PC [28].

Figure 1. TG thermograms of PC, where TG % is the mass percentage of the polymer sample
remaining after heating the polymer to a certain temperature.

Figure 2 shows the TG/DTG analysis of the PC substrate, made during 24 h at 180 ◦C.
The results indicate that there is no significant mass loss within this time period. It can be
seen that there is only about a 3% percent mass loss, which states the stability of the PC
polymer during thermal annealing at 180 ◦C for 24 h.

Figure 2. TG thermograms of PC substrate heated at 180 ◦C for 24 h, where TG % is the mass
percentage of the polymer sample remaining after heating the polymer to a certain temperature.

The mechanical and physical properties of an amorphous or semi-crystalline polymer
are dependent on the behavior of the temperature, which is defined by the glass transition
temperature. When this Tg is reached, the transition of the amorphous region from a
rigid state to a more flexible and ductile state takes place. When the temperature is below
Tg, the molecular chains of amorphous materials are not mobile. On the other hand, at
a temperature above the Tg, the amount of energy supplied to the material allows these
chains to acquire mobility, exhibiting a “rubbery” behavior [29].
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DSC characterization was performed to determine the glass transition temperature
(Tg) of PC polymers, as shown in Figure 3. The DSC curve of the PC in the heating cycle
exhibits a glass transition temperature of ≈150.4 ◦C. No amorphous polymer can exhibit
a melting transition, as melting is a first-order transition occurring only for crystalline
polymers [27].

Figure 3. DSC and DDSC thermograms of PC substrate.

3.2. Surface Morphology

The surface morphology of samples was examined by AFM, as shown in Figure 4.
Calculated surface analysis parameters, such as NP lateral size and height distribution
curves, are shown in Figure 5. Figure 4a,b are shown the two-dimensional AFM images
of the pure and Ag-coated PC substrates, respectively. Despite the nominal thickness of
the Ag coating being around 6 nm, such an amount was clearly below the percolation
limit for this system, originating in the presence of discontinuous, well-separated small
islands on the surface of the substrate. For the as-deposited sample, the average NP
diameter was 45 nm, and the average NP height was 14 nm (Figure 5a). After the thermal
annealing treatment at 120 ◦C, the nanoparticles increased in both lateral size and height,
developing bimodal size/height distribution curves centered at around 85/30 nm and
170/90 nm (Figure 5b), respectively. This can be explained by the thermally activated
surface diffusion and coalescence of bigger nanoparticles along with the nucleation and
growth of newer nanoparticles from smaller islands and/or individual atoms. Interestingly,
after an additional thermal annealing step at 180 ◦C (temperature above the substrate
Tg, determined by DSC to be 150 ◦C) both bimodal size/height distribution curves were
centered at lower values, close to 78/16 nm and 114/16 nm (Figure 5c). These results, in
particular the decreasing NP heights, demonstrate the successful thermal embedding of Ag
nanoparticles into the PC surface. If there was no surface embedding process taking place,
the combined 120 ◦C + 180 ◦C thermal annealing process would obviously generate bigger
nanoparticles than the single 120 ◦C thermal annealing process (due to more energy being
given to the system), which is not the case. On a different perspective, when annealing
above the substrate Tg, both the NP growth and surface embedding process can take place
over time, although most of the metal NP diffusion and growth occurs during the first
15–30 min of annealing, after which the surface embedding process becomes dominant [30].
Thus, even considering that the thermal embedding process was dominant during the
24 h annealing treatment above Tg, some extra energy was still given to the nanoparticles
that could translate into some NP growth. We can justify the fact that bigger NP sizes
were observed in sample PC/Ag/120 ◦C than in sample PC/Ag/180 ◦C by the diffusion
and growth of NPs that naturally takes place, even at room temperature, for the case of
un-stabilized Ag nanostructures over surfaces [31] (i.e., between the thermal annealing
treatment and the SEM analysis, diffusion and growth occurred for the 120 ◦C condition
but not for the 120 + 180 ◦C condition where the NPs were stabilized). Thus, the surface-
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embedded Ag NPs have the advantage of being stable over time, in different environments,
and even when subject to mechanical contact action (as will be demonstrated ahead in
Section 3.4).

Figure 4. AFM surface micrograph and line profile of sample: (a) PC; (b) PC/Ag; (c) PC/Ag/120 ◦C;
(d) PC/Ag/180 ◦C.

Figure 5. Ag NPs’ size distribution curves for sample: (a) PC/Ag; (b) PC/Ag/120 ◦C; (c) PC/Ag/180 ◦C
and Ag NPs’ height distribution curves for sample (d) PC/Ag; (e) PC/Ag/120 ◦C; (f) PC/Ag/180 ◦C.
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3.3. Reflectivity

The optical properties of a nanocomposite containing metal NPs are an important, non-
destructive way of accessing the information on the NPs’ morphology and environment.

Figure 6 shows the reflectivity plot of pristine and coated PC substrates. All the coated
samples showed the localized surface plasmon resonance (LSPR) scattering bands typical of
Ag nanoparticles of sizes above 30–40 nm [32]. In PC/6 nm Ag sample (as-deposited film),
the spectrum shows a broad LSPR band centered around 524 nm. Such broad red-shifted
LSPR bands are characteristic of an ensemble of ellipsoidal nanoparticles having low aspect
ratios and/or wide distribution of sizes/shapes [33]. From the optical results alone, we
can conclude that the nanolayer of 6 nm is mostly discontinuous, as was attested before by
AFM analysis. After annealing at 120 ◦C for 2 h, a narrowing and a blue-shift of the LSPR
scattering band to ~490 nm due to NP shape renormalization (a tendency of the particles to
become more spherical) is observed [34], confirming previous AFM observations on the
general increase in NPs’ aspect ratio. Further annealing above Tg causes a pronounced
narrowing and red-shift of the LSPR scattering band to 548 nm. The narrowing of the LSPR
peak can be understood as a narrowing of the NP size and shape distribution curves [34,35]
caused by NP diffusion and recrystallization. On the other hand, the pronounced red-shift
of the LSPR peak is a confirmation of the NP thermal embedding process. As the NPs
penetrate the surface of the polymer, their average surrounding refractive index increases,
which causes the buildup of polarization charges that weakens the total restoring force on
the dielectric side of the interface, resulting in a lower energy (red-shifted) LSPR scattering
peak [35]. Therefore, these optical results are well consistent with the idea of thermally
embedded NPs in the PC/Ag/180 ◦C case.

Figure 6. Reflectivity spectra of the pure and coated substrates, before and after each annealing step.

3.4. Adhesion Test

The adhesion of coatings to substrates is an important physical characteristic for
evaluating the performance and reliability of coated components. Several techniques allow
to check the adhesion of the coating-substrate: the tape test, indentation test, scratch test,
laser fragmentation, etc. [36]. In order to test the adhesion of NPs/nanolayer to the PC
surface, 1 cm viton balls were adapted into a scratch tester stylus in order to perform
scratch tests using a progressive load setup up to 15 N. Such setup was created to mimic the
contact-slide of a human finger over a surface. Visual pictures of the tested zones are shown
in Figure 7 for the as-deposited, 120 ◦C-annealed and 180 ◦C-annealed PC/Ag samples.

As expected, the as-deposited sample was easily scratched due to the low adhesion
of the 6 nm Ag nanolayer/nanoparticles to the substrate (white zone circumscribed by a
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yellow circle in Figure 7a). The 120 ◦C-annealed sample, containing Ag in the form of bigger
NPs, showed better adhesion results but still showed some degree of NP delamination
from the polymer surface (Figure 7b). For the 180 ◦C annealed sample (PC/Ag/180 ◦C),
containing thermally embedded Ag nanoparticles, no delamination zone was observed
(Figure 7c), demonstrating the highly robust nature and stability of the multifunctional
nanocomposite surfaces obtained by thermal embedding of Ag NPs into PC.

Figure 7. Pictures of the scratch-tested areas of the sample: (a) PC/Ag; (b)PC/Ag/120 ◦C;
(c) PC/Ag/180 ◦C. Yellow dotted circles were added around the tested zones to facilitate interpretation.

3.5. Antibacterial Activity

Taking into consideration the best result from the adhesion test (thermally annealed
sample), the antibacterial activity of sample PC/Ag/180 ◦C was evaluated, using the
uncoated polymeric surface as control, by the zone of inhibition assays (halo test) and SEM
analysis after the halo test against E. coli and S. aureus (Figure 8).

Figure 8. Antibacterial activity against E. coli and S. aureus of uncoated polymeric surface and poly-
meric surfaces coated Ag NPs followed by thermal annealing treatment at 180 ◦C (PC/Ag/180 ◦C),
evaluated by the halo test and SEM micrographs of samples after the halo test (scale bar: 1 μm).

As expected, the uncoated polymeric surface did not show any effect on both E. coli
and S. aureus bacteria. The sample with thermally embedded Ag NPs (PC/Ag/180 ◦C
sample) presented an inhibition effect on the growth of both bacteria, as an inhibition halo
(transparent biological medium with no bacteria growth) was observed around the samples.
The SEM micrographs of the samples demonstrated a vast bacteria colonization on the
uncoated polymeric surface (PC samples) and a total absence of bacteria on the polymeric
surface with thermally embedded Ag NPs (PC/Ag/180 ◦C sample).

4. Conclusions

Robust, mechanically stable nanocomposite PC/Ag surfaces were successfully ob-
tained by sputter depositing an Ag nanolayer over PC, followed by thermal annealing at a
temperature above the glass transition point of the substrate. With AFM analysis, it was
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evident that there was a growth of NPs taking place after annealing at 120 ◦C, confirming
the thermally activated diffusion and growth process. Similarly, the height variation of
NPs with thermal annealing at 180 ◦C (above Tg) confirmed the embedding of the NPs on
the PC surface. Reflectivity results were consistent with the idea of NP embedding and
shape renormalization at this temperature as well. The adhesion test demonstrated that the
thermal embedding process resulted in better adhesion of NPs to the surface.

The Ag NP-embedded polymer surfaces (PC/Ag/180 ◦C) showed strong antimicrobial
activity on E. coli and S. aureus bacteria, making them antimicrobial surfaces.

Overall, we have demonstrated a cost-effective approach for creating robust antimi-
crobial surfaces on mass-produced polymers.
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Abstract: Honey’s antibacterial activity has been recently linked to the inhibitory effects of honey
microbiota against a range of foodborne and human pathogens. In the current study, the microbial
community structure of honey samples exerting pronounced antimicrobial activity was examined.
The honey samples were obtained from different geographical locations in Greece and had diverse
pollen origin (fir, cotton, fir–oak, and Arbutus unedo honeys). Identification of honey microbiota
was performed by high-throughput amplicon sequencing analysis, detecting 335 distinct taxa in
the analyzed samples. Regarding ecological indices, the fir and cotton honeys possessed greater
diversity than the fir–oak and Arbutus unedo ones. Lactobacillus kunkeei (basionym of Apilactobacillus
kun-keei) was the predominant taxon in the fir honey examined. Lactobacillus spp. appeared to be
favored in honey from fir-originated pollen and nectar since lactobacilli were more pronounced
in fir compared to fir–oak honey. Pseudomonas, Streptococcus, Lysobacter and Meiothermus were the
predominant taxa in cotton honey, whereas Lonsdalea, the causing agent of acute oak decline, and
Zymobacter, an osmotolerant facultative anaerobic fermenter, were the dominant taxa in fir–oak honey.
Moreover, methylotrophic bacteria represented 1.3–3% of the total relative abundance, independently
of the geographical and pollen origin, indicating that methylotrophy plays an important role in
honeybee ecology and functionality. A total of 14 taxa were identified in all examined honey samples,
including bacilli/anoxybacilli, paracocci, lysobacters, pseudomonads, and sphingomonads. It is
concluded that microbial constituents of the honey samples examined were native gut microbiota of
melliferous bees and microbiota of their flowering plants, including both beneficial bacteria, such as
potential probiotic strains, and animal and plant pathogens, e.g., Staphylococcus spp. and Lonsdalea
spp. Further experimentation will elucidate aspects of potential application of microbial bioindicators
in identifying the authenticity of honey and honeybee-derived products.

Keywords: fir and fir–oak honey; Arbutus unedo honey; methylotrophs; Apilactobacillus kun-keei;
Lonsdalea; Zymobacter

1. Introduction

The honey market constitutes an important agricultural sector, with the global honey
production being estimated at approximately 6.6 billion USD in 2015 [1]. Moreover, honey-
bees are essential for agriculture, ecology, and the maintenance of life, as the pollination
assures the reproduction of plants; thus, beekeeping is actually an issue of concern all
around the world [2]. In the European Union (EU), the second largest producer of honey
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in the globe after China, and EU Member States such as Spain, Romania, Greece, Poland,
France, and Italy [3], are the main producers not only of honey, but also of propolis, bee
pollen, bee bread, bee wax, and royal jelly (COM(2019) 635 final).

According to latest data from the European Commission, 19 million beehives owned
by 615,000 beekeepers produced 275,000 tons of honey in 2020, albeit covering only 60% of
the demand in the EU [4], whilst the remaining 40% was covered primarily by Ukraine
and secondarily by China [5]. The regulatory framework regarding honey production,
properties, and labeling is specified in the Council Directive (EU) 2001/110/EC relating
to honey.

In the recent decades, a series of factors, including the extensive application of pesti-
cides, the penetration of invasive species, and deforestation, have added excessive pressure
on the global bee population [6]. However, honey is a valuable natural food product, as well
as an ingredient used in various personal care products, as well as in traditional medicine.
Honey, a hypersaturated sugar solution of high viscosity and osmotic pressure, consists
mainly of fructose and glucose, which account for 54.3–87.5% of its content, while minor
concentrations of other monosaccharides and oligosaccharides are detected [7]. Moreover,
limited amounts of minerals, pollen, amino acids, proteins, organic acids, and their esters
are present in honey [7]. Any detected variation can be attributed to the geographical
region and flowering, climate conditions, production practices, and storage [7,8]. Moreover,
honey has a pH near 4 [9,10] and low water activity, which lies between 0.45 and 0.6 [9,11].
The presence of flavonoids and carotenoids, as well as of minerals, such as Fe, Zn, Cu, and
Mn, defines the color of honey [10,12].

In addition to its dietary value, honey is of high medicinal importance since its antimi-
crobial and wound-healing properties have been noticed since ancient times [13]. Honey’s
antibacterial activity, which is linked to enzymatic generation of hydrogen peroxide, wound
moisturization ability, and high viscosity, acting as a barrier against infections, are key
mode-of-action parameters regarding its medicinal properties [14]. In addition to the gen-
eration of hydrogen peroxide via the action of glucose oxidase present in the nectar, the
antimicrobial activity and healing properties of honey can be attributed to the antibacterial
properties of phenolic acids and flavonoids [14,15]. Moreover, the extremely low water
activity and the high osmolarity, as well as the acidic pH, of honey further strengthen the
inhibitory effects against bacterial pathogens [16]. On the other hand, spatial and temporal
variation in bee pollen and nectar influence the antimicrobial properties of honey [17].

Recently, the antimicrobial activity of honey has also been linked to the inhibitory
effects of honey microbiota against foodborne and human pathogens. Pajor et al. [18]
investigated the inhibitory effect of bacterial strains isolated from honey against pathogens,
reporting that Bacillus spp. exhibited antimicrobial activity against Listeria monocytogenes
ATCC 7644, whereas similar inhibitory activity was also induced by these bacilli against
certain Staphylococcus aureus and S. epidermidis strains. In addition, Voidarou et al. [19]
evaluated the therapeutic properties of oregano honey against gastric ulcers and gastritis
caused by Helicobacter pylori, pointing out that diethyl ether extracts of the honey and the
honey itself reduced urease activity exhibited by the specific pathogen. Moreover, Masoura
and Gkatzionis [20] examined possible antimicrobial effects of thyme and Manuka honeys
against methicillin-resistant Staphylococcus aureus (MRSA) strains. The low pH and the high
H2O2 concentration were the key factors influencing the antibacterial activity of monofloral
thyme honey. Similarly, Jia et al. [21] also reported the antagonistic action of Bacillus
sp. A2 from honey against the yeast Candida albicans and the bacterial species Escherichia
coli and Staphylococcus aureus. However, employment of high-throughput techniques to
uncover microbial diversity in honey is limited. Specifically, Wen et al. [22] performed
pyrosequencing to analyze microbial diversity during ripening of vitex honey, reporting
the dominance of Bacillus spp. and Lactococcus spp. and yeasts of the genus Metschnikowia.

Thus, the aim of the present study was to identify, for the first time, the predominant
microbial communities in Apis mellifera honey samples of various pollen origin (fir, cotton,
fir–oak, and arbutus) exhibiting high antimicrobial activity against common foodborne and
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human pathogens, and to comparatively evaluate their microbial community structure and
ecological indices, through the application of high-throughput sequencing techniques.

2. Results and Discussion

Four honey samples from bees fed with pollen and nectar of various melliferous
plant species were examined in terms of their microbial community structure. Regarding
diversity indices, the fir and cotton honeys exhibited significantly greater diversity than
the fir–oak and Arbutus unedo honeys (a < 0.05, in Duncan’s multiple tests for Chao1, Fisher,
Shannon, and Simpson diversity indices) (Figure 1). No statistically significant differences
were identified between fir and cotton honey, or between fir–oak and Arbutus unedo honey
regarding all ecological indices estimated, except for the Shannon index, where Arbutus
unedo honey showed the least score (Figure 1).

Figure 1. Diversity indices of the examined honey samples. Bars represent ± standard errors of
means. Analysis of variance (ANOVA) using Duncan’s multiple post hoc tests at a significance level
of 5% (a < 0.05) were carried out to identify statistically significant differences. No letter in common
at the top of the subgraphs is indicative of statistically significant differences.

The examined fir honey was dominated by lactic acid bacteria of the genus Lactobacil-
lus (19.80 ± 0.59% of the total relative abundance), followed by members of the genera
Bradyrhizobium (11.93 ± 0.20%) and Pseudomonas (11.42 ± 1.68%) (Figure 2). Specifically, L.
kunkeei (current taxonomic name Apilactobacillus kun-keei) represented 19.34 ± 0.54% of the
total relative abundance at species level in fir honey (Table 1).
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Figure 2. Major bacterial taxa identified in honey samples of different pollen origin. Bars
represent ± standard errors of means. Analysis of variance (ANOVA) using Duncan’s multiple post hoc
tests at a significance level of 5% (a < 0.05) were carried out to identify statistically significant differences.
No letter in common at the top of the bars is indicative of statistically significant differences.
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Table 1. Relative abundance of Lactobacillus species detected in fir honey.

Taxon Relative Abundance (%)

Lactobacillus kunkeei 19.34 ± 0.54
Lactobacillus johnsonii 0.31 ± 0.03

Lactobacillus alvei Marginally detected
Lactobacillus sakei Marginally detected
Lactobacillus mellis Marginally detected

Lactobacillus melliventris Marginally detected

Lactobacilli appeared to be favored in honey produced from fir-originated pollen and
nectar, with Lactobacillus population being more pronounced in fir honey compared to
fir–oak honey, indicating a proliferation of this taxon under feeding of honeybees with fir
(Figure 3). Interestingly, Bradyrhizobium has been recently reported to exert antagonistic
activity against various pathogens [23]. Recently, co-existence of lactic acid bacteria and
Bradyrhizobium resulted in enhanced nodulation with positive impact on plant growth, a fact
that may be indicative of co-evolution of these microbiota in certain honeybee hosts [24].

Figure 3. Abundance of Lactobacillus genus in the examined honey samples. Bars represent ± standard
errors of means.

The predominant taxa in cotton honey were Pseudomonas, Streptococcus, Lysobacter, and
Meiothermus, representing 14.35 ± 2.10%, 7.66 ± 1.69%, 7.07 ± 1.75%, and 6.53 ± 3.93%
of the total relative abundance, respectively (Figure 2). Pseudomonas is an inhabitant of
bee pollen, contributing to the decomposition of pollen walls [25]. As a result, this taxon
is part of honeybee microbiome, which is commonly detected in honey [25–27]. Notably,
streptococci/lactococci, lactobacilli, and enterococci are common microbial constituents
of honeybee-collected pollen [28]. Moreover, Lysobacter was recently detected as a minor
component of intestine honeybee microbiota [29]. Interestingly, Meiothermus was reported
to be a beneficial bacterium of phytophagous insects, i.e., Phasmotaenia lanyuhensis [30].

The major bacterial taxa in fir–oak honey were Lonsdalea, causing acute oak decline [31],
and Zymobacter, a facultative anaerobic fermenter [32], which covered 18.53 ± 4.96% and
17.22 ± 4.48% of the total reads, respectively (Figure 2). Recent findings revealed that
“insects visiting drippy blight diseased red oak trees are contaminated with the pathogenic bacterium
Lonsdalea quercina” [33]; therefore, this bacterium appears to be transmitted from infected
oak trees to honeybees and subsequently to fir/oak-originated honey.
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The presence of Zymobacter may result in a reduced Lactobacillus population in these
honeybees, since this rarely appearing sugar-tolerant bacterium of Halomonadaceae [34] may
be favored as a specialized alternative fermenter [35]. Moreover, the acetic acid bacterium
Asaia is considered as an emerging symbiont of Apis mellifera [36]. Kocuria spp., which were
among the major taxa identified in fir-related honeys (fir and fir–oak honeys; Figure 2),
have been identified as the most abundant species in honeybees obtained from beehives in
Turkey, which, however, were entomopathogens of honybees [37].

Lysobacter (37.31 ± 5.58% of the total relative abundance), Chryseobacterium (12.66 ± 4.44%),
and Paenibacillus (8.81 ± 7.73%) were the predominant microbiota in Arbutus unedo honey
(Figure 2). Although Chryseobacterium is rarely detected in honey [26], this taxon belongs to
the native microbiota of Arbutus unedo (strawberry tree), since this bacterium was detected
in all strawberry tree specimens examined by Martins et al. [38]. Apart from Lysobacter,
which is a representative of honeybee gut microbiota [29] and a plant-associated microbe
with plant-protective properties [39], various Paenibacillus spp. have been also detected
in the microbiome of honeybee intestine [40]. Although certain members of the genus
Paenibacillus are entomopathogenic to honeybees [41], various Bacillus spp. can be beneficial
as biological control agents delivered from honeybees to plants [42].

Among other major taxa (Figure 2), Sphingomonas spp., which are also considered
as common constituents of honeybee gut microbiota [43,44], were detected in all honey
samples examined. Moreover, Methylobacterium has been previously detected in Ceratina
bees [45].

Performance of correlation network analysis in honeys examined showed the strong
relationships among certain members of Actinobacteria (Kocuria, Nakamurella, Tessaracoccus,
Acidothermus, Nocardia, Arcanobacterium, and Propionicicella), Bacteroidota representatives
(Flavobacterium and Ferruginibacter), the Rhodobacteraceae genera Amaricoccus and Gemmobac-
ter, and the methylotrophic bacterium Methylotenera. Such microbiota may be involved in
the decomposition of complex compounds present in flowering plants and honey, such
as phenolics, flavonoids, lignin, and cellulose [46]. A second distinct cluster was formed
solely by the major microbiota of the fir–oak honey (Lonsdalea, Zymobacter, and lactic acid
bacteria such as Fructobacillus and Leuconostoc), indicating the interaction of Lonsdalea with
key fermentative taxa in this honey sample.

Lactobacilli and especially L. kunkeei (basionym of Apilactobacillus kun-keei) strains in
the gut of melliferous bees have been reported to induce resistance against deltamethrin, a
pesticide that is considered as the major threat for pollinators [47]. Lactobacillus spp. are
members of the native gut microbiome of honeybees, which have been found to enhance
antiviral properties, even during tetracycline treatment that increases sensitivity to viral in-
fections [48]. Moreover, honey with a high Lactobacillus population was reported to exhibit
the greatest antioxidant activity among other honey samples examined by Wu et al. [49].
L. kunkeei (A. kun-keei) in the gut of Apis mellifera has been reported to exert antimicro-
bial activity and act as probiotic against the honeybee pathogens Paenibacillus larvae and
Melissococccus plutonius [50,51]. Indeed, L. kunkeei is favored by a long evolutionary sym-
biotic relationship in the gut of honeybees [52]. Moreover, Goh et al. [53] reported that
Lactobacillus strains, which were isolated from stingless bees and their products, exhib-
ited antimicrobial properties against Listeria monocytogenes. Kaškonienė et al. [54] also
reported that lactococci and lactobacilli during solid-state lactic acid fermentation of bee
pollen exerted antibacterial activity against Micrococcus luteus, Staphylococcus aureus, and
Escherichia coli. Similarly, lactic acid bacteria from the intestine tract of honeybees exhibited
inhibitory effects against Bacillus cereus, Escherichia coli, Pseudomonas aeruginosa, Salmonella
typhimurium, and Staphylococcus aureus [55].

Comparative analysis of microbial communities in the examined honey samples
revealed that their major taxa were either indigenous microbiota of honeybees, mostly ben-
eficial and to a lesser extent potential foodborne and human pathogens, and/or inhabitants
of bee pollen and flowering plants, including both plant protective and phytopathogenic
microorganisms. In addition, honey originated from cotton (an industrial plant) included
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a higher proportion of potential foodborne and human pathogens compared to honey
originated from bees fed with pollen of wild plants, a fact that may be attributed to the
higher abundance of antimicrobial compounds in forest plants [56,57].

A total of 14 taxa were identified in all honey samples (Table 2), independently from
their geographic distribution and pollen origin, indicating that these genera may serve
as authenticity bioindicators of honey and honeybee-derived products. All of these are
either aerobes, capable of growing in low-oxygen conditions (lysobacters and sphingomon-
ads) [58,59] or presenting weak anaerobic growth (Microbacterium), as well as being facul-
tative anaerobes (e.g., bacilli/anoxybacilli, paracocci, pseudomonads, staphylococci, and
phenylobacteria) or common fermenters of insect gut (Propionibacterium spp.). Therefore,
restricted oxygen levels in the honeybee gut and/or honey seem to play a role in shaping
the microbial community structure in honey.

Table 2. List of bacterial taxa identified in all honey samples examined in order to serve as potential
authenticity bioindicators of honey.

Taxon 1 Fir Honey Cotton Honey Fir-Oak Honey A. unedo Honey

Pseudomonas 11.42 ± 1.68 (b) 14.35 ± 2.10 (b) 2.02 ± 1.23 (a) 0.32 ± 0.03 (a)
Lysobacter 2.67 ± 1.79 (a) 7.07 ± 1.75 (a) 14.93 ± 10.05 (ab) 37.31 ± 5.58 (b)

Anoxybacillus 2.24 ± 0.72 (a) 5.47 ± 1.80 (a) 1.78 ± 0.07 (a) 4.60 ± 2.97 (a)
Bacillus 0.30 ± 0.30 (a) 3.35 ± 1.47 (a) 3.61 ± 0.76 (a) 3.69 ± 2.66 (a)

Meiothermus 1.91 ± 0.29 (a) 6.53 ± 3.93 (a) 0.61 ± 0.07 (a) 1.65 ± 0.26 (a)
Sphingomonas 1.14 ± 0.03 (a) 0.63 ± 0.49 (a) 2.86 ± 0.05 (b) 3.33 ± 0.43 (b)
Cupriavidus 0.97 ± 0.42 (a) 1.94 ± 0.72 (ab) 1.52 ± 0.18 (ab) 3.41 ± 0.59 (b)

Phenylobacterium 0.20 ± 0.06 (a) 0.58 ± 0.23 (a) 1.21 ± 0.03 (a) 4.61 ± 0.87 (b)
Paracoccus 0.44 ± 0.05 (a) 1.04 ± 0.43 (a) 0.79 ± 0.54 (a) 0.48 ± 0.23 (a)

Staphylococcus 0.35 ± 0.28 (a) 1.23 ± 0.64 (a) 0.23 ± 0.09 (a) 0.57 ± 0.32 (a)
Methylibium 1.02 ± 0.48 (a) 0.22 ± 0.06 (a) 0.69 ± 0.12 (a) 0.29 ± 0.03 (a)

Propionibacterium 0.65 ± 0.26 (a) 0.61 ± 0.21 (a) 0.27 ± 0.17 (a) 0.17 ± 0.01 (a)
Methylobacterium 0.50 ± 0.12 (b) 0.67 ± 0.02 (b) 0.07 ± 0.05 (a) 0.05 ± 0.04 (a)
Microbacterium 0.31 ± 0.03 (a) 0.26 ± 0.10 (a) 0.23 ± 0.02 (a) 0.18 ± 0.04 (a)

1 No letter in common within the same row is indicative of statistically significant differences.

In all honey samples examined, methylotrophs represented an important fraction of
microbial population. In particular, methylotrophs covered 1.3–3.0% of the total relative
abundance (Table 3), independently of the geographical and pollen origin. Methanol
has been reported to be among the most abundant volatile compounds of honey [60,61].
Interestingly, plant-colonizing methylotrophs of the genus Methylobacterium were capable
of delivering insecticidal proteins and have been associated with the plant protective
properties of the common biocontrol agent Bacillus thuringiensis [62]. Moreover, volatiles
such as methanol promote the growth of the phyllosphere microbiota [63], serving as an
energy source for methylotrophic epiphytes [64]. Thus, both methanol concentration and
co-evolution of honeybees with their plant hosts and phyllosphere microbiota appear to
shape methylotrophic communities in honey.

Table 3. Relative abundance of methylotrophic bacteria identified in the examined honey samples.

Taxon Fir Honey Cotton Honey Fir-Oak Honey Arbutus unedo Honey

Methylibium 1.02 ± 0.48 0.22 ± 0.06 0.69 ± 0.12 0.29 ± 0.03
Methylobacterium 0.50 ± 0.12 0.67 ± 0.02 0.07 ± 0.05 0.05 ± 0.04

Methylocapsa 0.18 ± 0.18 n.d. n.d. n.d.
Methylopila 0.02 ± 0.02 n.d. 0.16 ± 0.16 n.d.

Methylosinus 0.25 ± 0.16 n.d. 0.12 ± 0.08 n.d.
Methylotenera 0.40 ± 0.01 0.85 ± 0.26 n.d. n.d.

Methyloversatilis 0.60 ± 0.60 1.26 ± 0.99 0.61 ± 0.53 1.00 ± 0.58

Total relative abundance 1 2.97 ± 1.20 (a) 3.00 ± 1.18 (a) 1.65 ± 0.44 (a) 1.34 ± 0.59 (a)
1 No letter in common within the same row is indicative of statistically significant differences; n.d., not detected.
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In conclusion, native microbiota of the honeybee microbiome, such as fermentative
bacteria, either with probiotic properties (e.g., lactobacilli) or potential foodborne and
human pathogens (e.g., staphylococci and streptococci), as well as common inhabitants of
bee pollen (e.g., pollen wall decomposers, such as Pseudomonas spp.) and flowering plants
(e.g., beneficial microorganisms of plants and phytophagous insects, such as Lysobacter
and Meiothermus spp., respectively), including plant pathogens of honeybee hosts that are
transmitted from flowering plants to honey via honeybees (e.g., Lonsdalea, the causing agent
of acute oak decline), constitute the microbial community structure in natural honeys.

3. Materials and Methods

3.1. Collection of Honey Samples

Honey samples from various locations in Greece were obtained aseptically and further
examined in terms of their antimicrobial properties. Four honey samples from beehives
situated in different geographical areas of Greece, i.e., from the Prefecture of Epirus (the
one honey sample was produced from honeybees fed with fir and oak and the other with
Arbutus unedo pollen and nectar), the Regional unit of Phthiotis, Mendenitsa region (from
fir pollen and nectar) and the Regional unit of Karditsa, Palama region (from cotton pollen
and nectar), were collected and further studied, due to their high antimicrobial activity
(as examined in Stavropoulou et al. [65,66]). These honey samples were subsequently
subjected to DNA extraction and phylogenetic analysis of microbial communities through
Illumina sequencing.

3.2. DNA Extraction from Honey Samples of Different Pollen Origin and Performance of
Amplicon Sequencing

The collected honey samples exhibiting high antimicrobial activity against foodborne
and human pathogens were subjected to DNA extraction. Genomic DNA was extracted
from honey through the use of NucleoSpin Tissue Kit (Macherey-Nagel, Düren, Germany),
by following the instructions of the manufacturer. Aliquots of 60 μL of 10 mg/mL lysozyme
and 60 μL of 10 mg/mL lysostaphin, as well as 6 μL of 60 U/μL lyticase (enzymes supplied
by Sigma-Aldrich, Germany), were added per treated sample to facilitate the lysis of
Gram(+) bacteria and yeast strains, respectively. The V4–V5 region of the 16S rRNA gene
was amplified using the primers 515F (5′–GTG YCA GCM GCC GCG GTA A–3′) and
909R (5′–CCC CGY CAA TTC MTT TRA GT–3′). No amplification was achieved using
primer set ITS1F (5′–CTT GGT CAT TTA GAG GAA GTA A–3′) and ITS4R (5′–TCC TCC
GCT TAT TGA TAT GC–3′) for fungi, including yeasts. Amplification of partial 16S rRNA
gene was conducted through a thermal scheme comprising of 3 min denaturation at 94 ◦C,
succeeded by 28 cycles of 30 s denaturation at 94 ◦C, 40 s primer annealing at 53 ◦C, and
1 min DNA elongation at 72 ◦C, before a 5 min DNA thermal extension at 72 ◦C to complete
the thermocycling reaction. The amplification reaction for the ITS region was performed by
using 2 min denaturation at 94 ◦C, succeeded by 35 cycles of 30 s denaturation at 95 ◦C,
30 s primer annealing at 55 ◦C, and 1 min DNA elongation at 72 ◦C, before a 10 min DNA
thermal extension at 72 ◦C to complete the thermocycling reaction. Illumina sequencing
reactions were carried out at Mr DNA’ (USA) in MiSeq equipment (Illumina, Inc., San Diego,
CA, USA) after amplicon cleanup through the use of DNA purification beads.

3.3. Bioinformatic Analysis and Analysis of Variance (ANOVA)

Bacterial amplicons were proceeded to demultiplexing and trimming, and partial 16S
rRNA gene sequences of abnormal size and low-quality were removed. The assembled
reads were further subjected to denoising and chimera discard using USEARCH v.11 [67,68].
Bacterial sequences were clustered and ZOTUs (zero-radius OTU of denoised sequences)
were generated, following National Center for Biotechnology Information (NCBI) taxonomy.
Ecological indices, i.e., Chao1, Shannon, Simpson, and Fisher diversity indices, were
sequentially calculated using the MicrobiomeAnalyst online suite of omics tools [69].
Relationships among bacterial taxa were identified in the MicrobiomeAnalyst platform via
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multiple correlation network matrix analyses based of the SparCC score at 0.97 correlation
coefficient. The sequenced amplicons were deposited in the Sequence Read Archive (SRA)
of the NCBI platform under the BioProject accession number PRJNA913297.

Analysis of variance (ANOVA) was conducted using Past v.4.10 [70] to identify statis-
tically significant differences among the relative abundances and diversity indices of the
bacterial communities identified in these Greek honey samples exhibiting high antimicro-
bial activity against foodborne and human pathogens.
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Abstract: Antimicrobial resistance (AMR) is problematic worldwide, and due to the loss of efficiency
of many antibiotics, the pressure to discover alternative antimicrobial molecules has increased. Soil
harbors a great biodiversity and biomass of microorganisms, and many antibiotics are produced
by soil microbiota. Therefore, soil is a promising reservoir to find new antimicrobial agents. In
this respect, novel pedagogical strategies regarding the AMR global crisis have recently been devel-
oped in different countries worldwide. Highlighted is the service-learning project “MicroMundo”
integrated in a global Citizen Science project called “Tiny Earth”. Hence, the present work aimed
at determining the antimicrobial activity of soil bacteria, the biodiversity of the selected isolates
as putative antimicrobial producers, and their antibiotic resistance profile. Moreover, through the
MicroMundo project, we tried to illustrate the relevant link between science and education and the
benefits of implementing service-learning methodologies to raise awareness of the AMR problem
and to contribute to the search for new alternatives. A total of 16 teachers, 25 university students
and 300 secondary school students participated in the search for antimicrobial activity on a collection
of 2600 isolates obtained from a total of 130 soil samples analysed. In total, 132 isolates (5% of total
tested) were selected as potential antimicrobial producers when two indicator bacteria were used
(Escherichia coli and Staphylococcus epidermidis); the most frequent genus among these isolates was
Bacillus, followed by Pseudomonas, Paenibacillus and Serratia. The antimicrobial activity (AA) of the
132 potential antimicrobial producers was studied in a second step against 15 indicator bacteria (of six
genera and thirteen species, including relevant pathogens). Of the 132 potentially producing bacteria,
32 were selected for further characterization. In this respect, 18 isolates showed low AA, 12 isolates
were considered as medium producers, and 2 highly antimicrobial-producing isolates were found
(Brevibacillus laterosporus X7262 and Staphylococcus hominis X7276) showing AA against 80% of
the 15 indicators tested. Moreover, 48% of the antimicrobial-producing bacteria were susceptible to
all antibiotics tested. Due to citizen science, antimicrobial-producing bacteria of great interest have
been isolated, managing to raise awareness about the problem of AMR.

Keywords: antimicrobial-producing bacteria; soil; antimicrobial resistance; MicroMundo

1. Introduction

Antimicrobial resistance (AMR) has risen an awareness alarm, being one of the most
urgent challenges for current medicine and society due to the emergence of multi-drug
resistant (MDR) pathogens [1,2]. Concretely, the science community is especially concerned
about the antimicrobial resistance associated with the ESKAPE pathogens (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species) [3].

The loss of efficacy of many antibiotics increases the pressure to identify new effective
approaches [4]. In the last decade, intensive studies have looked at the potential of natural
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73



Antibiotics 2023, 12, 57

antibacterial molecules as next-generation therapeutics against pathogens [4,5]. Concretely,
the ribosomally synthesized peptides of bacterial origin, also named as bacteriocins, are
one of the most promising bioactive compounds with antimicrobial properties against other
bacteria [5]. The ability to synthetize bioactive peptides is one of the oldest defensive mech-
anisms of microorganisms, and many microorganisms produce at least one bacteriocin [6].
These not essential secondary metabolites increase the bacterial chances of adaptation
in a hostile environment, and they have been proposed as a good alternative to combat
pathogens and MDR bacteria [5,7].

Soil harbors a great biodiversity and biomass of microorganisms [8,9]. Soil bacteria live
in a crowded and highly competitive environment with limited resources and constantly
changing conditions. There are many antibiotics produced by microorganisms isolated
from soil, from penicillin, the first reported, to some new ones such as malacidins and
teixobactin [10]. Actinomycetes, which are the most common bacteria in soil, produce 60%
of antibiotics in clinical use [11]. Thus, the potential to find new antimicrobial compounds
in this immense reservoir of microorganisms is enormous, and scientists are beginning to
realize how little is known regarding soil microorganisms.

To address these problems, novel pedagogical strategies on the AMR global crisis
have recently been developed in different countries worldwide. Among such strategies
is “MicroMundo” [12], integrated in a global Citizen Science project on AMR called “Tiny
Earth” (TE; https://tinyearth.wisc.edu/, accessed on 1 December 2022) originally im-
plemented in 2012 in the United States, with “Small World Initiative” designation (SWI;
http://www.smallworldinitiative.org/, accessed on 1 December 2022).

MicroMundo was developed in a service-learning environment, in which different
educational levels are integrated [12]. The program seeks to raise awareness of the problem
of AMR among students by participating in a creative research project that combines soil
sample collection and laboratory work to discover new antimicrobial agents [13].

Hence, the present work aimed at determining the antimicrobial activity of bacteria of
the soil, the biodiversity of the selected isolates as putative producers, and their antimicro-
bial resistance profile. Moreover, we tried to illustrate the relevant link between science
and education and the benefits of implementing service-learning methodologies to raise
awareness of AMR and to contribute to the search for new alternatives.

2. Material and Methods

2.1. MicroMundo: Service-Learning Methodology

During the 2020–2022 school years, the service-learning project called MicroMundo
was developed in La Rioja region (Spain) through two scales of practical training, involving
university and secondary education.

The initial step of the MicroMundo project was carried out at the university (University
of La Rioja), taught by a qualified professor (SWIPI: Partner Instructor) to master students
(n = 25) or biology secondary school teachers (n = 12) (SWITAs: technical assistants). The
SWIPI trained the teaching abilities of SWITAs through periodic sessions, and at the end,
they discussed the logistics of SWI actions to analyze the experimental results and to design
data-recording sheets.

The second step was performed in secondary schools (La Rioja region) under the
general supervision of SWIPI, using expendable material and equipment from the uni-
versity. In this process, the 37 SWITAs (master students and secondary school teachers)
and 299 students (SWISs) of 12 secondary schools were involved. The SWITAs trained the
program to the SWISs through periodic sessions. They made up a total of 130 groups, each
of whom analyzed a soil sample.

Practical work was divided into five 2 h sessions following the methodology previ-
ously explained [14]. Firstly, soil samples were diluted and grown on Tryptic Soy Agar
(TSA) (Condalab, Madrid, Spain) plates for colony selection (20 isolates per sample). An
antimicrobial activity test was performed with all 20 isolates obtained on each soil sample,
using Staphylococcus epidermidis C2663 (Gram-positive bacteria) and Escherichia coli C408
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(Gram-negative bacteria) as indicator microorganisms (Table S1). Indicator bacteria were
inoculated in saline solution and spread as a lawn onto TSA plates. Then, bacteria to be
tested for antimicrobial activity production were transferred with a sterile toothpick. Plates
were evaluated by students after 24 h, and isolates with putative inhibition halloes were
selected in this initial screening and transferred to the university for verification and further
characterization (second screening).

2.2. Second Screening of Antimicrobial Activity by the Spot-on-Lawn Method

The selected strains with potential antimicrobial activity obtained in the first screening
at school level were further analyzed and characterized in a second screening process at the
university. For that purpose, these strains were tested by the spot-on-lawn method against
15 indicator strains of 6 different genera and 13 species, including relevant pathogens
(Supplementary Table S1). Bacteria were grown in brain heart infusion (BHI) agar (Con-
dalab, Madrid, Spain) for 24 h at 37 ◦C. To prepare test plates, a suspension of the indicator
strain was prepared in a tube of 3 mL of sterile saline solution to obtain a turbidity of
0.5 MacFarland, and it was spread with a sterile swab in 0.3% yeast extract-supplemented
solid Tryptic Soy Agar (TSA) plate (Condalab, Madrid, Spain). Then, each fresh solid
culture of bacterium to be tested for antimicrobial activity was transferred with a sterile
toothpick to the agar plates seeded with each of the 15 indicators tested. Plates were
incubated at 37 ◦C for 24 h to evaluate the halos of inhibition. Isolates were considered
antimicrobial producers (AP) when they showed a clear and sharp inhibition zone against
at least one of the 15 indicator isolates. Depending on the antimicrobial activity (hallo of
inhibition), it was expressed as + (<3 mm), ++ (3 < x < 10 mm), or +++ (>10 mm).

2.3. Bacterial Identification

Isolates with potential antimicrobial capacity obtained in the first screening (n = 132)
were identified by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
mass spectrometry, using the standard protein extraction protocol recommended by the
commercial device of Bruker Daltonics, Bremen, Germany. The antimicrobial-producing
isolates of interest that could not be identified by MALDI-TOF were identified by am-
plification and sequencing of the 16S rDNA gene, using the following primer sequences
(F-GTGCCAGCAGCCGCGGTAA, R-AGACCCGGGAACGTATTCAC) and PCR condi-
tions: 94 ◦C, 2 min; 28 cycles (94 ◦C, 30 s; 45 ◦C, 1 min; 72 ◦C, 1 min) and final 72 ◦C,
7 min [15].

2.4. Antibiotic Susceptibility Testing of Antimicrobial-Producing Strains

The antibiotic susceptibility profile was determined in the antimicrobial-producing
isolates verified in the second screening, by the disk diffusion test in Mueller Hinton (MH)
agar (Condalab, Madrid, Spain). The antibiotics used for that purpose differed depend-
ing on the bacterial genera and are indicated in Supplementary Table S2. The EUCAST
guidelines [16] were used for the antibiotic susceptibility testing, and Staphylococcus spp.
breakpoints were used for Gram-positive bacteria, except for Bacillus spp., for which EU-
CAST indicates a specific breakpoint for some antimicrobial agents [16]. In the case of
Gram-negative bacteria, the breakpoints of enterobacterales and Pseudomonas were used,
depending on the genera.

2.5. Diversity of Antimicrobial-Producing Bacteria and Statistics

The 130 soil samples were grouped based on the geographic coordinates of the col-
lection site. In this way, 5 geographical zones were distinguished: La Rioja East, La Rioja
Central, La Rioja West, Logroño and Outside (Supplementary Figure S1). Statistics compar-
ison between the antimicrobial-producing bacteria detected by the first screening and the
non-antimicrobial-producing isolates included in the 5 established clusters was performed
using the Fisher test, and significant differences were considered for p < 0.05. Moreover,
diversity and statistical analyses were carried out considering each antimicrobial-producing
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isolate as an independent item. Isolates that could not be identified were excluded for diver-
sity analysis; thus, a collection of 104 isolates was included. Renyi profile was performed to
compare alpha diversity between the 5 clusters. The Renyi profile was used to compare the
species diversity among zones with vegan 2.6–2 package from R (4.2.1). The averages of
the Renyi profile values were calculated using rarefied samples. Significant differences in
these values were assessed with an ANOVA test. Tukey’s post hoc test was used to identify
differences between zones. All analyses were carried out with R, version 4.1.2.

3. Results

A total of 130 soil samples were analyzed at school level, and 2600 isolates were
obtained (20 isolates/sample) and tested in a first screening for antimicrobial activity;
132 isolates showed potential inhibitory capacity in the first screening test performed in
the school and using only two indicator bacteria (S. epidermidis and E. coli). Statistical
differences were not observed between antimicrobial-producing and non-antimicrobial-
producing isolates based on their geographical location.

Identification by MALDI-TOF at genus level of these 132 putative antimicrobial-
producing isolates detected in soil samples revealed 19 genera and 48 species with the
following microbial diversity (number of isolates): Acinetobacter (1), Arthrobacter (2), Bacil-
lus (40), Bradybacterium (1), Brevibacillus (1), Enterobacter (3), Escherichia (2), Klebsiella (1),
Microbacterium (2), Micrococcus (1), Paenibacillus (12), Pseudomonas (27), Staphylococcus (2), Ser-
ratia (6), Stenotrophomonas (1), Streptomyces (1), Olivibacter (1), Variovarax (1) and Viridibacillus
(1). Moreover, 26 out of the 132 isolates (19.7%) could not be identified by MALDI-TOF
mass spectrometry (Table 1). Diversity at genera level is represented in Figure 1, where the
number of isolates of Bacillus, Paenibacillus, Pseudomonas, Serratia as well as those unidenti-
fied are shown. Genera with low numbers of representants were considered together in a
group called “Others” (n = 19 isolates). A high prevalence of the genus Bacillus followed by
Pseudomonas, Paenibacillus and Serratia (all isolates belong to the species S. plymuthica) is
of note.

Table 1. Genus and species identification of the 132 potential antimicrobial-producing isolates
obtained in the first screening and those 32 isolates verified in the second screening.

Genus Species
Number of Isolates

First Screening
Number of Isolates
Second Screening

Acinetobacter Acinetobacter radioresistens 1

Arthrobacter
2

Arthrobacter citreus 1 1

Arthrobacter ilicis 1

Bacillus

40

Bacillus marisflavi 1
Bacillus atrophaeus 2 2
Bacillus cereus 6 1
Bacillus cibi 1
Bacillus megaterium 4 1
Bacillus mycoides 4 1
Bacillus pumilus 7 5
Bacillus safensis 2 2
Bacillus simplex 3
Bacillus thuringiensis 2
Bacillus weihenstefanensis 3
Bacillus spp. 5 2
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Table 1. Cont.

Genus Species
Number of Isolates

First Screening
Number of Isolates
Second Screening

Bradybacterium Bradybacterium spp. 1 1

Brevibacillus Brevibacillus laterosoporus 1 1

Enterobacter Enterobacter cloacae 3

Escherichia Escherichia coli 2

Klebsiella Klebsiella aerogenes 1 1

Microbacterium Microbacterium
arborescensens 2 1

Micrococcus Micrococcus luteus 1

Paenibacillus

12

Paenibacillus amylolyticus 6
Paenibacillus apiarus 2 2
Paenibacillus
gluconolyticus 1

Paenibacillus lautus 1
Paenibacillus polymyxa 1 1
Paenibacillus xylanilyticus 1

Pseudomonas

27

Pseudomonas
brasicacearum 2

Pseudomonas brenneri 1

Pseudomonas caricapapayae 1 1

Pseudomonas chlororaphis 3 1

Pseudomonas kilonensis 5 3

Pseudomonas koreensis 2

Pseudomonas mandelii 1

Pseudomonas mosselii 1

Pseudomonas putida 1

Pseudomonas savastanoi 1

Pseudomonas thivervalensis 2

Pseudomonas umsongensis 1

Pseudomonas spp. 6 2

Staphylococcus Staphylococcus hominis 2 1

Serratia Serratia plymuthica 6

Stenotrophomonas Stenotrophomonas
rhizophila 1

Streptomyces Streptomyces avidinii 1 1

Olivibacter Olivibacter soli 1 1

Variovorax Variovorax paradoxus 1

Viridibacillus Viridibacillus arenosi 1

Not identified 26

Total 132 32
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Figure 1. Diversity at genus level of the antimicrobial-producing bacteria isolated from soil samples
in the first initial screening. * Other genera: include isolates of genera with less than six representants;
see Table 1.

Renyi profiles allowed us to differentiate clusters according to the diversity of potential
producers (Figure S1). The community with an overlapping diversity profile was considered
the most diverse. Thus, the decreasing ranking of clusters was as follows: La Rioja Central,
La Rioja West and Logroño (same alpha values), La Rioja East and Outside (Figure S2). This
revealed that antimicrobial-producing isolates of La Rioja Central had the best distribution
of richness (number of different genera/species) and abundance (number of isolates of
each genus/species detected) (Table S3 and Figure S2).

3.1. Verification of Antimicrobial Activity of Antimicrobial-Producing Bacteria in a Second
Screening Process against 15 Indicator Bacteria

The 132 isolates obtained in the first screening with potential antimicrobial activity
production were tested at the university in a second screening by the spot-on-lawn method
against 15 indicator bacteria. Then, 32 out of the 132 tested isolates were finally selected for
presenting clear antimicrobial activity after several repetitions against at least one indicator
bacteria (Table 2). Identification of 29 out of 32 isolates was obtained by MALDITOF, and
the remaining 3 (X7264, X7265 and X7266) were identified by amplification and sequenc-
ing of the 16S rDNA gene. Twenty-three of the 32 antimicrobial-producing isolates were
Gram-positive (15 species and 6 genera), and nine were Gram-negative (6 species and 3 gen-
era), and they were further characterized. Most of antimicrobial antimicrobial-producing
bacteria were of the genera Bacillus (43.8%) and Pseudomonas (21.9%) (Table 2).

The most susceptible indicators detected in this study with antimicrobial-producing
isolates were the following: S. epidermidis, M. luteus, and methicillin-resistant and -susceptible
S. aureus (MRSA and MSSA, respectively) (Tables 2 and 3). Seven Gram-positive producing
isolates showed antimicrobial activity against the Gram-negative indicators used (E. coli and P.
aeruginosa). It is to note the high inhibition produced by both Gram-positive and Gram-negative
antimicrobial-producing bacteria against the indicators of the genus Staphylococcus, including
methicillin-resistant staphylococci. In addition, three Gram-positive antimicrobial-producing
isolates (B. mycoides X7258; B. laterosporus X7262 and S. hominis X7276) inhibited the indicator
L. monocytogenes, a relevant pathogen in the food industry. Finally, excluding the species E.
cecorum (with 48% of inhibition), Enterococcus was the most resistant indicator genus, only
inhibited by Gram-positive antimicrobial-producing isolates, as expected (Tables 2 and 3).
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Table 3. Antimicrobial activity profile of the 32 antimicrobial-producing isolates obtained in the
second screening against 15 indicator bacteria (number of isolates).

Number of Positive Results of the Antimicrobial-Producing Isolates against the Following Indicator Bacteria:

Producing Isolates
E. coli

(1)
P. aeruginosa

(1)
MR-Staphylococcus

a (2)
MS-Staphylococcus

a (5)
Enterococcus

(4)
L. monocytogenes

(1)
M. luteus

(1)

A. citreus (1) 2 1
Bacillus spp. (14) 3 1 13 41 9 1 14
Bradybacterium spp. (1) 2
B. laterosoporus (1) 1 2 5 2 1 1
M. arborescensens (1) 2 4 1
Paenibacillus spp. (3) 2 3 7 1 3
S. hominis (1) 1 5 4 1 1
S. avidinii (1) 1 2 1
O. soli (1) 2 1
K. aerogenes (1) 1 2
Pseudomonas spp. (7) 2 2 8 18 5

a Abbreviations: MR, methicillin resistant; MS, methicillin susceptible.

Three levels were differentiated regarding production based on the percentages of
indicator bacteria inhibited by the antimicrobial-producing isolates: low (<35%), medium
(from 35 to 70%) and high (>70%). In this respect, 18 isolates showed low antimicrobial
activity, 12 isolates were considered as medium producers, and 2 isolates were found to be
high producers with antimicrobial activity against 80% of the indicators tested (Brevibacillus
laterosporus X7262 and Staphylococcus hominis X7276) (Table 2). Neither of the two highly
producing isolates were active against P. aeruginosa, but B. laterosporus X7262 inhibited
E. coli, the other Gram-negative indicator strain. On the other hand, both highly producing
strains showed antimicrobial activity against methicillin-resistant and -susceptible (MR
and MS) staphylococci (from 90% to 100% of inhibition), L. monocytogenes and M. luteus.
The S. hominis X7276 strain revealed antimicrobial activity against all Enterococcus isolates
used as indicators (100%), and B. laterosporus X7262 inhibited 50% of them (Figure 2).

Figure 2. Number of indicator bacteria inhibited by the two highly producing isolates (Brevibacillus
laterosporus X7262 and Staphylococcus hominis X7276).

3.2. Antibiotic Resistance Phenotype of the Antimicrobial-Producing Isolates

In total, 48% of the 32 antimicrobial-producing isolates showed susceptibility to all
the antibiotics tested. Considering Gram-positive isolates, resistance was mostly detected
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for cefoxitin (22%) and penicillin and tobramycin (17%). Meropenem/imipenem and
ciprofloxacin resistance were also found among Bacillus isolates. Four Gram-positive
producing isolates (17%) were multidrug resistant (MDR). With respect to Gram-negative,
33% of them were susceptible to all the antibiotics tested (all belonging to Pseudomonas
genus). Four Pseudomonas spp. showed resistance to ticarcillin, and two of them were also
resistant to aztreonam. Moreover, two Gram-negative isolates were resistant to ampicillin
and cefoxitin, one of them being MDR (Olivibacter X7265) (Table 4).

Table 4. Antimicrobial resistance phenotype of the selected 32 antimicrobial-producing isolates
obtained in the second screening.

Type of Bacteria
Number of

Isolates
Genus Species a Antimicrobial Resistance

Phenotype b

Gram-positive 1 Arthrobacter A. citreus Susceptible

7 Bacillus spp. B. pumilus 2, B. safensis, B. megaterium,
B. mycoides, Bacillus spp. 2

PEN 3-FOX 4-MER 3-IMI 2-S
2-TOB 3-CLI -GEN-SXT-CIP 3

7 Bacillus spp. B. pumilus 3, B. cereus, B. artrophaeus 2,
B. safensis Susceptible 7

1 Bradybacterium Bradybacterium spp. Susceptible
1 Brevibacillus B. laterosporus Susceptible
1 Microbacterium M. arborescensis Susceptible
2 Paenibacillus P. apiarus 2 PEN-FOX-TOB
1 Paenibacillus P. polymyxa Susceptible
1 Staphylococcus S. hominis Susceptible
1 Streptomyces S. avidinii Susceptible

Gram-negative 1 Klebsiella K. aerogenes AMP-AMC-FOX
1 Olivibacter O. soli AMP-FOX-CTX-CAZ-C-TOB

4 Pseudomonas P. chlororaphis, P. caricapapayae, P.
kilonensis 2 TIC 4-ATM 2

3 Pseudomonas Pseudomonas spp. 2, P. kilonensis Susceptible
a Superscript 2, 3 indicates the number of isolates of each species. b Superscript 2, 3, 4, 7 indicates the number of
isolates with a specific characteristic, when more than one.

4. Discussion

Soil contains a highly diverse collection of bacteria, making it a very attractive starting
point for efforts to discover molecules with antimicrobial activity [17]. In this sense,
the present work carried out a massive soil sampling due to the citizen collaboration of
professors, teachers, university students and secondary education students, under the
MicroMundo project.

Therefore, from a collection of 2600 bacteria, 132 putative antimicrobial producers were
obtained in the first screening, which represent 5% of the total isolates recovered. When
processing these samples in the laboratory during the second screening, 100 producers were
lost, probably due to the stricter criteria of antibacterial effect verification at the university,
considering only clear zones of inhibition as putative markers of bacteriocins. However,
many other antimicrobial substances have been described apart from antimicrobial peptides
with different phenotypes of inhibition halos not considered for this study. On the other
hand, bacteriocins are known to be produced in response to signals received from a potential
competitor, which then elicits an antagonistic response [18]. Therefore, in this study, the
32 isolates, which showed constant antimicrobial activity throughout the second screenings
carried out, were selected for their subsequent characterization.

This work provides information on the soil biodiversity of bacteria with potential
inhibitory capacity. Renyi profiles of La Rioja zones reveal a higher diversity in La Rioja
Central, although a higher number of antimicrobial-producing isolates among the 132 firstly
identified were detected among Logroño samples. In this regard, Bacillus (30%) and
Pseudomonas (20%) were the most predominant genera, in accordance with what was
observed by Huang et al., 2021 [19]. However, other genera were found in this study, such
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as Paenibacillus or Serratia. These results highlight the potential of soil as a reservoir of
bacteria that produce antimicrobial agents; thus, further characterization of isolates could
be of interest.

In recent years, bacteria such as Pseudomonas spp. and Bacillus spp. have been studied
and used as biological control agents for plant diseases [20,21], including the antibiosis
mechanism for competition for nutrients and niches [22]. Bacillus is a genus well known as
a producer of antibacterial substances such as lipopeptides, phenols, proteases, and bacteri-
ocins [23]. Species of the genus Pseudomonas produce several secondary metabolites that
affect other bacteria, fungi, or predators of nematodes and protozoa, such as bacteriocins,
ranging from small microcin to large tailocin [24].

Thus, as expected, 14 Bacillus spp. and 7 Pseudomonas spp. out of the 32 bacteria
finally selected as clear producers of antimicrobial substances were identified in this work.
According to the spot-on-lawn results, higher activity was found against Gram-positive
indicator bacteria than against Gram-negative indicator bacteria, being the Staphylococcus
genera, (including MR-Staphylococci), the most susceptible indicator bacteria. It is widely
known that most microbial metabolites have specific antimicrobial potential, and they
act at the target sites [2]. Seven Gram-positive isolates showed antimicrobial activity
against the Gram-negative indicators used. In addition, Brevibacillus laterosporus X7262
and Staphylococcus hominis X7276 stand out as high producers, which show antimicrobial
activity against MS-staphylococci, L. monocytogenes and M. luteus.

Brevibacillus laterosporus is an aerobic, spore-forming, entomopathogenic microorgan-
ism commonly isolated from soil. Some strains have potential activity as biological control
agents [25]. In addition, several applications of this bacterium as a biological control
agent have been described, highlighting the high toxicity against mosquito larvae among
other insects and the activity that promotes growth and improves productivity in bee
colonies [26–28].

As for S. hominis, it is a normal skin commensal coagulase negative staphylococci
(CoNS) described as a bacteriocin producer such as hominicin [29] and nukacin KQU-
131 [30], among others. Moreover, recent studies have detected bacteriocin-like-producing
staphylococci of environmental origin, including S. hominis [31]. Due to their high tolerance
to an acidic environment, the resistance to bile, and the capacity to adhering to an epithelial
cell line, S. hominis has been proposed as a good candidate for probiotic treatments against
S. aureus [32]. In this sense, Nakatsuji et al., 2017 [33], reported that human Staphylococcus
commensal species produce antimicrobial peptides that protect us against pathogens that
control skin microbiota imbalances, and they demonstrated that a personalized probiotic
CoNS cream could alleviate the symptoms of skin dysbiosis such as atopic dermatitis.

In short, advanced and combinatorial therapies that include antibiotics or new molecules
with antimicrobial activity could be used as an alternative solution to combat AMR from a
biotechnological and biomedical perspective and to solve problems in the agriculture and
food industries, among others [34]. The one-health perspective makes clear the need for an
ecosystem union to achieve improved objectives in the problem of AMR. Citizens must be
integrated into this system, knowing the problem of the urgent need to find antimicrobial
molecules, becoming aware of it, and contributing to research through this type of citizen
science and service-learning initiatives such as MicroMundo.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12010057/s1, Figure S1: Coordinates of all soil samples
analyzed in this study. Each cluster is differentiated by colors; Figure S2: Renyi diversity profile
of the antimicrobial-producing microbial community included in each of the following zones: La
Rioja Central, La Rioja East, La Rioja West, Logroño and Outside; Table S1: Characteristics of the
15 indicator bacteria used in this study for the screening of antimicrobial activity production; Table
S2: Antibiotics used for disk-diffusion test in Gram-positive and -negative antimicrobial-producer
isolates (EUCAST); Table S3: Number of isolates included in each of the established regions based on
their sampling location.
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22. Dimkić, I.; Janakiev, T.; Petrović, M.; Degrassi, G.; Fira, D. Plant-associated Bacillus and Pseudomonas antimicrobial activities in
plant disease suppression via biological control mechanisms—A review. Physiol. Mol. Plant Pathol. 2021, 117, 101754. [CrossRef]

23. Zhao, J.; Zhou, Z.; Bai, X.; Zhang, D.; Zhang, L.; Wang, J.; Wu, B.; Zhu, J.; Yang, Z. A novel of new class II bacteriocin from Bacillus
velezensis HN-Q-8 and its antibacterial activity on Streptomyces scabies. Front. Microbiol. 2022, 13, 943232. [CrossRef] [PubMed]

24. Ghequire, M.G.; De Mot, R. Ribosomally encoded antibacterial proteins and peptides from Pseudomonas. FEMS Microbiol. Rev.
2014, 38, 523–568. [CrossRef] [PubMed]

25. de Oliveira, E.J.; Rabinovitch, L.; Monnerat, R.G.; Passos, L.K.J.; Zahner, V. Molecular Characterization of Brevibacillus laterosporus
and Its Potential Use in Biological Control. Appl. Environ. Microbiol. 2004, 70, 6657–6664. [CrossRef] [PubMed]

26. Barbieri, G.; Ferrari, C.; Mamberti, S.; Gabrieli, P.; Castelli, M.; Sassera, D.; Ursino, E.; Scoffone, V.C.; Radaelli, G.; Clementi, E.;
et al. Identification of a Novel Brevibacillus laterosporus Strain with Insecticidal Activity Against Aedes albopictus Larvae. Front.
Microbiol. 2021, 12, 624014. [CrossRef] [PubMed]

27. Javed, K.; Qiu, D. Protein Elicitor PeBL1 of Brevibacillus laterosporus Enhances Resistance Against Myzus persicae in Tomato.
Pathogens 2020, 9, 57. [CrossRef]

28. Khaled, J.M.; Al-Mekhlafi, F.A.; Mothana, R.A.; Alharbi, N.S.; Alzaharni, K.E.; Sharafaddin, A.H.; Kadaikunnan, S.; Alobaidi,
A.S.; Bayaqoob, N.I.; Govindarajan, M.; et al. Brevibacillus laterosporus isolated from the digestive tract of honeybees has high
antimicrobial activity and promotes growth and productivity of honeybee’s colonies. Environ. Sci. Pollut. Res. 2017, 25,
10447–10455. [CrossRef]

29. Kim, J.Y.; Kwon, J.H.; Ahn, S.H.; Lee, S.I.; Han, Y.S.; Choi, Y.O.; Lee, S.Y.; Ahn, K.M.; Ji, G.E. Effect of probiotic mix (Bifidobacterium
bifidum, Bifidobacterium lactis, Lactobacillus acidophilus) in the primary prevention of eczema: A double-blind, randomized,
placebo-controlled trial. Pediatr. Allergy Immunol. 2010, 21, e386–e393. [CrossRef]

30. Wilaipun, P.; Zendo, T.; Okuda, K.-I.; Nakayama, J.; Sonomoto, K. Identification of the Nukacin KQU-131, a New Type-A(II)
Lantibiotic Produced by Staphylococcus hominis KQU-131 Isolated from Thai Fermented Fish Product (Pla-ra). Biosci. Biotechnol.
Biochem. 2008, 72, 2232–2235. [CrossRef]

31. Fernández-Fernández, R.; Lozano, C.; Eguizábal, P.; Ruiz-Ripa, L.; Martínez-Álvarez, S.; Abdullahi, I.N.; Zarazaga, M.; Torres,
C. Bacteriocin-Like Inhibitory Substances in Staphylococci of Different Origins and Species With Activity Against Relevant
Pathogens. Front. Microbiol. 2022, 13, 870510. [CrossRef]

32. Sung, C.; Kim, B.; Kim, S.; Joo, H.; Kim, P. Probiotic potential of Staphylococcus hominis MBBL 2–9 as anti- Staphylococcus aureus
agent isolated from the vaginal microbiota of a healthy woman. J. Appl. Microbiol. 2010, 108, 908–916. [CrossRef]

33. Nakatsuji, T.; Chen, T.H.; Narala, S.; Chun, K.A.; Two, A.M.; Yun, T.; Shafiq, F.; Kotol, P.F.; Bouslimani, A.; Melnik, A.V.; et al.
Antimicrobials from human skin commensal bacteria protect against Staphylococcus aureus and are deficient in atopic dermatitis.
Sci. Transl. Med. 2017, 9, eaah4680. [CrossRef] [PubMed]

34. Sumi, C.D.; Yang, B.W.; Yeo, I.-C.; Hahm, Y.T. Antimicrobial peptides of the genus Bacillus: A new era for antibiotics. Can. J.
Microbiol. 2015, 61, 93–103. [CrossRef] [PubMed]

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.

84



Citation: Adnan, M.; Siddiqui, A.J.;

Noumi, E.; Hannachi, S.; Ashraf, S.A.;

Awadelkareem, A.M.; Snoussi, M.;

Badraoui, R.; Bardakci, F.;

Sachidanandan, M.; et al. Integrating

Network Pharmacology Approaches

to Decipher the Multi-Target

Pharmacological Mechanism of

Microbial Biosurfactants as Novel

Green Antimicrobials against

Listeriosis. Antibiotics 2023, 12, 5.

https://doi.org/10.3390/

antibiotics12010005

Academic Editor: Helena

P. Felgueiras

Received: 7 November 2022

Revised: 15 December 2022

Accepted: 16 December 2022

Published: 20 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antibiotics

Article

Integrating Network Pharmacology Approaches to Decipher the
Multi-Target Pharmacological Mechanism of Microbial
Biosurfactants as Novel Green Antimicrobials
against Listeriosis

Mohd Adnan 1, Arif Jamal Siddiqui 1, Emira Noumi 1, Sami Hannachi 1, Syed Amir Ashraf 2,

Amir Mahgoub Awadelkareem 2, Mejdi Snoussi 1, Riadh Badraoui 1,3, Fevzi Bardakci 1,

Manojkumar Sachidanandan 4, Mirav Patel 5 and Mitesh Patel 5,*

1 Department of Biology, College of Science, University of Hail, Hail P.O. Box 2440, Saudi Arabia
2 Department of Clinical Nutrition, College of Applied Medial Sciences, University of Hail, Hail P.O. Box 2440,

Saudi Arabia
3 Section of Histology-Cytology, Medicine Faculty of Tunis, University of Tunis El Manar, La Rabta 1007, Tunis,

Tunisia
4 Department of Oral Radiology, College of Dentistry, University of Hail, Hail P.O. Box 2440, Saudi Arabia
5 Department of Biotechnology, Parul Institute of Applied Sciences and Centre of Research for Development,

Parul University, Vadodara 391760, India
* Correspondence: patelmeet15@gmail.com

Abstract: Listeria monocytogenes (L. monocytogenes) is a serious food-borne pathogen that can cause
listeriosis, an illness caused by eating food contaminated with this pathogen. Currently, the treatment
or prevention of listeriosis is a global challenge due to the resistance of bacteria against multiple
commonly used antibiotics, thus necessitating the development of novel green antimicrobials. Sci-
entists are increasingly interested in microbial surfactants, commonly known as “biosurfactants”,
due to their antimicrobial properties and eco-friendly nature, which make them an ideal candidate
to combat a variety of bacterial infections. Therefore, the present study was designed to use a net-
work pharmacology approach to uncover the active biosurfactants and their potential targets, as
well as the signaling pathway(s) involved in listeriosis treatment. In the framework of this study,
15 biosurfactants were screened out for subsequent studies. Among 546 putative targets of biosur-
factants and 244 targets of disease, 37 targets were identified as potential targets for treatment of
L. monocytogenes infection, and these 37 targets were significantly enriched in a Gene Ontology (GO)
analysis, which aims to identify those biological processes, cellular locations, and molecular functions
that are impacted in the condition studied. The obtained results revealed several important biological
processes, such as positive regulation of MAP kinase activity, protein kinase B signaling, ERK1
and ERK2 cascade, ERBB signaling pathway, positive regulation of protein serine/threonine kinase
activity, and regulation of caveolin-mediated endocytosis. Several important KEGG pathways, such
as the ERBBB signaling pathway, TH17 cell differentiation, HIF-1 signaling pathway, Yersinia infection,
Shigellosis, and C-type lectin receptor signaling pathways, were identified. The protein–protein
interaction analysis yielded 10 core targets (IL2, MAPK1, EGFR, PTPRC, TNF, ITGB1, IL1B, ERBB2,
SRC, and mTOR). Molecular docking was used in the latter part of the study to verify the effectiveness
of the active biosurfactants against the potential targets. Lastly, we found that a few highly active
biosurfactants, namely lichenysin, iturin, surfactin, rhamnolipid, subtilisin, and polymyxin, had high
binding affinities towards IL2, MAPK1, EGFR, PTPRC, TNF, ITGB1, IL1B, ERBB2, SRC, and mTOR,
which may act as potential therapeutic targets for listeriosis. Overall, based on the integrated network
pharmacology and docking analysis, we found that biosurfactants possess promising anti-listeriosis
properties and explored the pharmacological mechanisms behind their effect, laying the groundwork
for further research and development.
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1. Introduction

More than 200 diseases can be caused in humans by food-borne contaminations, which
are caused by a variety of factors that are involved with the cause and development of
disease related to food consumption [1]. In this regard, we can point to the increasing
population of the world, which has led to the subsequent rise in the demand for food, as
well as microbial genomic diversification and selection pressures, resulting in the emergence
of new pathogens as a result of the growing popularity of eating outside the home [2].
An infection caused by the bacterium Listeria monocytogenes (L. monocytogenes) is called
“listeriosis” and is usually a result of eating food that has been contaminated with this
food pathogen. In a wide range of food products, such as dairy products, raw vegetables,
and raw meat, as well as ready-to-eat products, this bacterium has been found to be
present [3]. The L. monocytogenes are a Gram-positive, rod-shaped, non-spore forming,
non-capsule forming bacteria, which are motile at 10 to 25 ◦C [4]. They can infect a wide
range of human and animals cell types. Few populations of humans are reported to
carry the bacterium without showing symptoms in the intestinal tract [5]. Following the
ingestion of bacterium by the host, L. monocytogenes first encounters epithelial cells of the
gut lining and then enters the host’s monocytes, macrophages, or polymorphonuclear
leukocytes. The bacterium becomes blood-borne and multiplies both intracellularly and
extracellularly. In pregnant women, it can migrate through the placenta to reach the fetus
intracellularly [6]. When L. monocytogenes is infected in mice, the bacteria first appear
in macrophages before spreading to liver hepatocytes [7]. Several outbreaks have been
associated with the consumption of ready-to-eat food, because L. monocytogenes is capable
of growing at refrigerated temperatures [8].

There are several high-risk populations that are susceptible to listeriosis, including
the elderly, pregnant women, newborns, and immunocompromised patients due to kidney
transplant, cancer, HIV/AIDS, and steroid therapy [8]. Around the world, there are
approximately 1600 cases of listeriosis each year, and approximately 260 people die from
it [9]. Despite the fact that there are a small number of cases of listeriosis in the world,
the high rate of death associated with this infection makes it an important public health
concern. Due to this, there is a need to implement effective medical management for
listeriosis. Therefore, alternative measures are needed to control L. monocytogenes in the
food industry.

Over the past few years, natural products and their derivatives have been gaining more
and more attention as insights into research and possible drug sources for targeted therapy,
owing to their variety of structural features, multi-target action, and low toxicity [10].
There have been a great number of dramatic advances in high-throughput screening
techniques over the past few decades that have greatly contributed to the discovery of
novel drugs based on natural products [11]. Hence, a new discovery of a potential bioactive
compound that can affect the pathophysiology of diseases and disorders will be considered
a thunderbolt of this new era of pharmaceuticals.

Biological surfactants (biosurfactants) are surface active compounds which are syn-
thesized by the microbes (bacteria and fungi) on their cell surface or excreted that can
reduce surface and interfacial tension [12]. There is no doubt that biosurfactants are becom-
ing more and more popular among scientists because of their eco-friendliness properties,
scalability, durability under harsh environmental conditions, specificity, and versatility,
which make them appealing for their application in various fields [13]. There are numerous
applications for these compounds as antimicrobials, anti-adhesives, and anticancer agents,
in addition to being extensively used for the purposes of recovery of oil, bioremediation,
and emulsification in industry [14].

In previous studies, biosurfactants have been demonstrated to have antimicrobial,
antibiofilm, and anti-listeriosis properties [13–15], suggesting that they could potentially
be useful for preventing and treating listeriosis. In spite of this, very few studies have been
published that have examined the use of biosurfactants in the prevention and treatment
of listeriosis, and no research has examined the mechanisms behind their action [15].
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Insights into the mechanisms of action of biosurfactants against listeriosis will be possible
if studies focusing on molecular targets and their related signal pathways are conducted.
To accomplish this purpose, we utilized network pharmacology [16,17] and a molecular
docking methodology [18] approach in the present study to construct a multidimensional
network of “component–target–pathway–disease” that is able to explain the biological
mechanisms underlying biosurfactants for the prevention and treatment of listeriosis. It
is intended that the results of the present study will provide a scientific foundation for
clinical trial research and the development of biosurfactant products in the future. Figure 1
illustrates the flowchart of this study.

Figure 1. Framework based on an integration strategy of network pharmacology.

2. Results

2.1. Identification of Active Components of Biosurfactants

In total, 15 biosurfactants were selected, and their detailed information was retrieved
from the PubChem database in order to be analyzed, using the SwissTargetPrediction
database (Table 1). We predicted the potential protein targets of each biosurfactant by using
SwissTargetPrediction (Figure 2A–F, Figure 3A–F, Figure 4A–F, and Figure 5A–C). Following
the removal of duplicate targets from the target prediction, screening of 546 potential targets
was conducted for further evaluation. A visual compound–target network was subsequently
constructed by using Cytoscape 3.9.1 in order to construct a visual network with 546 nodes
and 545 edges (Figure 6A). The nodes represent ingredients and their corresponding targets.
The higher the degree corresponding to the node, the greater the pharmacological effects of
this ingredient or target. The calculated average shortest path length, betweenness centrality,
closeness centrality, and degree of nodes in the network are shown in Table 2.
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Table 1. List of biosurfactants.

Sr. No. Biosurfactant Microbial Origin References
Molecular
Formula

PubChem Canonical SMILE

1 Surfactin Bacillus subtilis
Bacillus siamensis [19,20] C53H93N7O13 5066078

CC(C)CCCCCCCCCC1CC(=O)
NC(C(=O)NC(C(=O)NC(C(=O)
NC(C(=O)NC(C(=O)NC(C(=O)
NC(C(=O)O1)CC(C)C)CC(C)C)
CC(=O)O)C(C)C)CC(C)C)CC(C)

C)CCC(=O)O

2 Rhamnolipid Pseudomonas
aeruginosa [21] C32H58O13 5458394

CCCCCCCC(CC(=O)O)OC(=O)
CC(CCCCCCC)OC1C(C(C(C(O
1)C)O)O)OC2C(C(C(C(O2)C)O)

O)O

3 Viscosin Pseudomonas
fluorescens [22] C54H95N9O16 72937

CCCCCCCC(CC(=O)NC(CC(C)
C)C(=O)NC(CCC(=O)O)C(=O)N
C1C(OC(=O)C(NC(=O)C(NC(=
O)C(NC(=O)C(NC(=O)C(NC(=
O)C(NC1=O)C(C)C)CC(C)C)CO

)CC(C)C)CO)C(C)CC)C)O

4 Liposan Candida lipolytica [23] C8H14O2S2 864 C1CSSC1CCCCC(=O)O

5 Lichenysin Bacillus
licheniformis [24] C51H90N8O12 11804102

CC(C)CCCCCCCCC1CC(=O)N
C(C(=O)NC(C(=O)NC(C(=O)N
C(C(=O)NC(C(=O)NC(C(=O)N

C(C(=O)O1)C(C)C)CC(C)C)CC(=
O)O)C(C)C)CC(C)C)CC(C)C)C

CC(=O)N

6 Iturin
Bacillus subtilis

Bacillus
amyloliquefaciens

[25] C48H74N12O14 158570

CCCCCCCCCCCC1CC(=O)NC(
C(=O)NC(C(=O)NC(C(=O)NC(

C(=O)N2CCCC2C(=O)NC(C(=O
)NC(C(=O)N1)CO)CC(=O)N)C

CC(=O)N)CC(=O)N)CC3=CC=C
(C=C3)O)CC(=O)N

7 Arthrofactin Arthrobacter sp.
strain MIS38 [26] C64H111N11O20 23724538

CCCCCCCC1CC(=O)NC(C(=O)
NC(C(=O)NC(C(=O)NC(C(=O)
NC(C(=O)NC(C(=O)NC(C(=O)
NC(C(=O)NC(C(=O)NC(C(=O)

NC(C(=O)O1)CC(=O)O)C(C)CC
)C(C)CC)CO)CC(C)C)CO)CC(C
)C)CC(C)C)C(C)O)CC(=O)O)C

C(C)C

8 Amphisin Pseudomonasfluorescens [27] C66H114N12O20 101134740

CCCCCCCC(CC(=O)NC(CC(C)
C)C(=O)NC(CC(=O)O)C(=O)NC
1C(OC(=O)C(NC(=O)C(NC(=O)
C(NC(=O)C(NC(=O)C(NC(=O)
C(NC(=O)C(NC(=O)C(NC1=O)
CC(C)C)CC(C)C)CO)CC(C)C)C
CC(=O)N)CC(C)C)C(C)CC)CC(

=O)O)C)O

9 Putisolvin Pseudomonas
putida [28] C65H113N13O19 139588800

CCCCCC(=O)NC(CC(C)C)C(=O
)NC(CCC(=O)O)C(=O)NC(CC(
C)C)C(=O)NC(C(C)CC)C(=O)N
C(CCC(=O)N)C(=O)NC(CO)C(=
O)NC(C(C)C)C(=O)NC(C(C)CC
)C(=O)NC1COC(=O)C(NC(=O)
C(NC(=O)C(NC1=O)CC(C)C)C(

C)C)CO
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Table 1. Cont.

Sr. No. Biosurfactant Microbial Origin References
Molecular
Formula

PubChem Canonical SMILE

10 Ustilagic Acid Ustilago maydis [29] C36H64O18 52922086

CCCC(CC(=O)OC1C(C(C(OC1
OC2C(OC(C(C2O)O)OCC(CCC
CCCCCCCCCC(C(=O)O)O)O)C

OC(=O)C)CO)O)O)O

11 Pumilacidin Bacillus pumilus [30] C55H99N7O12 101174694

CCC(C)C1C(=O)OC(CC(=O)NC
(C(=O)NC(C(=O)NC(CNC(C(=
O)NC(C(=O)NC(C(=O)N1)CC(
C)C)CC(=O)O)CC(C)C)CC(C)

C)CC(C)C)CCC(=O)O)CCCCCCC
CCCC(C)C

12 Fengycin Bacillus subtilis [25] C72H110N12O20 443591

CCCCCCCCCCCCCC(CC(=O)
NC(CCC(=O)O)C(=O)NC(CCC
N)C(=O)NC1CC2=CC=C(C=C2)
OC(=O)C(NC(=O)C(NC(=O)C(

NC(=O)C3CCCN3C(=O)C(NC(=
O)C(NC(=O)C(NC1=O)C(C)O)C
CC(=O)O)C)CCC(=O)N)CC4=C

C=C(C=C4)O)C(C)CC)O

13 Subtilisin Bacillus subtilis [31] C18H25N3O6 92174084
CC(C(=O)NOC(=O)C1=CC=CC
=C1)NC(=O)C(C)NC(=O)OC(C)(

C)C

14 Gramicidin S Brevibacillus brevis [32] C60H92N12O10 73357

CC(C)CC1C(=O)NC(C(=O)N2C
CCC2C(=O)NC(C(=O)NC(C(=O
)NC(C(=O)NC(C(=O)N3CCCC3
C(=O)NC(C(=O)NC(C(=O)N1)C
CCN)C(C)C)CC4=CC=CC=C4)C
C(C)C)CCCN)C(C)C)CC5=CC=

CC=C5

15 Polymyxin Paenibacillus
polymyxa [33] C48H82N16O14 3083714

CC(C)CC1C(=O)NC(C(=O)NC
(C(=O)NC(C(=O)NCCC(C(=O)N
C(C(=O)NC(C(=O)N1)CC2=CC=
CC=C2)CCN)NC(=O)C(CCN)N
C(=O)C(C(C)O)NC(=O)C(CCN)

NC(=O)O)C(C)O)CCN)CCN

Table 2. Topological parameters of the compound.

Sr. No. Biosurfactant Degree Betweenness Closeness

1 Putisolvin 12 218.86357 0.44347826
2 Surfactin 11 260.51117 0.42857143
3 Lichenysin 11 180.90701 0.43589744
4 Arthrofactin 10 295.14645 0.4214876
5 Amphisin 10 98.94803 0.4214876
6 Iturin 10 312.37665 0.39534885
7 Pumalicidin 10 114.981255 0.42857143
8 Subtilisin 10 543.5165 0.39534885
9 Polymyxin 9 186.33307 0.4015748
10 Viscosin 9 126.53945 0.4214876
11 Fengycin 8 143.53413 0.38345864
12 Gramicidin 8 158.42682 0.38345864
13 Ustilagic Acid 6 220.03003 0.3167702
14 Rhamnolipid 6 151.10707 0.37226278
15 Liposan 3 112.77881 0.3090909
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Figure 2. Biosurfactants and their potential proteins interaction, as retrieved from the SwissTarget-
Prediction server.

2.2. Listeriosis and Intersection Target

The human genome database was used to collect the targets that are related to liste-
riosis. A total of 197, 276, and 211 targets were identified in the OMIM, DisGeNET, and
GeneCard databases, respectively. As a result of removing duplicate entries from these
three kinds of databases, a total of 244 listeriosis targets were obtained (Figure 6B). By
intersecting these targets with component targets, a total of 37 intersection targets were
obtained, as shown in Figure 7A. Figure 7B,C show a diagram of component intersection
targets that has 52 nodes and 133 edges that were created with the help of Cytoscape.

2.3. Construction of Protein–Protein Interaction Network (PPI) and Key Targets

Utilizing the GeneMANIA tool, we imported 37 target genes in order to obtain a
PPI network that demonstrates the relationships between these 37 target genes and other
genes in the network. In the results, the percentage represents the weight that is given to
interaction relationships in the network. According to our results, 29.46% of the interactions
between the targets in the network resulted in co-expressions, and 35.77% of them resulted
in physical interactions. Furthermore, there was a relationship between co-localization and
shared protein domains (Figure 8A). In Table 3, we provide the calculated average length
of shortest paths to the three central nodes, betweenness centrality, closeness centrality,
and degree of each node in the network. There were ten targets in the network which are
organized in the order of high to low, according to the topology properties of the network,
corresponding to EGFR, SRC, IL1B, IL2, PTPRC, ERBB2, ITGB1, MAPK1, MTOR, and TNF
(Figure 8B). Biosurfactants may be able to prevent and treat listeriosis by targeting these
ten targets, as they may be the key targets for biosurfactants.

90



Antibiotics 2023, 12, 5

Figure 3. Biosurfactants and their potential target networks: (A) amphisin, (B) arthrofactin,
(C) fengycin, (D) gramicidin, (E) iturin, and (F) lichenysin. Edges (orange color) represent respective
protein targets.
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Figure 4. Biosurfactants and their potential target networks. (A) liposan, (B) polymyxin, (C) pumali-
cidin, (D) putisolvin, (E) rhamnolipid, and (F) subtilisin. Edges (orange color) represent respective
protein targets.
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Figure 5. Biosurfactants and their potential target networks. (A) surfactin, (B) ustilagic acid, and
(C) viscosin. Edges (orange color) represent respective protein targets.

2.4. Functional GO and KEGG Pathways

By using the Shiny GO 0.76.2 database analytical tool, the 37 intersected genes were
enriched by GO and KEGG analysis. As a result of incorporating biological process
(BP), molecular function (MF) and cellular component (CC) (Figure 9A–C), along with
a p-value < 0.05, as screening conditions, a total of 1255 items were obtained pertain-
ing to biological process, 149 items were obtained pertaining to molecular function, and
94 items were obtained pertaining to cellular composition. The hypothesis was put forth
that biosurfactants could be involved in inhibiting listeriosis through the positive regulation
of MAP kinase activity, protein kinase B signaling, ERK1 and ERK2 cascade, and the ERBB
signaling pathway; positive regulation of protein serine/threonine kinase activity and
leukocyte cell–cell adhesion; positive regulation of establishment of protein localization;
and regulation of caveolin-mediated endocytosis via molecular functions such as integrin
binding, phosphoprotein binding, protein tyrosine kinase activity, growth factor receptor
binding, phosphatase binding, cytokine activity, NEDD8 transferase activity, and cadherin
binding in cellular compartments such as membrane raft, membrane microdomain, focal
adhesion, cell–substrate junction, myelin sheath, basal plasma membrane, and basal part of
the cell. A total of 190 enrichment results were obtained from the KEGG pathway enrich-
ment analysis. Among them Shigellosis, Yersinia infection, the ERBB signaling pathway,
Th17 cell differentiation, the HIF-1 signaling pathway, the C-type lectin receptor signaling
pathway, and bladder cancer pathways are closely associated with listeriosis and are in
accordance with the enrichment results of GO. There was a significant abundance of KEGG
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pathways and gene pathways with p-values ≤ 0.05. Based on the Shiny GO platform,
the first ten components were analyzed (Figure 9D). Based on the statistical analysis, ten
proteins exhibited a high frequency of participation in the first 10 pathways, indicating that
they played a major role in the enrichment pathway. The ten core proteins are EGFR, SRC,
IL1B, IL2, PTPRC, ERBB2, ITGB1, MAPK1, MTOR, and TNF.

Figure 6. (A) Biosurfactant–gene network after removing duplication of genes (diamond indicates
biosurfactants and rectangle indicates target proteins). (B). Disease–gene network after removing
duplication of genes (parallelogram indicates disease, and rectangle indicates target proteins).
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Figure 7. (A) Venn diagram showing common genes between listeriosis and biosurfactants.
(B) Interconnected common genes network constructed by using Cytoscape. (C) Biosurfactants–
common-genes target network (diamond indicates biosurfactants and parallelogram indicates com-
mon target proteins).

2.5. Molecular Docking

Virtual screening using molecular docking is a computational method for identifying
potential leads against predefined targets. By employing this method, compounds with
appreciable binding affinities and specific interactions with target proteins were identified. A
docking analysis of all the biosurfactants revealed the presence of several compounds with a
significant affinity for the respective target proteins (Figure 10). The highest binding affinity
was found between IL2–lichenysin (−6.0 kJ/mol), MAPK1–polymyxin (−7.2 kJ/mol), EGFR–
rhamnolipid (−6.7 kJ/mol), PTPRC–surfactin (−6.2 kJ/mol), TNF–subtilisin (−6.0 kJ/mol),
ITGB1–lichenysin (−7.8 kJ/mol), IL1B–iturin (−7.4 kJ/mol), ERBB2–iturin (−6.2 kJ/mol),
SRC–surfactin (−7.0 kJ/mol), and mTOR–subtilisin (−6.5 kJ/mol). These results suggest
that the few selected biosurfactants have a significant level of binding efficiency with
respective proteins, which may contribute to the development of a potential binding partner
for selective proteins that could be used for drug development. The best biosurfactants
observed occupying the active site in different ways can be seen in Figures 11–15 and
Table 4.
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Figure 8. (A) Network of potential targets of biosurfactants against listeriosis analyzed by GeneMA-
NIA. Genes on the outer ring were submitted as query terms in searches. Nodes on the inner ring
indicate genes associated with query genes. Functional association of targets was analyzed, and
different colors of connecting lines represent different correlations. (B) Key subnetwork of the top
10 nodes analyzed by CytoHubba.
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Table 3. Topological parameters of the targeted proteins.

Sr. No. Genes Degree Betweenness Closeness

1 TNF 27 157.15123 0.24
2 EGFR 26 212.85284 0.23841059
3 SRC 21 59.026463 0.23076923
4 IL2 21 49.672054 0.23076923
5 IL1B 21 72.07377 0.23076923
6 PTPRC 19 35.360935 0.2264151
7 ITGB1 17 31.785282 0.22360249
8 ERBB2 17 19.92101 0.225
9 MAPK1 15 20.884993 0.22222222
10 MTOR 15 14.559942 0.22222222
11 MDM2 14 31.841478 0.2208589
12 ITGB2 13 11.806349 0.21818182
13 HDAC1 13 26.021725 0.2195122
14 NR3C1 12 25.276262 0.21818182
15 TERT 12 2.5834055 0.21818182
16 MET 11 4.9985447 0.21686748
17 SELL 11 11.046661 0.21301775
18 CASP1 9 2.6095238 0.21301775
19 HDAC6 9 5.4996777 0.21301775
20 NOD2 8 3.3137822 0.20930232
21 SELE 8 0 0.21176471
22 SELP 8 0 0.21176471
23 ADAM17 7 1.1746032 0.21052632
24 SIRT2 7 2.0468254 0.20571429
25 ITK 7 6.074603 0.20809248
26 HDAC2 7 4.533211 0.20571429
27 PTPN2 6 2.3246753 0.20571429
28 ITGB7 5 0.22222222 0.2
29 PLA2G2A 5 0.2 0.20809248
30 UBE2I 4 0 0.18947369
31 PPIA 4 1.137931 0.20224719
32 MAP3K8 3 0 0.20454545
33 IGF2R 1 0 0.19672132
34 OPRD1 1 0 0.027777778
35 SLC5A1 1 0 0.19672132
36 F11 1 0 0.027777778
37 MRGPRX1 0 0 0.027027028

Table 4. Interactive active site residues top-rated pose of biosurfactants with target proteins.

Sr.
No.

Protein Receptor–Ligand
Interaction

Type
Distance

1 1M4C

A:ARG83:HN2 - :UNL1:O Conventional
Hydrogen Bond 2.07493

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 1.65486

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 1.62878

A:MET23 - :UNL1 Alkyl 5.36375
UNL1 - A:MET23 Alkyl 5.22848
UNL1 - A:LEU85 Alkyl 4.12048
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Table 4. Cont.

Sr.
No.

Protein Receptor–Ligand
Interaction

Type
Distance

2 3WLW

A:TYR268:HH - N:UNK1:O Conventional
Hydrogen Bond 2.03597

N:UNK1:H - A:ASP286:OD1 Conventional
Hydrogen Bond 2.62308

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 2.48544

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 2.1777

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 2.83049

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 1.55546

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 2.51507

N:UNK1:H - A:THR285:O Conventional
Hydrogen Bond 2.22765

N:UNK1:H - A:SER284:O Conventional
Hydrogen Bond 3.005

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 2.72822

A:LYS309:CE - N:UNK1:O Carbon
Hydrogen Bond 3.69856

A:LEU250:CB - N:UNK1 Pi-Sigma 3.92346
A:ALA249 - N:UNK1 Alkyl 4.39901

A:ALA249 - N:UNK1:C Alkyl 4.10378
A:VAL251 - N:UNK1 Alkyl 5.23527
A:VAL251 - N:UNK1 Alkyl 5.01063
N:UNK1 - A:LEU250 Alkyl 4.96966

N:UNK1:C - A:VAL287 Alkyl 5.09767

3 4MXO

A:MET341:HN - N:UNK1:O Conventional
Hydrogen Bond 1.97267

A:SER345:HN - N:UNK1:O Conventional
Hydrogen Bond 2.85586

A:ASN391:HD21 - N:UNK1:O Conventional
Hydrogen Bond 2.986

A:ASN391:HD22 - N:UNK1:O Conventional
Hydrogen Bond 2.8606

N:UNK1:H - A:LEU273:O Conventional
Hydrogen Bond 2.23507

N:UNK1:H - A:LEU273:O Conventional
Hydrogen Bond 2.69853

N:UNK1:H - A:GLN275:O Conventional
Hydrogen Bond 2.83421

A:GLY274:CA - N:UNK1:O Carbon
Hydrogen Bond 3.14193

A:GLY344:CA - N:UNK1:O Carbon
Hydrogen Bond 3.14994

N:UNK1:C - N:UNK1:O Carbon
Hydrogen Bond 3.54737

A:VAL281 - N:UNK1 Alkyl 4.86428
A:VAL281 - N:UNK1 Alkyl 5.14814
A:ALA293 - N:UNK1 Alkyl 4.50016
A:LYS295 - N:UNK1 Alkyl 5.25134

A:ALA403 - N:UNK1:C Alkyl 3.80138
N:UNK1:C - A:MET314 Alkyl 4.94124
N:UNK1:C - A:VAL323 Alkyl 3.63942
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Table 4. Cont.

Sr.
No.

Protein Receptor–Ligand
Interaction

Type
Distance

N:UNK1 - A:LEU273 Alkyl 4.79106
N:UNK1:C - A:LEU273 Alkyl 4.84683
A:PHE278 - N:UNK1 Pi-Alkyl 5.36838

4 5FMV

N:UNK1:H - A:ASP508:OD2 Salt Bridge 2.60084

N:UNK1:H - A:ASP508:OD2 Conventional
Hydrogen Bond 2.42554

N:UNK1:H - A:ASP508:OD1 Conventional
Hydrogen Bond 2.71193

A:LYS448 - N:UNK1 Alkyl 4.81167
A:PRO449 - N:UNK1 Alkyl 4.98618
A:HIS404 - N:UNK1 Pi-Alkyl 4.73078
A:TRP487 - N:UNK1 Pi-Alkyl 4.80377
A:TRP487 - N:UNK1 Pi-Alkyl 4.83494
A:TRP487 - N:UNK1 Pi-Alkyl 4.37643

5 9ILB

N:UNK1:H - A:THR79:OG1 Conventional
Hydrogen Bond 2.04809

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 2.48545

N:UNK1:H - A:GLU25:OE2 Conventional
Hydrogen Bond 3.01317

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 2.08891

N:UNK1:H - N:UNK1:O Conventional
Hydrogen Bond 1.5553

N:UNK1:H - A:LEU134:O Conventional
Hydrogen Bond 2.12807

N:UNK1:H - A:VAL132:O Conventional
Hydrogen Bond 2.61684

N:UNK1:H - A:LEU80:O Conventional
Hydrogen Bond 2.59836

N:UNK1:C - N:UNK1:O Carbon
Hydrogen Bond 3.5902

A:PHE133 - N:UNK1 Pi-Pi Stacked 3.75995
A:TYR24 - N:UNK1 Pi-Alkyl 4.38175

A:TYR24 - N:UNK1:C Pi-Alkyl 4.05141
N:UNK1 - A:PRO131 Pi-Alkyl 5.36192

6 4G6O

A:ASN152:HD22 - :UNL1:N Conventional
Hydrogen Bond 2.68599

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 1.97392

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 1.72687

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.6197

UNL1:H - A:ASP109:OD2 Conventional
Hydrogen Bond 2.68182

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.16901

UNL1:H - A:CYS164:SG Conventional
Hydrogen Bond 3.02337

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.8299

UNL1:H - A:ASP104:O Conventional
Hydrogen Bond 2.77312
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Table 4. Cont.

Sr.
No.

Protein Receptor–Ligand
Interaction

Type
Distance

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.25806

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.61859

UNL1:H - A:GLU31:OE1 Conventional
Hydrogen Bond 2.17908

UNL1:H - A:ASN152:OD1 Conventional
Hydrogen Bond 2.75093

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.45343

UNL1:H - A:ASP165:OD1 Conventional
Hydrogen Bond 2.30444

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.29142

UNL1 - A:ARG65 Pi-Alkyl 5.08193

7 4WKQ

UNL1:H - A:ASN842:OD1 Conventional
Hydrogen Bond 2.34513

UNL1:H - A:ASP837:OD2 Conventional
Hydrogen Bond 2.64181

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.7793

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 2.61272

A:ARG841:CD - :UNL1:O Carbon
Hydrogen Bond 3.48781

UNL1:C - A:ASP855:OD2 Carbon
Hydrogen Bond 3.36649

UNL1:C - A:ASP855:OD2 Carbon
Hydrogen Bond 2.93591

A:LEU718 - :UNL1 Alkyl 4.75503
A:LEU718 - :UNL1 Alkyl 4.63701
A:VAL726 - :UNL1 Alkyl 4.56822
A:VAL726 - :UNL1 Alkyl 5.49427
A:ALA743 - :UNL1 Alkyl 4.47905
A:LEU844 - :UNL1 Alkyl 5.36797
A:LEU844 - :UNL1 Alkyl 5.0695
UNL1:C - A:LYS745 Alkyl 4.04982
UNL1:C - A:MET766 Alkyl 5.00922
UNL1:C - A:LEU788 Alkyl 4.51178

8 5WBU

UNL1:H - A:MET2345:SD Conventional
Hydrogen Bond 2.81877

A:ILE2356:CG2 - :UNL1 Pi-Sigma 3.70617
A:TYR2225 - :UNL1 Pi-Pi T-shaped 4.91263

UNL1:C - A:PRO2169 Alkyl 4.70722
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Table 4. Cont.

Sr.
No.

Protein Receptor–Ligand
Interaction

Type
Distance

9 7CEB

A:TYR295:HH - :UNL1:O Conventional
Hydrogen Bond 2.30825

A:TYR411:HH - :UNL1:O Conventional
Hydrogen Bond 2.74757

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 1.65568

UNL1:H - :UNL1:O Conventional
Hydrogen Bond 1.6278

UNL1:C - A:TYR234 Pi-Sigma 3.72179
UNL1:C - A:ILE356 Alkyl 4.29736
UNL1:C - A:PRO185 Alkyl 4.4092

A:TRP91 - :UNL1 Pi-Alkyl 5.11969
A:TRP91 - :UNL1 Pi-Alkyl 5.3081
A:HIS110 - :UNL1 Pi-Alkyl 5.20706
A:PHE237 - :UNL1 Pi-Alkyl 5.3189
A:PHE237 - :UNL1 Pi-Alkyl 4.60088
A:TYR295 - :UNL1 Pi-Alkyl 4.91972

A:TYR295 - :UNL1:C Pi-Alkyl 5.27292
A:TYR411 - :UNL1:C Pi-Alkyl 4.32441

10 2AZ5

A:GLN61:HE12 - :UNL1:O Conventional
Hydrogen Bond 2.61257

A:TYR119:HH - :UNL1:O Conventional
Hydrogen Bond 2.86757

A:TYR151:HH - :UNL1:O Conventional
Hydrogen Bond 2.59785

A:LEU63:CD1 - :UNL1 Pi-Sigma 3.80396
A:LEU63:CD2 - :UNL1 Pi-Sigma 3.73556

UNL1:C - A:TYR119 Pi-Sigma 3.95427
UNL1 - A:PRO117 Pi-Alkyl 4.8335

Figure 9. Cont.
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Figure 9. GO enrichment and KEGG pathway analyses of 37 target proteins (p-value ≤ 0.05). (A) The
top 10 biological processes. (B) The top 10 cellular components. (C) The top 10 molecular functions.
(D) The top 10 KEGG pathways. The color scales indicate the different thresholds for the p-values,
and the sizes of the dots represent the number of genes corresponding to each term.

Figure 10. Binding affinities of top-rated pose of ligand–receptor complex.
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Figure 11. (A,B) Visualization of docking analysis of IL2 and lichenysin. (C,D) Visualization of
docking analysis of TNF and subtilisin.

Figure 12. (A,B). Visualization of docking analysis of ERBB2 and iturin. (C,D) Visualization of
docking analysis of MAPK1 and polymyxin.
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Figure 13. (A,B) Visualization of docking analysis of SRC and surfactin. (C,D) Visualization of
docking analysis of EGFR and rhamnolipid.

Figure 14. (A,B) Visualization of docking analysis of PTPRC and surfactin. (C,D) Visualization of
docking analysis of MTOR and subtilisin.
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Figure 15. (A,B) Visualization of docking analysis of ITGB1 and lichenysin. (C,D) Visualization of
docking analysis of IL1B and iturin.

3. Discussion

Over the past 80 years, L. monocytogenes has been identified as a human pathogen
that has the potential to cause disease. There has been a demographic shift in the last
few decades, and there has been an explosion of immunosuppressive medications used
for treating malignancies and managing organ transplants. This has led to an increasing
number of immunocompromised individuals who are at an increased risk for listeriosis [34].
There is also the factor of changing consumer lifestyles which has resulted in less time
available for food preparation, as well as an increase in the use of ready-to-eat food and
take-away food. Food production and technology have drastically changed in recent years,
resulting in foods with longer shelf-lives that are considered to be “Listeria-risk foods”; the
bacteria multiply for a longer period of time, so the food does not undergo a listericidal
process before consumption [35]. A high case-fatality rate of between 20 and 30% has
been reported for listeriosis, compared to other common food-borne pathogens. During
the past three decades, an epidemiological investigation has suggested that epidemic and
sporadic listeriosis are primarily linked with the ingestion of foods or food products that
are contaminated. While listeriosis is a rare food-borne illness in comparison to other
food-borne illnesses, it is a very serious one. There is a high mortality rate associated with
the disease even with adequate antibiotic treatment. Approximately, 90% of patients who
have listeriosis are hospitalized, and many of them are in intensive care units. As a result,
listeriosis is a serious problem around the world. Presently, listeriosis remains a significant
challenge, and current treatment options are not adequate to combat the disease [36].

A number of biosurfactants have been tested for their antimicrobial activity, which
has shown to be effective against different types of bacterial pathogens, such as Clostridium
perfringens, Bacillus subtilis, Staphylococcus aureus, etc. (Gram-positive bacteria); Escherichia coli,
Enterobacter aerogenes, Salmonella Typhimurium, etc. (Gram-negative bacteria); and
Mucor sp., Phytophthora capsici, Fusarium graminearum, Botrytis cinerea, and Phytophthora
infestans (pathogenic fungi) [37,38]. There is no complete understanding of how these com-
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pounds exert their antimicrobial activity; however, one of their proposed sites of action is
the cell membrane since they are amphipathic and thus can interact with phospholipids [39].

Moreover, to date only one study is published on the anti-listeriosis activity of biosur-
factants. According to the report published by de Araujo et al. [40], there is evidence
that P. aeruginosa PA1 produces rhamnolipids that have antibacterial activity against
L. monocytogenes ATCC 19112 and ATCC 7644. In addition to screening microbial sur-
factants for the treatment of listeriosis, the present study identifies a new therapeutic
concept for further investigation into the mechanism of biosurfactants. For complex dis-
eases such as listeriosis, in terms of predictive analysis, network pharmacology offers
unique advantages [41]. Analyzing the PPI network, 10 core targets, namely EGFR, SRC,
IL1B, IL2, PTPRC, ERBB2, ITGB1, MAPK1, MTOR, and TNF, for biosurfactants against
listeriosis were screened out in the present study. EGF (epidermal growth factor) recep-
tors are tyrosine kinases that bind ligands from the EGF family and activate signaling
cascades in order to convert extracellular signals into appropriate cellular responses. In
order to induce endocytosis, L. monocytogenes interacts with this tyrosine kinase receptor
and E-cadherin, which might be a common pathogen invasion mechanism for the entry
of L. monocytogenes [42]. SRC (proto-oncogene tyrosine-protein kinase Src) is reported as
closely related with the pathogenicity of L. monocytogenes. As a result of L. monocytogenes
infection, the heavy chain of non-muscle myosin IIA (NMHC-IIA) is phosphorylated at a
specific tyrosine residue [43]. The pro-inflammatory cytokine interleukin-1beta (IL-1β) has
been known to have a protective function against a variety of bacterial, fungal, and viral
infections [44]. Bacterial pathogens are capable of exploiting host cell signaling pathways
in order to adhere to or internalize host cells. A frequent molecular alteration involves the
phosphorylation of tyrosine kinases on host non-receptors and receptors [45].

Bacteria can induce phosphorylation through direct contact with host cells or via
soluble factors [45]. In order to infect host cells, L. monocytogenes reported activating the
ERBB2/ERBB3 heterodimer pathway [46]. Pathogens such as Yersinia pseudotuberculosis,
Staphylococcus aureus, Neisseria species, and enteroaggregative Escherichia coli exploit the
Integrin subunit beta 1 (ITGβ1) receptor for adhesion to or invasion of mammalian
cells [47–51]. Additionally, another protein, mTOR (mammalian target of rapamycin), plays
a crucial role in Listeria entry. Cell growth, autophagy, and actin cytoskeleton development
are controlled by mTOR, a serine/threonine kinase that responds to growth factor stimula-
tion and nutrient, energy, or oxygen availability. Further to this, MAPK family proteins are
also reported to play a crucial role in the infection of L. monocytogenes, and therefore, the
treatment of infection with MAPK inhibitors is reported to affect the inhibition of bacterial
internalization towards the host cells during infection [52]. Additionally, tumor necrosis fac-
tor (TNF) is a cytokine that has also been reported to play an active role in the susceptibility
to L. monocytogenes infection. The dysregulation of TNF production and function has been
reported to be associated with L. monocytogenes pathogenesis since it plays a crucial role in
inflammation [53]. The production of TNF is shown to contribute to the protection against
L. monocytogenes infection in an experimental model, and it can also stimulate the production
of IFN-γ [54]. In experiments on severe combined immunodeficiency mice infected with
L. monocytogenes, it is also found to be involved in a T-cell-independent pathway that leads
to macrophage activation [55]. Moreover, the contribution of TNF to the pathogenesis
of L. monocytogenes has been shown when TNF- or TNF Receptor 1 (R1)-deficient mice
succumbed to the L. monocytogenes infection relatively quickly instead of recovering after a
few days like the control mice [56]. All of these protein targets which come out as a result
of the present study can therefore be considered to be most important targets for treating
L. monocytogenes infections in the future.

Based on the GO analysis, possible targets for biosurfactants against listeriosis are
involved in multiple important GO processes. Human epidermal growth factor receptor
tyrosine kinases have a size of around 180 kDa and are a family of candidate tyrosine
kinase receptors [57]. This family of receptors (EGFR, also termed ERBB1/HER1, ERBB2
or neu/HER2, ERBB3 or HER3, and ERBB4 or HER4) is characterized by dimerization
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with other receptors that are either of the same nature (homodimerization) or of a different
nature (heterodimerization) [58–60]. Interestingly, ERBB receptors play important roles
in cancer development [61] and are also found in signaling between bacteria and their
hosts. It has been shown that the binding of Neisseria meningitidis to endothelial cells leads
to the clustering of ERBB2 receptors, followed by phosphorylation of receptor tyrosine
and activation of downstream signaling molecules, leading to actin polymerization and
bacterial internalization [62]. The envelope glycoprotein B of the human cytomegalovirus
(HCMV) binds to EGFR and promotes its tyrosine phosphorylation upon heterodimer-
ization with ErbB3, resulting in virus entry and viral protein synthesis [63]. Likewise,
L. monocytogenes and other bacteria also trigger the activation of the ErbB2/ErbB3 het-
erodimer signaling pathway in order to invade host cells [46]. One more key protein that is
utilized in classical endocytic mechanisms to allow various particles to be internalized is
clathrin or caveolin [64–66]. In order to move between epithelial cells, L. monocytogenes hi-
jacks the caveolin–endocytic machinery. The activation of these processes is mediated by a
subset of caveolar proteins (caveolin-1, cavin-2, and EHD2). Moreover, it is well-known that
pathogens manipulate the post-translational modifications (PTMs) of host proteins to inter-
fere with the normal functioning of host cells in various ways. A key target among these
modifications is ubiquitin (UBI), ubiquitin-like proteins (UBLs), and neural precursor cell
expressed developmentally downregulated protein 8 (NEDD8), which regulate pathways
necessary for the host cell. The PTM modifiers, for instance, regulate the pathways that are
crucial to the spread of infection, such as the entry, replication, propagation, or detection of
the pathogen by the host, which have all been linked to these PTM modifiers. Different
enzymes are involved in this biological process, as well as molecular functions, such as
protein kinase binding activity, and the reactions are occurring in a variety of locations,
such as the membrane and cytoplasm [67]. There are several biological processes involved
in this process that are mediated by different enzymes, along with molecular functions
such as protein kinase activity, and all of these reactions occur in multiple locations, such
as the membrane and the cytoplasm of the cell. Based on these findings, we suggested that
biosurfactants might have an impact on these processes as a result obtained from the GO
analysis in this study.

According to the KEGG pathways analysis, potential targets of biosurfactants against
listeriosis are significantly enriched in several important pathways, such as the ERBB
signaling pathway, C-type lectin receptor signaling, Th17 cell differentiation and HIF-1
signaling pathway, etc. As described above, the ERBB signaling pathway plays an important
role in listeriosis to invade bacteria in host cells. A key role that dendritic cells play in
tailoring immune responses to pathogens is the expression of C-type lectin receptors (CLRs).
Different signaling pathways are triggered by CLRs following the binding of pathogens,
which are responsible for triggering the expression of specific cytokines that determine the
fate of T cells during polarization. The activation of certain CLRs can be accompanied by
the activation of nuclear factor-kappa B, while other CLRs can influence the activation of
Toll-like receptors via signaling pathways. Depending on what signaling motifs are present
in the cytoplasmic domains of CLRs, they can induce many different types of responses,
including pro-inflammatory, antimicrobial, endocytic, phagocytic, and anti-inflammatory
responses [68]. Th17 cells have been found to belong to a subgroup of cells that secrete
IL-17, or IL-17A, a component of the inflammatory response. Together with Thl, Th2, and
Tregs, Th17 cells make up four subsets of CD4+T cells. Under the stimulation of IL-6
and TGF-β, Th17 cells are differentiated by Th0 cells. A key role that they play is in the
regulation of the immune system and in the defense of the host [69]. One of the most
important transcription factors in maintaining oxygen homeostasis is hypoxia-inducible
factor 1 (HIF-1), which is one of the many transcription factors involved in the process.
There are two subunits of this protein: an inducibly expressed HIF-1alpha subunit and
a constitutively expressed HIF-1beta subunit. In the presence of normoxia, HIF-1 alpha
undergoes a process of hydroxylation at specific prolyl residues in order to undergo an
immediate ubiquitination and subsequently be degraded by the proteasome. Contrary to
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this, under hypoxia, the alpha subunit of HIF-1 becomes stable and begins to interact with
coactivators such as p300/CBP in order to modulate its transcriptional activity. As a master
regulator of hypoxia-inducible genes, HIF-1 regulates a number of hypoxia-inducible genes
under hypoxic conditions. The HIF-1 gene family encodes proteins that play a key role in
improving oxygen delivery and enhancing cells’ adaptive responses to oxygen deprivation.
It is important to note that nitric oxide and several growth factors are also stimulatory
factors that can induce HIF-1, so it is not only in response to decreased oxygen availability
that it is induced but also in response to other stimulants [70].

Furthermore, we performed docking experiments for the biosurfactants and the ten
Hub genes in accordance with the “compounds-targets networks”. Additionally, the results
of docking analyses confirmed our results and showed that lichenysin, iturin, surfactin,
rhamnolipid, subtilisin, and polymyxin bind stably to the active pockets of target proteins.
Therefore, these compounds could be considered for use as a potential treatment for
listeriosis by inhibiting proteins such as, IL2, MAPK1, SRC, EGFR, PTPRC, TNF, IL1B, and
ERBB2. Taking into account the role of network pharmacology, the present study examines
the active biosurfactants, their potential targets, and their associated pathways, as they
pertain to the treatment of listeriosis, which provides a theoretical foundation for further
experimental studies. In consideration of the limitations of network pharmacology, it is
only through data mining that the basic pharmacological mechanisms for the treatment
of listeriosis can be identified. Currently, network pharmacology relies on a variety of
databases to support the analysis of bioactive properties. Due to the fact that there are many
different information sources and experimental data in databases, it is inevitable that they
will show discrepancies. In spite of the fact that we have presented some interesting results,
further research and clinical trials are required to evaluate the potential of biosurfactants to
validate their usage as a prevention measure against Listeria and other food-borne diseases.

4. Materials and Methods

4.1. Biosurfactants Target Prediction

In the present study, we selected biosurfactants that have been reported to possess
antimicrobial activity in the literature. The information about their structure, molecular
weights, and canonical smiles and the corresponding sdf files were obtained from the
PubChem database (http://pubchem.ncbi.nlm.nih.gov/), accessed on 13 September 2022.
Using a public database, SwissTargetPrediction, and a STITCH database, we predicted the
target of bioactive microbial biosurfactants based on the species of Homo sapiens as the only
species targeted for the study. To complete the process of standardizing the target names,
UniProtKB database (https://www.uniprot.gov/) was used [71,72].

4.2. Network Construction for Compound–Targets

The biosurfactants that were collected and the effective targets that were identified
were analyzed by using Cytoscape 3.9.1 software (http://www.cytoscape.org/) for the
creation of a compound–target network. To measure the topology scores of the nodes
in the network, we used the CytoNCA plugin (v2.1.6), which measures betweenness,
closeness, and the centrality of subgraphs of the nodes in each graph. Accordingly, the
option “without weight” was selected [73].

4.3. Protein Targets Associated with Listeriosis

A search for targets related to listeriosis was conducted by using keywords such as
“listeriosis” and “listeriosis infection” in the GeneCards database (https://www.genecards.
org/) [74], Online Mendelian Inheritance in Man database (OMIM, https://omim.org/),
and gene–disease associations database (DisGeNET, http://www.disgenet.org/) accessed
on 20 September 2022 [75,76], and the Universal Protein database (UniProt, https://www.
UniProt.org/) was used to convert the target protein name to a gene name [77]. All
listeriosis targets were acquired after repetitive targets were removed.
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4.4. Target Screening and Network Construction for Biosurfactants and Listeriosis

In order to detect the core target of the biosurfactants for the treatment of listeriosis,
the prediction results of the biosurfactants were matched with the search results of the
listeriosis related targets, and the target with the most overlap was selected as the core
target. Using the FunRich Tool version 3.1.3, we mapped the targets that biosurfactants
and listeriosis share. A Venn diagram was drawn in order to visualize the process. In order
to construct a common target network, the Cytoscape software version 3.9.1 was used.

4.5. Protein–Protein Interaction Network (PPI) Construction and Target Identification

The GeneMANIA tool, in addition to constructing a PPI network, is able to find a
series of genes related to the input gene based on a large volume of function-related data
and analyze the interaction between these genes, based on their co-localization and co-
expression [78]. In the present study, GeneMANIA was used to build a protein–protein
interaction network related to the cross-gene interactions between biosurfactants and
listeriosis based on the analysis of the cross-gene analysis. As a result of the GeneMANIA
analysis, we were able to obtain not only information about the relationships between the
input cross genes, but also information about the relationships between other closely related
targets as well. Accordingly, we label this new set of genes predicted to be biosurfactant
targets for listeriosis in the following analysis. The topology parameters of the PPI network
were calculated by using Network Analyzer in order to identify the main nodes of the
network and the key proteins across the network, while the degree of centrality of the
network (betweenness, closeness, and subgraph) was calculated by using CytoNCA.

4.6. Analysis of Gene Ontology (GO) Function and Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway Enrichment

Based on the results obtained from the above screening, the target of biosurfactants
that shared a common target with listeriosis was imported into the Enrichr database (https:
//maayanlab.cloud/Enrichr/). An analysis was conducted to explore the enrichment of
GO functions and pathways within the human genome based on the species H. sapiens. As
part of the functional analysis of GO, we considered biological processes (BPs), cellular
components (CCs), and molecular functions (MFs). The data were visualized as histograms
and bubble charts, using the SRPLOT application (http://bioinformatics.com.cn/srplot),
as well as the ShinyGO 0.76.2 database (https://bioinformatics.sdstate.edu/go/).

4.7. Construction of Target-Path/Functional Networks

In order to perform a deeper analysis of the signal pathways, biological processes,
and molecular functions, ten representative pathways were screened. As part of the
construction of the target pathway/functional network, the ShinyGO 0.76.2 database was
used (https://bioinformatics.sdstate.edu/go/). Through the use of enrichment analysis,
potential targets of biosurfactants for treating listeriosis, biological processes, and signaling
pathways were defined by nodes in the network, and the interactions between these nodes
were defined by edges.

4.8. Findings of Hub Genes

We tested the PPI network obtained from STRING, using the CytoHubba plugin of
Cytoscape. This plugin was used to analyze the core regulatory genes of the PPI network, as
well as the identification of key targets within the network. As part of the screening process,
the core compounds were tested under the assumption that the “Degree” parameter of
the node in the “active ingredient target-disease” network was above the mean. A virtual
screening approach based on molecular docking was carried out between the biosurfactants
and identified hub genes.
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4.9. Molecular Docking Analysis
4.9.1. Protein and Ligand Structures

To study the interaction of selected biosurfactants with the identified protein targets
in the present study, a molecular docking analysis was performed. Crystal structures
of identified hub target proteins such as TNF (PDB ID: 2AZ5), EGFR (PDB ID: 4WKQ),
IL1B (PDB ID: 9ILB), IL2 (PDB ID: 1M4C), SRC (PDB ID: 4MXO), PTPRC (PDB ID: 5FMV),
ITGB1 (PDB ID: 7CEB), ERBB2 (PDB ID: 3WLW), MTOR (PDB ID: 5WBU), and MAPK1
(PDB ID: 4G6O) were retrieved from RCSB PDB. Two-dimensional structures of selected
biosurfactants were retrieved from the well-known organic compound database PubChem
in SDF format. These compounds were then converted into three-dimensional structures,
using Avogadro, and saved in PDB format [79].

4.9.2. Ligand Preparation

For the preparation of input files for docking, Autodock software 1.5.7 [80] was used.
The structures were minimized with MMFF94 force field. Steepest Descent algorithm was
used for optimization with a total of 5000 steps. During minimization, the structure was
updated every 1 step, and minimization was terminated when the energy difference is less
than 0.1. Energy-minimized structures were saved in PDB format.

4.9.3. Prediction of Binding Site

The binding sites of all protein structures were predicted by using Discovery Studio v.
21.1.0.20298 [81]. The pocket with the highest score was considered to be the most probable
binding site of the proteins.

4.9.4. Molecular Docking

Three-dimensional structures of proteins derived from RCSB PDB were prepared for
molecular docking, using AutoDock Tools [80]. Before the docking experiment, we used
AutoDock Tools software to preprocess the crystal structure of the target proteins, including
removing excess protein chains, ligands, and water molecules, and structures were opti-
mized by adding missing hydrogen atoms. Structure files (PDB format) of all biosurfactants
were docked separately against the protein structures, using molecular docking software
AutoDock 4.2.6. [80]. All the parameters used for the docking of biosurfactants with the
proteins were kept the same, except for the grid center differed for each protein inside
the grid box. Auto Grid was used for the preparation of the grid map, using a grid box.
The grid size was set to 90 × 90 × 90xyz points for all proteins. Grid spacing was kept to
0.500 Å for all the proteins. The grid center for 2AZ5 was designated at dimensions (x, y,
and z), −14.888, 68.771, and 32.730; for 4WKQ at (x, y, and z), −2.761, 201.806, and 26.195;
for 9ILB at (x, y and z), −13.592, 13.466, and 0.200; for 1M4C at (x, y, and z), 14.170, −10.108,
and 20.056; for 4MXO at (x, y, and z), 9.193, −33.735, and −7.984; for 5MFV at (x, y, and z),
30.052, −18.946, and 32.074; for 7CEB at (x, y, and z), 43.112, 46.089, and −1.124; for 3WLW
at (x, y, and z), 36.088, 26.277, and −20.954; for 5WBU at (x, y, and z), 11.014, −18.240, and
−30.383; and for 4G6O at (x, y, and z), 14.790, 5.794, and 17.485. The grid box is cantered
in such a way that it encloses the entire binding site of each protein and provides enough
space for the translation and rotation of ligands. The generated docked conformation was
ranked by predicted binding energy, and the topmost binding energy docked conformation
was analyzed through the use of the PyMOL and Discovery Studio Visualizer [81]. By
using the Discovery Studio Visualizer, it was possible to explore the types of interactions,
the participating residuals, and the atomic coordinates involved.

5. Conclusions

The purpose of this study was to investigate the molecular mechanisms of biosurfac-
tants to treat listeriosis, using a network pharmacology approach and molecular docking.
As a result of the current study, biosurfactants have been found to be capable of targeting
multiple proteins and regulating multiple signaling pathways induced by L. monocytogenes
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infection, indicating that biosurfactants may have a regulatory effect on listeriosis caused by
L. monocytogenes. Furthermore, our findings indicate that IL2, MAPK1, EGFR, PTPRC, TNF,
ITGB1, IL1B, ERBB2, and mTOR genes may be viable therapeutic targets for the reduction
of listeriosis. In addition to providing an alternative or complementary therapy for the
treatment of listeriosis, these findings lay the foundation for future studies. There are,
however, some limitations to this study, as pharmacological and clinical research still needs
to be conducted to verify our findings. A groundwork has been laid for further study of
biosurfactants’ protective mechanisms and drug discovery applications based on network
pharmacology.
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Abstract: Biphasic calcium phosphate (BCP) serves as one of the substitutes for bone as it consists of
an intimate mixture of beta-tricalcium phosphate (β-TCP) and hydroxyapatite (HAP) in different
ratios. BCP, because of its inbuilt properties such as osteoconductivity, biocompatibility, and biosta-
bility in several clinical models serves as a bone substituent for orthopedic applications. Therefore,
the present study aimed to assess the effectiveness of silver (Ag) nanoparticles (NPs) combined with
BCP composites for the orthopedic sector of bone tissue regeneration and growth. In this regard, we
first synthesized Ag-BCP microclusters by the double-emulsion method and then characterized the
composite for various physicochemical properties, including the crystallinity and crystal structure,
bonding and functionality, porosity, morphology, surface charges, topography, and thermal stability.
In addition, the antibacterial activity of Ag-BCP was tested against gram-positive and gram-negative
microorganisms such as Staphylococcus aureus, Candida albicans, and Escherichia coli. Finally, the
cytocompatibility of Ag-BCP was confirmed against the fibroblast cells in vitro.

Keywords: biphasic calcium phosphate; Ag nanoparticles; antibacterial activity; hydroxyapatite;
β-tricalcium phosphate; MTT assay

1. Introduction

In recent years, research relating to stem cells and tissue engineering has produced
efficacious therapeutic strategies for the treatment of damaged bones and their cells through
the regeneration/remodeling pathways [1]. For such applications, the composite scaffolds
containing the ingredients such as polymers [2,3], ceramics [4], metal nanoparticles (NPs),
and their composites [5] are highly suitable because of their inbuilt properties such as
porosity, conductivity, resistance, and biocompatibility. These synthetic composites with
their porous and biocompatible nature provide a suitable environment for regeneration
with complete functionality and effective proliferation of cells that eventually replace the
diseased bone cells. Furthermore, the synthetic bone scaffolds made up of said ingredients
have the capacity to encapsulate the therapeutic drug molecules that are useful for the
treatment of commonly attacking orthopedic diseases like bone and bone marrow tumors,
osteoporosis, and to avert an infection [6]. Of the various ingredients, the bioceramic
material, biphasic calcium phosphate (BCP) has several interesting properties and the most
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important is its mineral portion which is relatively easy to process and has an excellent cell–
cell attachment capacity. All these properties support its incorporation as a bone substituent,
biocement, surface coating, drug-delivery platform, and tissue engineering scaffold [7–9].
Additional advantages of BCP material are the low cost, unlimited availability, biocom-
patibility, predictability, biosafety, and lower morbidity to the patient over autografts and
allografts. Hence, this material serves as an attractive option for bone tissue engineering,
dental replacements, craniofacial surgeries, spinal surgery, and neurosurgeries [10].

The properties of BCP materials (similar to many different composites) can be strongly
influenced by altering the production parameters such as the solution pH, sintering temper-
ature, and purification processes. The calcium phosphates (Ca3PO4) thus formed consist
of unique physicochemical characteristics like an altered surface area, porosity, surface
energy, charges, and roughness [11–13]. In this direction, to control the pore sizes of bioce-
ramic compounds, one approach involves the incorporation of porogens and pore-formers.
An alternative method to this approach is the application of heat treatment to generate
macropores (diameter >100 μm) and micropores (with <10 μm diameter) [14]. Therefore,
taking advantage of this heat-induced method for the formation of high-surface bioceramics
having a macroporous and microporous nature to suit osteoconductivity, many researchers
have demonstrated the role of BCP as a bone substituent [15,16]. Moreover, the adjacent
concavities and nearby walls of the macropores serve as a salient point and favor the for-
mation of geometric-dependent of bone [17,18]. Furthermore, the surface dissolution leads
to the supersaturation of calcium (Ca) and phosphate (PO4

3−) ions, causing reprecipitation
and the generation of a biocompatible surface layer that permits an easy bonding of bone
with the synthetic bioceramic. This process has an impact on the potential of osteoinduc-
tion [19,20]. Of various kinds of Ca3PO4, the BCP kind is made up of stable and soluble
phases of ions with varying concentrations. Furthermore, the other form, hydroxyapatite
(HAP; chemical formula Ca10(PO4)6(OH)2), would be advantageous on top of other calcium
phosphates because of the guided bioactivity in linking the resorption/solubilization and
biomaterial stability towards the promotion of bone growth [21,22].

Silver (Ag) nanoparticles (NPs) are widely used in the treatment of bacterial infections
associated with injuries, wounds, tissue engineering and in the water treatment sector [23].
Ag NPs have high surface charges, surface area, surface-to-volume ratio, and surface
oxygen defects that promote antibacterial activity in contrast to the other Ag-salts and
organometallics [24,25]. Nevertheless, the stability and dispersion of Ag NPs curb their
biological efficiency by aggregation that leads to the formation of larger-sized crystals and
decreases the cumulative surface area. In some instances, this aggregation is overcome
to stabilize the NPs on substrates, leading to stability enhancement and an associated
antibacterial effect.

By considering the potential advantages of BCP to serve as a bone substituent and
Ag NPs for the impending antibacterial activity, the present work aimed to develop
a nanocomposite that has multiple functions to suit bone tissue engineering applications.
For that, we fabricated a hybrid composite consisting of a BCP matrix decorated in situ
with that of Ag NPs and for the formation of the composite, we employed a facile double-
emulsion method. The nanocomposite was analyzed for its physicochemical properties by
making use of various instrumental techniques like FTIR, powder XRD, SEM, zeta potential,
surface topology and TGA-DTG. Further, we tested the controlled drug release, antibacterial
activity, and in vitro cell viability capacity of as-synthesized Ag-BCP nanocomposite.

2. Materials and Methods

2.1. Formation of Ag NPs

About 50 mL of 0.01 mM AgNO3 in an aqueous solution was mixed with 50 mL of
0.1 mM glucose solution and the reaction was maintained at a pH of 11 using ammonia.
The reaction was kept for aging for 6 h and until the solution color changed from colorless to
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yellow, confirming the formation of Ag NPs. The Ag NPs were separated by centrifugation,
washed with ethanol 2–3 times, dried, and stored for loading onto BCP.

C6H12O6 + 2AgNO3
2NH4OH−−−−−→ Gluconic acid + 2Ag + 2NH4NO3 + H2O (1)

2.2. Synthesis of Ag-Decorated BCP

For the fabrication of the Ag-BCP nanocomposite, we first formed BCP by the combi-
nation of hydroxyapatite (HAP) and β-tricalcium phosphate (β-TCP). Both were prepared
individually. HAP was first prepared by mixing 50 mL of 1 M Calcium Nitrate as Ca
precursor solution (adjusted to a pH of 11 using NH4OH) with 50 mL of 0.66 M phosphate
solution in a dropwise manner. After the complete addition, the milky-white-colored
solution was stirred constantly for another 2 h to generate a white precipitate which was
kept for 24 h. Then, the precipitate was separated by filtration and washed with a solvent
mixture containing a 1:2 ratio of ethanol to water. The precipitate was kept in an oven
furnace for sintering at 800 ◦C overnight to finally generate a white powder of HAP.

For the formation of β-TCP, a simple co-precipitation method was used. To this end,
50 mL of an aqueous solution of calcium nitrate (0.9 M) was added dropwise to 50 mL of
ammonium dihydrogen phosphate (0.6 M) at a pH of 8 maintained by using concentrated
ammonia. Here, the Ca/P ratio of 1.5 was retained manually and the magnetic stirring
(set in the range of 200–250 rpm) was continued for 2 h even after the complete addition.
After that, the precipitate was separated, washed with an ethanol-water mixture, dried in
an oven, crushed, and sintered at 900 ◦C in a muffle furnace for 1 h. The final product was
stored in an airtight container.

For the synthesis of BCP implants [26], HAP and β-TCP powders in a 60:40 ratio
were grounded homogeneously using a mortar and pestle. The finely powdered mixture
was initially dried at 55 ◦C overnight and further subjected to 100 ◦C for 5 h. The fully
dried powder was collected and sealed with a polythene cover until its use. Finally, for the
loading of Ag NPs onto BCP, individual aqueous solutions containing equal amounts of
Ag NPs (25 mL) and BCP (25 mL slurry) were added together. The mixture was subjected
to ultrasonication to undergo homogenous mixing for a period of 15 min. This resulted
in the formation of a light-yellow-colored viscous solution that was kept in an oven at
110 ◦C for drying. The dried powder of the Ag-BCP composite was collected and used for
further analysis.

2.3. Instrumentation

Powdered X-ray diffraction (XRD) analysis was carried out to understand the crystal
structure and crystallinity. The powder samples were run in the 2θ range of 20–80◦ (Model:
Smart Lab se X-ray, Rigaku, Japan; k = 1.5418 Å). The morphology of the samples was
investigated using a field emission scanning electron microscopy (FESEM) connected with
an energy-dispersive X-ray diffractometer (Model: JOEL JFM 6390 Scientific, Peabody, MA,
USA). The functionality and bonding of samples were studied using Fourier transform
infrared spectroscopy (FTIR) in the wavenumber range of 4000–400 cm−1 (Spectrum 2,
PerkinElmer, Waltham, MA, USA) and confocal Raman spectroscopy (Alpha 300r, Witech,
Braunschweig, Germany). Furthermore, atomic force microscopy (AFM) studies were
employed to investigate the surface nature of the samples (Park xe7, Park system, Suwon,
Republic of Korea). The elemental composition of the samples was analyzed using X-ray
photoelectron spectroscopy (XPS, ULVAC-PHI, Inc; Model: PHI5000 Version Probe III).
For the thermal stability and phase changes, thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) were performed (Netzsch sta 2500 was measured under
N2 environment between 30–800 ◦C). The zeta potential and dynamic light scattering
analysis were used to determine the particle size and surface charges (Horiba Scientific
Sz-100 instrument).
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2.4. Measurement of Porosity

To investigate the porosity of pelletized BCP and Ag-BCP samples, the liquid displace-
ment technique was used. The pelletized samples of BCP and Ag-BCP are not soluble
in ethanol. Thus, the penetrating ability of ethanol into the sample pores restricts the
occurrence of any swelling or shrinkage. For the testing, the sample pellet with a known
weight (W) was first immersed in a graduated cylinder that already had a known volume
(V1) of ethanol. The emigration (of ethanol) followed by depressurization for the undis-
turbed samples can be seen. This diffusion of ethanol into the pores can be continued
until we see the halting of air bubbles and at this stage, the volume of ethanol (i.e., sample
pellet soaked in ethanol) was noted as V2 and we measured the difference in two volumes
(V2–V1). Further, the sample pellet was removed from the cylinder containing ethanol and
we measured the residual volume (V3) of ethanol. By making use of W, V1, V2, and V3 in
the following formula, the porosity was calculated.

Porosity, ε =
(V1 − V3)
(V2 − V3)

(2)

2.5. In-Vitro Bioactivity and Biodegradation Studies

To investigate the extent of bioactivity for our materials in stimulated fluid (SBF)
in vitro, we first prepared a solution consisting of NaCl (7.9 g), NaHCO3 (0.3 g), KCl
(0.2 g), K2HPO4.3H2O (0.2 g), MgCl2.6H2O (0.3 g), CaCl2 (0.2 g), Na2SO4 (0.07 g) and
(CH2OH)3CNH2 (6.0 g) in double-distilled water (added one after the other). The formed
solution mixture pH was set to 7.4 with the help of HCl and maintained at 37 ◦C. For the
testing, the pelletized samples of BCP and Ag-BCP were soaked in SBF for 21 days and
after that, removed, rinsed with de-ionized water, and further subjected to SEM analysis to
investigate the extent of biomineralization (formation of any mass) at the surface.

The in vitro biodegradation/biodissolution studies were performed by investigating
the amount of Ag and Ca ions that were released into the buffer solution and by recording
the morphological changes linked to the release. The pellet (with a weight of 0.5 g as W0)
made from the granules was first immersed in a 20 mL tris-buffer solution maintained at
a pH of 7.4 at 37 ◦C. At the end of 3 weeks of incubation, we rinsed the sample pellets with
ethanol, dried, and measured its final mass (Wt). The weight loss can be calculated using
the equation:

Weight decrease = (Wt/W0) × 100% (3)

2.6. Studies of Drug Loading and Release

The drug loading capacity and release efficiency from the BCP and Ag-BCP matrices
were evaluated using the typical drug, Ciprofloxacin (CIP). Typically, 10 mg of CIP was
dispersed in 100 mL of double-distilled water containing 90 mg either of BCP or Ag-BCP.
The mixture was allowed to stir for 24 h at room temperature. Then, the precipitate was
separated by centrifugation, rinsed with distilled water, and dried. The drug-loaded sample
in the form of a pellet was collected. Further, for the drug release studies, a known weight
of bioceramic pellet loaded with CIP was placed in phosphate-buffered saline (PBS; pH 7.4)
and subjected to horizontal agitation on a shaking water bath set at 37 ◦C. After each
specified interval of time, about 5 mL of the sample (containing the released CIP) was
collected and replaced with an equal amount of fresh medium. UV–Vis spectrometry
was used for the qualitative and quantitative investigation of released CIP at various
time intervals.

2.7. Antibacterial and Antifungal Activity

The antibacterial activity of our bioceramic samples was measured by the agar disc
diffusion method involving Muller Hinton Agar (MHA) medium. The stock cultures were
maintained at 4 ◦C on the slant of the nutrient agar. The active cultures were prepared
by transferring a loop full of bacterial cells from the cultured stocks to nutrient broth-
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loaded test tubes and subjected to incubation at 37 ◦C for 24 h. The strains were used
for their antibacterial activity against the Gram-positive S. aureus, Gram-negative E. coli,
and antifungal activity against C. albicans. The discs were prepared with 20 μL of each
of the samples (Ag-BCP, HAP, β-TCP, and BCP), a negative control of dimethylsulfoxide
(DMSO), and a Standard 1 mg/mL of Streptomycin as positive control). The plates were
incubated for another 24 h at 37 ◦C and, finally, the growth of microbes was investigated by
measuring the diameter of the zone of inhibition (ZoI).

For the antifungal activity, the assay procedure is almost the same. We used the agar
disc diffusion method, where the stock cultures were maintained at 4 ◦C on the slant of
potato dextrose agar (PDA). Briefly, 4.4 g of PDA was weighed and dissolved in 100 mL of
distilled water followed by the addition of 1 g of agar. Then, we subjected the media to
sterilization, solidified the media for 1 h, and spread the inoculums on solid plates with
a sterile swab moistened with the fungal suspension. The discs contained 20 μL of each
of the testing samples (Ag-BCP, HAP, β-TCP, and BCP), a negative control (DMSO), and
a positive control (1 mg/mL of Ketoconazole). The extent of antifungal activity was
measured by incubating the sample-treated plates at 37 ◦C for 24 h and finally recording
the diameter of ZoI in mm.

2.8. In Vitro Cell Viability Assay

To investigate the cytocompatibility performance of as-synthesized bioceramic com-
posites, in vitro cell viability studies were carried out on the L929 mouse fibroblast cell line
over a 24 h period. Briefly, 1 × 105 cells per well were added to a 96-well plate containing
Dulbeccos Modified Eagle Medium (DMEM) and 10% fetal bovine serum (FBS). The cells
were allowed to grow until reaching their confluency level. Then, they were washed with
a fresh serum-free medium 2–3 times, followed by starvation for 1 h at 37◦ C. Subsequently,
the cells were treated with different concentrations (31.2–1000 mg/mL) of bioceramics, BCP,
and Ag-BCP over a 24-h period. Then, the old medium was replaced with a fresh serum-
free medium comprising 0.5 mg/mL of MTT (3-[4,5-dimethylthiazol-2-yl] 2,5-diphenyl
tetrazolium bromide) and incubated for another 4 h at 37 ◦C in a CO2 incubator. The
medium containing MTT was removed and the cells were washed with PBS to eliminate
any unreacted reagent. Then, we added DMSO while thoroughly mixing by pipetting
up and down to dissolve the formed formazan crystals. Finally, the purple-blue-colored
formazan crystals were analyzed spectrophotometrically by recording the absorbance at
570 nm (Biorad 680). Using these readings, the cytotoxicity was determined using the
Graph pad prism 5 software. Furthermore, the viable L929 cells were observed using
inverted phase-contrast microscopy.

Percentage (%) of cell viability = (Sample’s OD/Control’s OD) × 100 (4)

2.9. Statistical Analysis

All the statistical analyses were performed using a one-way analysis of variance (ANOVA)
and the data presented are the mean ± standard deviation of at least three individual experi-
ments with the value of p < 0.05 as statistically significant.

3. Results and Discussion

3.1. Physicochemical Analysis

Figure 1 shows the FTIR spectral analysis of (a) HAP, (b) β-TCP, (c) BCP, and
(d) Ag-BCP samples. All spectra indicate the presence of characteristic bands at 1032,
1098, and 1133 cm−1 due to the triply degenerated (υ3) asymmetric stretching vibrations
of P-O bonds. Furthermore, the observation of bands at 602 and 560 cm−1 signifies the υ4
vibration of -PO4 group and the band at 926 cm−1 indicates the υ1 vibration of phosphate
bond. The bending vibrational band observed at 630 cm−1 infers the liberational -OH
group (due to surface adsorbed water vapor/moisture) and the bands at 498 and 452 cm−1

are assigned to the υ2 vibration of the PO4
3− group. The asymmetric bending vibrations of
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the phosphate group present in HAP were evident through the observation of a band at
608 cm−1. Similarly, for the β-TCP sample, some prominent sharp bands were observed
at 560 and 602 cm−1 and can be linked to the bending vibrations of PO4

3− group. The
band at 960 cm−1 (visible as a minor hump) stems from the υ1 frequency of vibration,
and the band at 1037 cm−1 from the P-O stretching vibration of PO4

3− ions in β-TCP [27].
Further, for each sample, we observed some prominent bands at 3572 and 630 cm−1 owing
to the presence of hydroxyl groups, i.e., the sharp band at 730 cm−1 is due to H2O (surface
adsorbed) is available in all the tested samples, indicating the presence of moisture. For
the BCP sample, the υ1 and υ4 absorption bands were observed at 926 and 567 cm−1,
respectively. The intensity of the band observed at 926 cm−1 was least pronounced for BCP
and Ag-BCP samples and was due to the composition of the 60:40 ratio of HAP and β-TCP.
We observed no evidence for the occurrence of any chemical bonding between BCP and
Ag, meaning that the Ag NPs were physically embedded in the BCP. From the analysis,
the band patterns that appeared in all the samples (a-d) are best correlated with the earlier
reports. Table 1 shows the composition of FT-IR spectra of all the samples.

Figure 1. Comparison of the FTIR spectra of (a) HAP, (b) β-TCP, (c) BCP, and (d) Ag-BCP samples.

Table 1. FTIR spectral data for (a) HAP, (b) β-TCP, (c) BCP, and (d) Ag-BCP samples.

Vibrational Frequency
(cm−1)

Band Assignment

HAP β-TCP BCP Ag-BCP

3572, 630 -OH group -OH group -OH group -OH group

2920 - - - Glucose-assisted Ag NPs (C-H)
stretching

1032, 1098, 1133 Asymmetric stretching
vibrations of the P–O bonds 1133 is absent Asymmetric stretching of the

P–O bonds
Asymmetric stretching of the

P–O bonds
1037 - PO4

3− ions found in β-TCP PO4
3− ions found in β-TCP PO4

3− ions found in β-TCP

926 Symmetric stretching (υ1) of
P–O bond from PO4

3− group - Symmetric stretching (υ1) of
P–O bond of PO4

3− group
Symmetric stretching (υ1) of

P–O bond of PO4
3− group

960 - Symmetric stretching (υ1) of
P–O bond of PO4

3− group
Symmetric stretching (υ1) of

P–O bond of PO4
3− group

Symmetric stretching (υ1) of
P–O bond of PO4

3− group
730 Owing to H2O - - Owing to H2O
631 Liberational OH group Liberational OH group Liberational OH group Liberational OH group

602, 560 Phosphate bands (υ4) Vibrational bands of PO4
3− Phosphate bands (υ4) Phosphate bands (υ4)

498, 452 Phosphate bands (υ2) Phosphate bands (υ2) Phosphate bands (υ2) Phosphate bands (υ2)
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Figure 2 compares the Raman spectroscopic analysis of (a) HAP, (b) β-TCP, (c) BCP,
and (d) Ag-BCP samples. Table 2 shows the Raman spectral composition of all the samples.
The band with the highest intensity around 966 cm−1 relates to the symmetrical stretching
vibrations (υ1) of the phosphate (PO4

−3) confirming the formation of HAP. Furthermore, for
the same HAP sample, the symmetrical (υ2) and antisymmetrical bending (υ4) vibrations
of the PO4

−3 groups appeared at 432, 445, 572, and 598 cm−1, respectively. Additionally,
the asymmetric stretching vibrations (υ3) of PO4

−3 ions in the HAP were observed as weak
intensity bands around 1056 and 1090 cm−1 [28]. The high-intensity band at 964 cm−1

besides a weak shoulder at 948 cm−1 indicates the internal vibrations of β-TCP in the BCP
sample. For the BCP sample shown in Figure 2c, the spectrum has the same major band at
966 cm−1 and a shoulder band at 948 cm−1 corresponding to the β-TCP phase, as the BCP
is composed of HAP and β-TCP in a 60:40 ratio. Finally, for the Ag-BCP sample (Figure 2d),
the Ag NPs were loaded onto the BCP composite. The Ag particles were synthesized using
glucose and thus in this reaction gluconic acid is formed as a by-product which is observed
as a minor band at 1364 cm−1 [29]. Furthermore, the minor band at 226 cm−1 corresponds
to the presence of Ag NPs.

 

Figure 2. Comparison of the Raman spectra of (a) HAP, (b) β-TCP, (c) BCP, and (d) Ag-BCP samples.

Table 2. Raman spectral data of (a) HAP, (b) β-TCP, (c) BCP, and (d) Ag-BCP.

Frequency of
Vibration (cm−1)

Band Assignments

HAP β-TCP BCP Ag-BCP

1364 - - - Gluconic acid
1056
1090

Asymmetric stretching
vibrations (υ3) of PO4

−3
Asymmetric stretching

vibrations (υ3) of PO4
−3

Asymmetric stretching vibrations
(υ3) of PO4

−3
Asymmetric stretching vibrations

(υ3) of PO4
−3

966 Symmetric stretching vibrations
(υ1) of PO4

−3 group - Symmetric stretching vibrations
(υ1) of PO4

−3 group
Symmetric stretching vibrations

(υ1) of PO4
−3 group

964, 948 - Internal vibrations of β-TCP
in BCP

Internal vibrations of β-TCP
in BCP

Internal vibrations of β-TCP
in BCP

432, 445 Symmetrical bending (υ2) Symmetrical bending (υ2) Symmetrical bending (υ2) Symmetrical bending (υ2)

572, 598 Asymmetric bending (υ4)
vibrations of PO4

−3
Asymmetric bending (υ4)

vibrations of PO4
−3

Asymmetric bending (υ4)
vibrations of PO4

−3
Asymmetric bending (υ4)

vibrations of PO4
−3

The powder XRD reflection patterns of the four bioceramics (HAP, β-TCP, BCP, and Ag-
BCP) provided in Figure 3 confirm the formation of highly crystalline phases in all samples,
as shown by the narrow and sharp pattern. The XRD patterns provided in Figure 3a,b show
the calcium phosphate precursors derived from the HAP sintered at 800 ◦C and β-TCP
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at 900 ◦C, respectively. From the comparative analysis, the HAP patterns have perfectly
matched with the parent HAP, as provided by the JCPDS card No. 09–0432. The crystalline
nature of the HAP sample was confirmed by the patterns observed at 2θ of 25.9◦ (002), 28.6◦
(210), 31.7◦ (211), 32.2◦ (112), 34.0◦ (202), and 39.8◦ (310). These diffraction patterns indicate
the presence of HAP in BCP (JCPDS No. 9-432). The calcium to phosphorous (Ca/P) ratio
was found to be 1.6. Similarly, the reflection patterns of the β-TCP sample (Figure 3b)
appeared at 2θ of 21.8◦ (024), 25.8◦ (1010), 27.8◦ (214), 31.0◦ (0210), 32.4◦ (128), and 34.3◦
(220) (JCPDS No. 9-169), with the Ca/P ratio being 1:5. Hence, all the diffraction patterns of
HA and β-TCP in BCP were found to be more distinct and thereby indicate the crystalline
nature. Additionally, the XRD patterns of BCP (Figure 3c) and Ag-BCP (Figure 3d) were
observed at 2θ of 31.76◦ (211), 32.15◦ (112), 32.89◦ (300), and 34.02◦ (202), with the Ca/P
ratio of 1:6. These data also confirm the formation of BCP in its highly crystalline phase. It is
evident from the FTIR spectrum (Figure 1a–c) and the XRD phase composition (Figure 3c,d)
that there is no formation of a Calcite (calcium carbonate) pattern at 29.4◦. Moreover, it
can be observed from the XRD pattern that the characteristic patterns of HAP in the BCP
sample are much greater than in β-TCP [30]. Finally, the XRD pattern of the Ag-BCP sample
(Figure 3d) is in good agreement with that of BCP (Figure 3c). Furthermore, the observation
of no additional patterns for Ag NPs indicates its lower concentration.

Figure 3. Powder XRD analysis for (a) HAP, (b) β-TCP, (c) BCP, and (d) Ag-BCP.

Figure 4 represents the FESEM analysis of (a) HAP, (b) β-TCP, (c) BCP, and (d) Ag-BCP
at three different magnifications. The surfaces of all samples appear to be rough and
granular and the maximum effect can be seen in β-TCP. The FESEM of HAP (Figure 4a1)
showed that there is a decreased surface roughness. Furthermore, the FESEM of β-TCP
(Figure 4b1) shows the micro- and macropores with a well-organized pore network, which
supports its enhanced solubility effects. Furthermore, this kind of pore arrangement is
predicted to permit the uptake of fluid, cell accommodation, and a greater surface area.
The FESEM of BCP (Figure 4c1) showed less roughness and the surface is uneven with its
patterns similar to the earlier report [27]. Finally, the morphology of Ag-BCP provided in
Figure 4d1 shows some small decorating particles and are referred to as Ag NPs.
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Figure 4. FESEM analysis of (a) HAP, (b) β-TCP, (c) BCP, and (d) Ag-BCP.

Figure 5 shows the zeta potential analysis of HAP, β-TCP, BCP, and Ag-BCP samples
in an aqueous solution. These studies were used to estimate the colloidal stability and
dispersions of bio-ceramics in solution. From the analysis, the zeta potential values of
HAP, β-TCP, BCP, and Ag-BCP were obtained to be −35.1 mV, −36.9 mV, −40.3 mV, and
−44.1 mV, respectively (Figure 5a–d). The zeta potential value obtained for pure HAP
was greater than −30 mV compared to the literature report [31] and in the same way, the
β-TCP sample with a value of −36.9 mV changed to −40.3 mV for BCP, indicating that
the system arrived at a state of moderate stability. Further, for the Ag-BCP sample, the
potential value of −44.1 mV was observed indicating the influential stability of the Ag NPs
onto the surface of BCP.

 

Figure 5. Zeta potential analysis of HAP, β-TCP, BCP, and Ag-BCP.
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The AFM provided topographic analyses of BCP and Ag-BCP samples and are shown
in Figure 6. For the topographical examination, both samples in their powdered form were
coated with Aluminum foil. As shown in Figure 6a, the topography of the BAP sample
confirms the formation of homogeneously arranged agglomerated globules. Furthermore,
the 2D image of Ag-BCP (Figure 6b) shows that the triangular shape is embedded on the
globules representing Ag and globules for the BCP. Similarly, the 3D image of Ag-BCP
shows the formation of highly crystalline homogenous peaks corresponding to Ag and are
in good agreement with the 2D image peaks [32] (Table S1).

 

Figure 6. Surface topographical analysis for (a) BCP and (b) Ag-BCP.

The XPS analysis was used to determine the elemental composition of Ag-BCP samples
and the results are provided in Figure 7. The image provides the XPS spectrum along with
the elemental peaks of C, Ca, O, Ag, and P. The spectrum of the elements O1s, P2p, Ca2p,
Ag3d, and C1s are due to the adsorption of hydrocarbon impurities. The C-C component
at 285 eV is used to calibrate the energy level. The spectrum of C1s shows two major peaks
inclined at 284.95 eV for the non-oxygenated sp2 carbon ring (C-C) and at 286.5 eV for the
sp3 (C-O) oxygenated functional group of carbon. Furthermore, the XPS of Ca2p shows two
distinct peaks 347.35 and 351.23 eV corresponding to the Ca2p3/2 and Ca2p1/2, respectively.
The XPS of O1s shows binding energies of 530.8 eV and 533.2 eV corresponding to -OH
and P-O-P, respectively. Similarly, the prominent spectrum for Ag arises at 369.87 eV and
372.18 eV corresponding to 3d5/2 and 3d3/2. The observation of this Ag peak confirms the
successful decoration of Ag NPs onto the surface of the BAP sample [33]. The phosphate
spectra of P2p peaks at 132.8 eV and 135 eV correspond to P2p3/2 and P2p1/2 and confirm
the success of HAP formation.

Figure 8 provides a comparison of the thermal stability of BCP and Ag-BCP samples as
analyzed by TGA and DTA. The initial weight loss of up to ≈210 ◦C for both samples was
due to the loss of moisture/adsorbed water (up to 200 ◦C) and lattice water (up to 650 ◦C).
Above this, the occurrence of weight loss was seen in several stages between 200 ◦C and
900 ◦C, confirming the transformation of the HAP phase into a β-TCP phase in the BCP
sample [34]. For the BCP and Ag-BCP samples, the total weight loss measured around
1000 ◦C was only 1% and 0.5%, respectively, thereby indicating that the Ag decoration
reduced the thermal stability of BCP.

Figure 9 shows the comparison of porosity measurements of BCP and Ag-BCP samples.
The porosity of bare BCP was observed around 15.20%. BCP samples decorated with Ag
NPs showed an increase in porosity value at 32%. Such an observation of increased porosity
values is due to the occurrence of chemical interactions of Ag NPs with the BCP matrices.
This is the most useful factor in bone tissue engineering applications, as it can facilitate
cell growth and migration, protein delivery to the cells, and preserve tissue volume with
temporary mechanical function [35].
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Figure 7. XPS spectroscopic analysis of Ag-BCP samples.

Figure 8. TGA and DTA analysis of BCP and Ag-BCP samples.

 

Figure 9. Porosity evaluation of BCP and Ag-BCP samples by the liquid displacement method.
* denoted as statistical analyses were performed using a one-way analysis of variance (ANOVA) and
the data presented are the mean ± standard deviation.
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3.2. Studies of Bioactivity, Biodegradation, and Drug Release

Figure 10 shows the in vitro bioactivity studies of BCP and Ag-BCP samples as investi-
gated by the amount of apatite formed on the sample’s surface. The sample’s morphological
changes associated with the formation of surface masses were recorded by SEM. The ma-
terials were maintained in SBF for 14 days at 37 ◦C. The optical and SEM images of BCP
(Figure 10a,c) show fibers with an anisotropic aspect of ~5–10 μm in length and 0.5–1.0 μm
in width. However, the Ag-BCP sample (Figure 10b,d) witnessed the formation of an ap-
atite layer at the surface of pellets and the newly formed layer comprised of tiny spherical
particles of calcium phosphate crystals. This indicates that the Ag-BCP composite serves as
a bioactive material with the ability to generate an apatite layer that can bond bones with
implant materials [36].

 

Figure 10. Bioactivity investigation recorded by the optical microscopic images for BCP (a) and
Ag-BCP s (b) samples and the corresponding SEM images of BCP (c) and Ag-BCP (d).

Optical microscopic and SEM images of BCP and Ag-BCP samples are employed
to understand the biodegradation efficiencies linked to surface morphological changes
followed by the incubation in SBF (14 days, 37 ◦C, see Figure 11(i)) For both samples,
the surface roughness increased due to the degradation of material into the SBF medium.
Furthermore, after 21 days in SBF, 79.45% of BCP and 65.25% of the Ag-BCP composite
degraded (Figure 11(ii)). Further, the biodegradation behavior of BCP and Ag-BCP samples
in tris-buffer is compared in Figure 11(iii). We observed an overall increase in the pH value
after the sample’s immersion. This indicates that the BCP sample had an increased pH
compared to Ag-BCP. Over 3 weeks, Ag-BCP had the slowest bio-dissolution, while for
the BCP, the fastest mass decrease and high dissolution rates with pH increase were noted.
This result indicates that both samples are highly biodegradable. Pure BCP (as against
Ag-BCP) degrades fastest and the differences can be linked to the availability of solid Ag
NPs in the tri-component system. This difference in biodegradation is well suited for bone
tissue engineering applications as it helps to withstand mechanical stress and creates an
encouraging environment for cell attachment and growth.
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Figure 11. (i) Biodegradability investigation using optical microscopy (a,b) and SEM analysis
(c,d) for the BCP and Ag-BCP samples. The degradability efficiency (%) evaluation is determined by
the weight-loss method (* denoted as statistical analyses were performed using a one-way analysis of
variance (ANOVA) and the data presented are the mean ± standard deviation) (ii) and a pH meter
investigation (iii).

Figure 12 shows the pattern of CIP release from BCP and Ag-BCP samples under
physiological conditions (PBS; pH 7.4). The analysis was carried out by measuring the
optical absorption as a function of time. BCP exhibited an initial burst release of ~43%
within the first 5 mins. In contrast, the Ag-BCP sample showed a relatively lower release of
only 30%. Over 45 mins, BCP released ±92.65%, whereas Ag-BCP released only ±72.37% in
a slow and controlled way. This difference is linked to the presence of Ag which supports
the occurrence of heterogeneous oxidation reactions requiring the combined effects of
dissolved oxygen and protons [36]. From the CIP release studies, we observed that the
Ag-BCP has controlled release behavior due to its capacity to maintain the heterogenous
particles of varying sizes, shapes, and phases.

 
Figure 12. Comparison of CIP release behavior of BCP and Ag-BCP.
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3.3. In Vitro Antimicrobial and Cytocompatibility Studies

HAP, β-TCP, BCP, and Ag-BCP samples were tested for their antibacterial activity
against the Gram-positive S. aureus, Gram-negative E. coli, and the antifungal activity
against C. albicans (shown in Figure 13a–c). The reason for selecting S. aureus for the studies
is that it is responsible for the biofilm formation on bone implants. E. coli strains have a
reducing capability towards BCP. From the comparison of results provided in Figure 13,
the Ag-BCP sample performed almost equal to the standard (Std) in both antibacterial and
antifungal activities. Ag-BCP had a moderate inhibitory effect against all bacteria or fungi
during a 12 h culturing period. Among the two different bacterial cultures, Ag-BCP had
the highest activity towards gram-positive bacteria (S. aureus) and fungi (C. albicans) where
the ZoI was about 10 mm. Furthermore, gram-negative bacteria (E. coli) were inhibited
in their growth with ZoI of 8 mm. The ZoI of all the samples (HAP, β-TCP, BCP, and
Ag-BCP) against the tested microbial cultures are provided in Table 3. Ag-BCP shows better
antimicrobial (antibacterial and antifungal) activity than that of the other three samples
and thereby confirms the role played by the Ag NPs impregnated onto the BCP composite.

 

Figure 13. Antimicrobial investigation against (a) S. aureus, (b) E. coli, and (c) C. albicans (where
1. Ag-BCP, 2. HAP, 3. B-TCP, 4. BCP, 5. DMSO, and 6. Standard).

Table 3. Zone of inhibition (mm) data of bioceramic samples treated against E. coli, S. aureus, and
C. albicans.

Microorganism
Zone of Inhibition (mm)

Ag-BCP HAP β-TCP BCP DMSO Std (20 μL)

E. coli 8 ± 1.15 - - - - 11 ± 1.75
S. aureus 10 ± 2.2 - - - - 17 ± 1.2

C. albicans 10 ± 1.5 - - - - 12 ± 1.0

Figure 14 provides a comparison of in vitro cytocompatibility studies of BCP and
Ag-BCP samples when tested on mouse fibroblast L929 cells at various concentrations. We
performed an MTT assay carried out with BCP and Ag-BCP samples. Both cells exhibited
a significant reduction in the number of cells (detected via their absorption recorded at
450 nm) with an increase in treatment dosage from 31.2 to 1000 μg/mL. When changing
the concentration from 31.2 to 62.5 μg/mL, the cell viability % decreased from 80.8 to 50%
for the BCP sample and 70 to 32.5% for the Ag-BCP. This determines the IC50 value of BCP
and Ag-BCP to be 62.5 and 46.8 μg/mL, respectively.
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Figure 14. Optical microscopic images of L929 fibroblast cells under various concentrations of BCP
(A) and Ag-BCP (B) ((a) for the control, (b–h) for the cell concentration in the range of 31.2 to
1000 μg/mL). The corresponding % cell viability changes for BCP (C) and Ag-BCP (D) in L929 cells.

4. Conclusions

In conclusion, the present study deals with the synthesis, characterization, and testing
of BCP and Ag-BCP composites for antimicrobial, drug delivery, and biodegradable char-
acteristics. Bioceramic composites (Venice Mestre, Italy) were characterized for improved
interconnectivity, porosity, moderate compressive strength, and biocompatibility where
all of these properties are beneficial for bone tissue engineering applications. The Ag-BCP
composite was formed by the decoration of Ag NPs with the bioceramic BCP base. The
composite maintained its BCP structural framework and at the same time, the porous
network structure was formed without compromising its basic characteristics. Nonetheless,
the compressive strength and thermal stability increased after Ag loading onto the BCP.
Furthermore, the composites showed a difference in pH values in SBF solution, and for the
Ag-BCP, the biodegradation rate was reduced. Based on the cumulative results, the Ag-BCP
composite would serve as a potential candidate for the efficient growth of damaged or
defective bone parts in tissue engineering applications.
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Abstract: (1) Background: This study aimed to use the simplex–centroid mixture design methodology
coupled with a microdilution assay to predict optimal essential oil (EO) formulations against three
potential foodborne pathogens simultaneously through the desirability (D) function. (2) Methods:
Oregano (ORE; Origanum vulgare), thyme (THY; Thymus vulgaris), and lemongrass (LG; Cymbopogon
citratus) and their blends were evaluated concerning minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) for Salmonella enterica serotype Enteritidis, Escherichia
coli and Staphylococcus aureus. (3) Results: THY combined with ORE or LG were the most promising
EO formulations in inhibiting and killing each bacterium separately. Regarding the simultaneous
effect, the optimal proportion for maximum inhibition was composed of 75% ORE, 15% THY, and
10% LG, while for maximum inactivation was 50% ORE, 40% THY, and 10% LG. (4) Conclusion:
The multiresponse optimization allowed identifying an EO blend to simultaneously control three
potential foodborne pathogens. This first report could be a helpful natural and green alternative for
the industry to produce safer food products and mitigate public health risks.

Keywords: natural antimicrobials; volatile oils; bioactive compounds; minimum inhibitory concen-
tration; minimum bactericidal concentration; desirability function

1. Introduction

Foodborne pathogens are a global public health issue with over 600 million cases
per year resulting in concern towards morbidity, hospitalizations, and mortality, adding
420,000 deaths, and US$ 110 billion lost each year worldwide, requiring alternatives to
produce safer food products [1–4]. In this context, Salmonella enterica serotype Enteritidis,
Escherichia coli, and Staphylococcus aureus are responsible for several cases of food outbreaks
worldwide [4–6]. They are the most common foodborne pathogens affecting the health of
millions of people and adding up to an annual economic loss of billions of dollars [7–10].
Moreover, the infectious diseases caused by them include several harsh symptoms such
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as stomach cramps, diarrhea, fever, nausea, and/or vomiting, and even life-threatening
conditions [11].

Essential oils (EOs) are rich in a broad biological spectrum of compounds such as
sesquiterpenes, monoterpenes, aldehydes, alcohols, esters, ketones, polyphenols, and
flavonoids, including other classes, which result in a broad biological activity including
antimicrobial, antifungal, insecticide, anti-inflammatory, antioxidant, anticarcinogenic, and
antiviral [12,13]. Therefore, these oils have been successfully applied in different industrial
sectors such as food, cosmetic, pharmaceutical, and agricultural industries [14].

EOs are considered safe and eco-friendly plant-based antimicrobial alternatives to
control foodborne pathogens and other microorganisms, including those drug-resistant
ones [15,16]. Previous studies have already reported the potential of EOs against S. enteritidis,
E. coli, and S. aureus, maintaining food quality and safety [17,18]. However, the EO con-
centrations needed to achieve antimicrobial effectiveness have generally led to adverse
sensory impacts in foods due to their intense aroma. In this way, blended formulations have
recently been investigated to reach the antimicrobial goal using lower EO concentrations
since the effect of EO mixtures could be boosted by interactions of different functional
groups [19–21]. Furthermore, EO blends have been drawing attention as a promising green
technology to decrease antibiotic resistance among bacteria, adverse effects on human
health, and environmental impacts from synthetic compounds due to their toxicity and
slow degradation periods [22,23]. Nevertheless, the wide variety of EOs and foodborne
pathogens makes it a stiff challenge.

The Mixture Designs (MDs) can assist in achieving optimized EO blends. In this
experimental design, two or more components are combined in different proportions, and
the results can be modeled and predicted mathematically and graphically [24,25]. One ap-
proach is to apply these models combined with desirability functions to optimize multiple
responses simultaneously with a reduced number of experiments but with high quality
and low cost [26]. The MDs were already used to maximize or optimize the antimicrobial
activity of essential oil blends against different pathogens [16,18,21,27]. However, despite
the great potential of this design in evaluating EO blends, this yet is underused. Moreover,
these studies evaluate neither the combination of oregano, thyme, and lemongrass nor the
simultaneous inhibition and inactivation of foodborne pathogens.

In this context, this study aimed to achieve optimized formulations containing oregano,
thyme, and lemongrass EOs for individual and simultaneous inhibition and inactivation of
S. enteritidis, E. coli, and S. aureus through an augmented simplex–centroid mixture design,
attempting safer food products and public health improvement.

2. Results

2.1. Chemical Composition of Essential oils

The complete profile of compounds in EOs is available in Supplementary Table S1.
Oregano EO exhibited a high concentration of carvacrol (70.3%), followed by other com-
pounds such as p-cymene (10.4%), γ-terpinene (4.8%), (E)-β-caryophyllene (4.7%), linalool
(2.2%), and myrcene (1.6%). The thyme EO was also predominantly composed of phenolic
compounds, which were thymol (31.2%) and carvacrol (25.5%), followed by p-cymene
(21.7%), linalool (6%), limonene (3.4%) and borneol (3.4%). Concerning lemongrass EO, its
composition was rich in aldehydes (45.5% geranial and 33.7% neral) and other compounds,
such as geraniol (4.5%), geranyl acetate (1.5%), citronellal (1.3%), and citronellol (1.1%).
Similar chemical composition for oregano [28], thyme [29,30], and lemongrass [31,32] EOs
have been previously reported in the literature.

2.2. Single and Combined Antimicrobial Effects through Mixture Design (MD)

Table 1 shows the ANOVA of the regression models for each bacterium concerning
MIC and MBC with the corresponding F-values and p-values as well as the corresponding
R2 and adjusted R2 values demonstrating the quality of the selected quadratic models to
data adjustment, except for S. aureus. As all least-square regression models were previously
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evaluated for better data adjustment, this S. aureus strain (ATCC 14458) was more complex
to model. However, it should be noted that most individual models were significant and
did not show a lack of fit in most cases. In addition to these factors, the critical values were
experimentally validated, as described in the following sections.

Table 1. The quality of the quadratic model through analysis of variance (ANOVA) for the mini-
mum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) experiments
concerning essential oils (EOs) against Escherichia coli, Staphylococcus aureus, and Salmonella enterica
serotype Enteritidis.

E. coli MIC Sum of Squares Degrees of freedom Mean Square F-value p-value R2 R2
adj. *

Model 0.026249 5 0.00525 20.83859 0.000995
Total Error 0.001512 6 0.000252
Lack of Fit 0.001095 4 0.000274 1.31386 0.475324 0.9456 0.9002
Pure Error 0.000417 2 0.000208

Total Adjusted 0.02776 11 0.002524

S. aureus MIC Sum of Squares Degrees of freedom Mean Square F-value p-value R2 R2
adj. *

Model 0.004934 5 0.000987 2.979 0.108212
Total Error 0.001988 6 0.000331
Lack of Fit 0.001987 4 0.000497 1490.163 0.000671 0.7128 0.4735
Pure Error 0.000001 2 0

Total Adjusted 0.006921 11 0.000629

S. enteritidis MIC Sum of Squares Degrees of freedom Mean Square F-value p-value R2 R2
adj. *

Model 0.112971 5 0.022594 14.03543 0.002927
Total Error 0.009659 6 0.00161
Lack of Fit 0.009242 4 0.002311 11.09053 0.084416 0.9212 0.8556
Pure Error 0.000417 2 0.000208

Total Adjusted 0.12263 11 0.011148

E. coli MBC Sum of Squares Degrees of freedom Mean Square F-value p-value R2 R2
adj. *

Model 0.026249 5 0.00525 20.83859 0.000995
Total Error 0.001512 6 0.000252
Lack of Fit 0.001095 4 0.000274 1.31386 0.475324 0.9456 0.9002
Pure Error 0.000417 2 0.000208

Total Adjusted 0.02776 11 0.002524

S. aureus MBC Sum of Squares Degrees of freedom Mean Square F-value p-value R2 R2
adj. *

Model 0.00622 5 0.001244 1.641339 0.280675
Total Error 0.004548 6 0.000758
Lack of Fit 0.002881 4 0.00072 0.864343 0.598648 0.5777 0.2257
Pure Error 0.001667 2 0.000833

Total Adjusted 0.010768 11 0.000979

S. enteritidis MBC Sum of Squares Degrees of freedom Mean Square F-value p-value R2 R2
adj. *

Model 0.106867 5 0.021373 4.81933 0.040813
Total Error 0.02661 6 0.004435
Lack of Fit 0.026193 4 0.006548 31.43148 0.031072 0.8006 0.6345
Pure Error 0.000417 2 0.000208

Total Adjusted 0.133477 11 0.012134

* R2
adj: R2 adjusted. MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration.

The effects obtained by the MD allowed identifying the different bacteriostatic (MIC)
and bactericidal (MBC) effects of single and blended EOs (Table 2). Concerning single EOs
(100% of ORE, THY, or LG), the individual effects of ORE1 were not significant in E. coli; in
contrast, THY1 and LG1 demonstrated a significant effect for inhibiting and killing E. coli,
mainly THY1, which exhibited a lower coefficient than LG1, (see Table 2). LG1 was the only
one among the single EOs that showed a significant coefficient regarding bacteriostatic
and bactericidal effects for S. enteritidis. THY1 and LG1 demonstrated the ability to inhibit
S. aureus, mainly THY1, due to the lowest coefficient (Table 2). Likewise, for E. coli, no
significant coefficient effect was observed for ORE1 on S. aureus and S. enteritidis inhibition
for MIC (Table 2).

135



Antibiotics 2022, 11, 1572

Table 2. Coefficients of model fitted for minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) values concerning essential oils (EOs) against Escherichia coli, Staphy-
lococcus aureus, and Salmonella enterica serotype Enteritidis and their level of significance.

E. coli S. aureus S. enteritidis

MIC Estimation € SE † p-Value Estimation SE † p-Value Estimation SE † p-Value

ORE 1 0.012896 0.015265 0.430588 0.039735 0.017504 0.063661 0.011105 0.038586 0.783187
THY 1 0.050495 0.015265 0.016245 ** 0.049711 0.017504 0.029566 * 0.033339 0.038586 0.420770
LG 1 0.192025 0.015265 0.000015 *** 0.106495 0.017504 0.000896 *** 0.376076 0.038586 0.000067 ***

ORE0.5 + THY0.5 −0.007719 0.068055 0.913390 −0.075322 0.078039 0.371723 0.172999 0.172033 0.353418
ORE0.5 + LG0.5 −0.225688 0.068055 0.016079 ** −0.060932 0.078039 0.464605 −0.645440 0.172033 0.009489 **
THY0.5 + LG0.5 −0.300477 0.068055 0.004494 ** −0.039770 0.078039 0.628516 −0.488530 0.172033 0.029577 *

E. coli S. aureus S. enteritidis

MBC Estimation € SE † p-Value Estimation SE † p-Value Estimation SE † p-Value

ORE 1 0.012896 0.015265 0.430588 0.086091 0.026477 0.017433 ** 0.018346 0.064046 0.784173
THY 1 0.050495 0.015265 0.016245 ** 0.104938 0.026477 0.007424 * 0.058587 0.064046 0.395587
LG 1 0.192025 0.015265 0.000015 *** 0.104938 0.026477 0.007424 * 0.374725 0.064046 0.001100 **

ORE0.5 + THY0.5 −0.007719 0.068055 0.913390 −0.188111 0.118046 0.162149 0.018773 0.285542 0.949716
ORE0.5 + LG0.5 −0.225688 0.068055 0.016079 ** −0.188111 0.118046 0.162149 −0.256087 0.285542 0.404348
THY0.5 + LG0.5 −0.300477 0.068055 0.004494** 0.051866 0.118046 0.675775 −0.622240 0.285542 0.072145

† SE: standard error; * p < 0.05; ** p < 0.02; *** p < 0.001. 1 100% of EO. 0.5 50% of each essential EO. € Negative coeffi-
cient values indicate an increased antibacterial effect, and positive coefficient values suggest an antagonist effect.

Regarding the mixtures of EOs (proportion 50%:50%), the promising blended EOs
were those with negative coefficient values, indicating an increased antibacterial effect
by acting additively or synergistically (Table 2). Otherwise, a positive coefficient value
suggests an antagonist effect [33]. In this way, a significant effect was observed in the
ORE0.5 + LG0.5 and THY0.5 + LG0.5 for inhibiting and killing E. coli (Table 2), especially
THY0.5 + LG0.5, due to the lowest coefficients, revealing an interesting combination against
this bacterium. In contrast, although ORE0.5 + THY0.5 have exhibited a negative coefficient
value, its bacteriostatic and bactericidal effects were not significant for E. coli (Table 2).
The same was observed for S. enteritidis, wherein ORE0.5 + THY0.5 was not effective in
inhibiting this bacterium, and none of the three blended EOs (50%:50%) in killing it (MBC)
(Table 2). Otherwise, ORE0.5 + LG0.5 and THY0.5 + LG0.5 demonstrated a significant effect
on S. enteritidis inhibition (MIC). Among these two blended EOs, ORE0.5 + LG0.5 had a lower
coefficient than THY0.5 + LG0.5, indicating that this mixture of oregano and lemongrass has
a greater potential to inhibit S. enteritidis (Table 2). Regarding S. aureus, all blended EOs
were not significant for both the MIC and MBC values. Moreover, THY0.5 + LG0.5 showed
a positive coefficient for the MBC values of S. aureus, while the lowest ones were against
E. coli and S. enteritidis (Table 2).

The combination of ORE0.5 and THY0.5 was the only EO blend not significant for the
MIC and MBC values of the three bacteria tested. In addition, this EO blend had positive
coefficients for the MIC and MBC values of S. enteritidis. On the contrary, when combined
with LG, ORE, and THY, there is evidence of a synergistic or complementary potential.

The treatments obtained through MD were experimentally evaluated for all bacteria
strains. From these data, equations and 3D graphics with the different combinations of
the three EOs were generated (Figure 1), which allowed identifying through mathematical
models the EO proportions for potentially achieving the lowest MIC and MBC values
for all bacteria strains (darkest green regions). The optimal proportions to reach the best
inhibitory and bactericidal effect for E. coli were 100% ORE (Figure 1A,D). For S. aureus, the
ideal mixtures observed were 50% ORE and 50% THY to achieve the maximum inhibition
(Figure 1B), and 50% ORE and 50% LG or THY (saddle surfaces) to reach the highest
bactericidal effect (Figure 1E). For S. enteritidis, the optimal proportions to achieve the best
inhibitory and bactericidal effect were 75% ORE, 10.7% THY, and 14.3% LG, and 100% ORE,
respectively (Figure 1C,F).
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Figure 1. 3D surface plots for the effect of different essential oil blends from oregano (ORE; Origanum
vulgare), thyme (THY; Thymus vulgaris), and lemongrass (LG; Cymbopogon citratus) on minimum in-
hibitory concentration (MIC) value against Escherichia coli (A), Staphylococcus aureus (B) and Salmonella
Enteritidis (C) and on minimum bactericidal concentration (MBC) value against Escherichia coli (D),
Staphylococcus aureus (E) and Salmonella enterica serotype Enteritidis (F). Results are expressed in
percentage (%) and are from twelve experiments, including three central replicates (Section 5.3).

2.3. Mixture Optimization and Validation

The desirability function (D) (Section 5.4.4) allowed the identification of the optimized
theoretical mixtures of ORE, THY, and LG to maximize the bacteriostatic (MIC; Figure 2) and
bactericidal (MBC; Figure 3) actions against E. coli, S. aureus, and S. enteritidis simultaneously.
The optimal EO blend for inhibiting bacteria consisted of 75% ORE, 15% THY, and 10%
LG, which minimized the MIC values to 0.014%, 0.034%, and 0.014% for E. coli, S. aureus,
and S. enteritidis, respectively (Figure 2). Otherwise, the optimal EO mixture for killing
bacteria was composed of 50% ORE, 40% THY, and 10% LG, resulting in the MBC values of
0.021% for E. coli, 0.051% for S. aureus, and 0.036% for S. enteritidis (Figure 3). Therefore, a
greater sensitivity was observed in E. coli, followed by S. enteritidis and S. aureus for the
MIC and MBC values. The two optimal theoretical proportions were further validated
experimentally (Table 3). No difference was observed for the MIC and MBC values of E.
coli, S. aureus, and S. enteritidis between theoretical values from desirability function and
experimental values (Table 3).
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Figure 2. Desirability plot showing the optimal proportions of oregano (ORE; Origanum vulgare),
thyme (THY; Thymus vulgaris), and lemongrass (LG; Cymbopogon citratus) to the simultaneous in-
hibition (MIC) of Escherichia coli, Salmonella enterica serotype Enteritidis, and Staphylococcus aureus.
Results are expressed in percentage (%) and are from twelve experiments, including three central
replicates (Section 5.3).

Table 3. Observed values and validation for the optimal mixture of oregano (ORE; Origanum vulgare),
thyme (THY; Thymus vulgaris), and lemongrass (LG; Cymbopogon citratus) essential oils (EOs) against
Escherichia coli, Staphylococcus aureus, and Salmonella enterica serotype Enteritidis considering minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values.

MIC (%)(n = 6) * MBC (%)(n = 6) *

Predicted
Value

Observed
Value

t-Test (%)
Levene’s
Test (%)

Predicted
Value

Observed
Value

t-Test (%)
Levene’s
Test (%)

E. coli 0.014 0.013 58.06 48.38 0.021 0.025 5.33 42.27
S. aureus 0.034 0.031 64.94 15.18 0.051 0.075 7.56 38.81

S. enteritidis 0.014 0.021 6.62 6.24 0.036 0.035 86.18 15.18

* The predicted proportions of EOs were 75% (ORE):15% (THY):10% (LG), and 50% (ORE):40% (THY):10% (LG)
for MIC and MBC, respectively.
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Figure 3. Desirability plot showing the optimal proportions of oregano (ORE; Origanum vulgare),
thyme (THY; Thymus vulgaris), and lemongrass (LG; Cymbopogon citratus) to simultaneous inactivation
(MBC) of Escherichia coli, Salmonella enterica serotype Enteritidis, and Staphylococcus aureus. Results
are expressed in percentage (%) and are from twelve experiments, including three central replicates
(Section 5.3).

3. Discussion

It is worth highlighting that this study is the first report investigating the antimicrobial
potential of these three combined EOs against E. coli, S. aureus, and S. enteritidis using the
mixture design. Moreover, this study aimed to enhance the antibacterial effect through
decreased MIC and MBC values (dependent variables), and the lower or negative coefficient
values demonstrate that the independent variables (single EO and their mixtures) were
effective for increasing the antibacterial activity.

It is well-known that the antimicrobial activity of EOs is attributed to their compo-
sition and biochemistry, wherein the lipophilic nature of hydrocarbon skeletons and the
hydrophilic nature of the other functional groups play an essential role in this activity [34].
The oregano and thyme EOs showed a high concentration of phenols, followed by hydrocar-
bons. The oregano EO was also composed of other functional groups, such as alcohol, ether,
and ketone, with the thyme of alcohol and ether. Regarding lemongrass, its composition
was rich in aldehydes, followed by alcohol, ester, and ketone (Section 2.1).

The single antimicrobial activity of oregano, thyme, and lemongrass EOs has been
well-reported in the literature. Previous studies observed bacteriostatic and bactericidal
activities of oregano against strains of E. coli, S. enteritidis, and S. aureus [35–37]. However,
in our study, single ORE was only effective in killing S. aureus. This activity observed
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in the ORE1 can be justified by the greater bactericidal effect of the carvacrol against
Gram-positive than Gram-negative bacteria [38].

Regarding THY, compounds such as thymol, p-cymene, o-cymene, γ -terpinene, and
linalool are known to be responsible for the broad antibacterial spectrum of this EO [39,40].
The bacteriostatic and bactericidal effects of the thyme EO against E. coli [35], S. enteritidis,
and S. aureus [37] have already been reported in the literature. The THY has similar
antimicrobial properties to ORE since thymol is analogous to carvacrol [41], and it also
possesses the same outer membrane disintegration properties, in addition to affecting a
variety of cellular functions [42]. Furthermore, the predominance of carvacrol or thymol
associated with the high concentration of hydrocarbons (greater hydrophobicity) may
explain our findings concerning the similar activity of both ORE and THY against Gram-
negative and Gram-positive bacteria.

The antibacterial activity of LG may be attributed to neral, geranial, and geraniol,
among other compounds [43], and was observed by Naik et al. [44] against E. coli and
S. aureus. However, there are no studies to date evaluating the MIC and MBC values
of lemongrass against S. enteritidis. De Silva et al. [45] reported the bacteriostatic and
bactericidal effects of lemongrass on S. enterica. Moreover, there is very little information in
the literature about the mechanisms of action of neral and geranial compounds, but it is
known that aldehydes are more active in Gram-positive bacteria than in Gram-negative
ones [46], corroborating our findings (Table 4). In our study, LG1 showed higher MIC and
MBC values (lower antimicrobial activity) than ORE1 and THY1 for all evaluated strains
(Table 4).

Table 4. Simplex–centroid design experiments, minimum inhibitory concentration (MIC) and min-
imum bactericidal concentration (MBC) values of single and blended essential oils (EOs) against
Escherichia coli, Staphylococcus aureus, and Salmonella enterica serotype Enteritidis.

Experiments * MIC (%) MBC (%)
ORE THY LG S. enteritidis E. coli S. aureus S. enteritidis E. coli S. aureus

1 1 0 0 0.0031 0.0125 0.05 0.0125 0.0125 0.1
2 0 1 0 0.025 0.05 0.05 0.025 0.05 0.1
3 0 0 1 0.4 0.2 0.1 0.4 0.2 0.1
4 0.5 0.5 0 0.05 0.025 0.025 0.05 0.025 0.05
5 0.5 0 0.5 0.05 0.05 0.05 0.2 0.05 0.05
6 0 0.5 0.5 0.1 0.05 0.05 0.1 0.05 0.1
7 0.33 0.33 0.33 0.05 0.05 0.05 0.05 0.05 0.05
8 0.33 0.33 0.33 0.025 0.025 0.05 0.025 0.025 0.05
9 0.33 0.33 0.33 0.05 0.025 0.025 0.05 0.025 0.1

10 0.67 0.17 0.17 0.025 0.0125 0.0125 0.025 0.0125 0.0125
11 0.17 0.67 0.17 0.05 0.025 0.05 0.1 0.025 0.1
12 0.17 0.17 0.67 0.05 0.05 0.1 0.05 0.05 0.1

The experiment was carried out in triplicate. * Proportion of each EO; ORE: oregano (Origanum vulgare) EO; THY:
thyme (Thymus vulgaris) EO; LG: lemongrass (Cymbopogon citratus) EO.

Regarding the EO blends, the interaction between two EOs may be strain-dependent,
which could explain our results for S. aureus. Furthermore, the similar composition of
ORE and THY, with a predominance of phenols followed by hydrocarbons, may have
impaired their combined activity since the synergistic or complementary effects are boosted
by combining different functional groups [16,47]. According to Gallucci et al. [48], carvacrol
and thymol had an antagonistic activity against a Gram-negative (E. coli) and a Gram-
positive (S. aureus) bacteria, corroborating our findings concerning how the combination of
ORE0.5 and THY0.5 has not been significant for the MIC and MBC values of any bacteria
tested. On the other hand, according to Kalemba and Kunicka [34], the potential antimi-
crobial activity from EOs can be ranked in terms of chemical family as follows: phenols
> aldehydes > ketones > alcohols > ethers > hydrocarbons, which reinforces our results
concerning more antibacterial effectiveness for ORE0.5 + LG0.5 and THY0.5 + LG0.5 (Table 2).
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The combination of phenols (ORE and THY) and aldehydes (LG) are considered the most
active EO functional groups against the bacteria [34,49]. Along with this, the hydrocarbon
compounds present in ORE and THY can increase the activity of the aldehydes into LG
towards membrane permeability [42,50], allowing better antimicrobial activity. It is worth
noting that the antibacterial activity by a combination of LG with ORE or THY has not
yet been reported. Nevertheless, an additive and synergistic antibiofilm activity against
a Gram-negative bacteria, Cronobacter sakazakii (CICC 21544), were observed combining
citral with thymol and carvacrol, respectively [51]. The combination observed between
aldehydes and phenols corresponds with the major compounds in LG, ORE, and THY
(Section 2.1).

Outbreaks with S. enteritidis, E. coli, and S. aureus are very frequent, representing a
public health concern in many countries worldwide [52–55], and EOs have been widely
studied and reported as being promising and safe antibacterial agents [56]. That provide an
alternative against these pathogens in meat, dairy, fruit, and vegetable products and even
in drinking water [57,58]. Despite this, there are still neither studies evaluating the action
of the combination of oregano, thyme, and lemongrass nor the simultaneous inhibition and
inactivation of S. enteritidis, E. coli, and S. aureus. However, some authors also found suc-
cessful mixtures of other EOs to bacterial and fungal inactivation using a simplex–centroid
design. Chraibi et al. [27] observed a synergistic effect between M. piperita and M. pulegium
EOs against E. coli (54%/46%), S. aureus (56%/44%), and Candida tropicalis (55%/45%), and
attributed it to a synergy between alcohols and ketones. Likewise, Ouedrhiri et al. [16]
reported that a combination of Origanum compactum (28%), Origanum majorana (30%), and
Thymus serpyllum (42%) was effective in inactivating Bacillus subtilis and S. aureus, while
for E. coli a combination of O. compactum (75%) and O. majorana (25%) was needed. These
authors attributed the effectiveness of the blended EOs to the synergy between alcohols
and phenols. The mixture optimization method is still underexplored for the identification
and modulation of the antimicrobial activity of EOs. Moreover, the studies with this ap-
proach only aim to find the optimal EO ratios for each microorganism without intending
simultaneous microbial inactivation.

4. Conclusions

Based on our findings, the antimicrobial efficacy of the studied blends depended
on the contribution of each EO in the mixture and the target strains. The most effective
EO blends in reducing the minimum inhibitory concentration (MIC), and the minimum
bactericidal concentration (MBC) of the bacterial strains tested, were thyme combined
with oregano or lemongrass. The ideal mixture for simultaneous inhibition of S. enteritidis,
E. coli, and S. aureus was comprised of 75% oregano, 15% thyme, and 10% lemongrass,
while inactivation was 50% oregano, 40% thyme, and 10% lemongrass. The EO blends
obtained in the present study can be promising alternatives to chemical preservatives
against foodborne pathogens besides being used with other technologies, such as modified-
release encapsulation systems for food packaging. Furthermore, considering industrial
applicability, multiresponse optimization from the desirability function would strongly
contribute to ensuring food safety and minimizing public health risks concerning these
potential foodborne pathogens simultaneously using natural and green technology.

5. Material and Methods

5.1. Plant Material and Selection of EOs for Study

The EOs of ginger (Zingiber officinale), eucalyptus (Eucalyptus globulus), oregano (Orig-
anum vulgare), thyme (Thymus vulgaris), rosemary (Rosmarinus officinalis), and lemongrass
(Cymbopogon citratus) were acquired commercially from Quinari® (Ponta Grossa, PR, Brazil).
All EOs were separately submitted to a preliminary test to assess their effectiveness in
inhibiting a Gram-positive (S. aureus) and a Gram-negative (E. coli) bacterium (following
Section 2.3). No EO had activity against S. aureus; however, oregano, thyme, and lemon-
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grass EOs were the only ones to show inhibition against E. coli, and thus these EOs were
selected for the present study (data not shown).

5.2. Characterization of the EOs

The composition of EOs was determined using gas chromatography (Agilent 7890A)
coupled to mass spectrometry (GC-MS; 5975C mass detector) and an Agilent 7890A gas
chromatograph equipped with a flame ionization detector (FID) following the analytical
conditions described by Chagas et al. and de Oliveira [59,60]. A 5% diphenyl—95%
dimethylpolysiloxane capillary column (DB-5 MS, 30 m × 0.25 mm × 0.25 μm) was used
in both chromatography systems. In short, the oven temperature was programmed to
rise from 60 ◦C to 240 ◦C at 3 ◦C/minute with helium at 1.0 mL/minute as carrier gas.
Furthermore, 1.0 μL (EOs in hexane at 0.1%) was injected at 250 ◦C. The transfer line was
kept at 260 ◦C, the ion source at 230 ◦C, and the analyzer at 150 ◦C. The mass detector
was operated in electron ionization mode (70 eV), with 3.15 scans/second, and data were
collected in the 40–350 m/z range. For quantification, the samples were injected at 280 ◦C,
using the same column and analytical conditions described above, with hydrogen at
1.5 mL/minute.

5.3. Mixture Design and Statistical Analysis

An augmented simplex–centroid design was used to assess the effect of oregano (ORE),
thyme (THY), and lemongrass (LG) EOs in antibacterial activity by Scheffé regression
models [25,61,62]. Table 4 shows the experimental design with twelve runs, including three
replications (experiments 7, 8, and 9) and additional points (experiments 10, 11, and 12).

The linear, quadratic, and special cubic least-squares regression models were subjected
to analysis of variance (ANOVA) and found to understand the best fit of data. Then,
the quality of the fitted models was verified based on R2, R2

adj., and ANOVA. After this
preliminary step, it was found that the data fit the quadratic model better. Thus, this model
was used to obtain responses of the dependent variables (Y) in the independent ones (X)
function, see Equation (1).

Y = α1X1 + α2X2 + α3X3 + α12X12 + α13X13 + α23X23 + ε (1)

where Y is the minimum inhibitory concentration (MIC) or minimum bactericidal concen-
tration (MBC) against E. coli, S. enteritidis, and S. aureus expressed in % (w/v); α1, α2, α3 are
the estimated parameters of the isolated EOs and α12, α13, α23 of the binary mixture; X1,
X2, and X3 are the independent variables corresponding to the ratio of ORE, THY, and LG;
and ε is an error term. The significance of the estimated coefficients was evaluated through
ANOVA with Tukey’s post hoc test.

5.4. Antimicrobial Assays
5.4.1. Microorganisms

In order to verify the potential effect of EOs on foodborne pathogens, E. coli ATCC
25922, S. aureus ATCC 14458, and S. enteritidis ATCC 13076 were used in this study.
All microorganisms were obtained from the culture bank of the Oswaldo Cruz Foun-
dation (FIOCRUZ, Rio de Janeiro, Brazil), and stored on nutrient agar (Kasvi, Italy) under
refrigeration at the Center for Food Analysis (NAL) at the Federal University of Rio
de Janeiro, where they were reactivated in 10 mL of brain heart infusion broth (BHI)
(Kasvi, Spain) at 37 ◦C/18–24 h. After, strains were streaked on MacConkey agar (Kasvi,
Spain), Baird Parker agar (Kasvi, Spain) supplemented with egg yolk tellurium (Sigma-
Aldrich, Germany), and Xylose Lysine Deoxycholate agar (XLD) (Kasvi, Espanha) at 37 ◦C/
18–24 h, respectively. Next, a characteristic colony of E. coli, S. aureus, and S. enteritidis were
inoculated in individual tubes containing BHI broth and incubated at 37 ◦C/18–24 h for
subsequent use in the assays described below.
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5.4.2. Determination of Minimum Inhibitory Concentration (MIC)

The MIC of EOs and their mixtures were executed through the microdilution method
according to the Clinical and Laboratory Standards Institute [63]. For that, an aliquot
of the strains in BHI broth was transferred for 5 mL of Mueller Hinton broth (KASVI,
Madrid, Spain) and incubated at 37 ◦C until the turbidity McFarland standard of 0.5 (about
8 log CFU mL−1 of each bacterium). The samples were previously diluted in Tween 80
(0.8%; w/v). In this test, two-fold serial dilutions ranging from 16 to 0.00312% (w/v) were
prepared in Mueller–Hinton broth in a 96-well U-bottom plate. Finally, 10 μL of the sus-
pensions of each bacterium was inoculated into each well. After that, the microplates were
then incubated at 37 ◦C for 24 h. The MIC was determined as the lowest EO concentration
to prevent visible growth in each well. The control group was performed with Tween
80 without EO or their mixtures, and as expected, no interferences were observed in the
concentration used (0.8% w/v).

5.4.3. Determination of Minimum Bactericidal Concentration (MBC)

The MBC means the lowest concentration to kill 99.999% of bacteria cells [64]. An
aliquot of 50 μL from negative wells (Section 5.4.2) was spread on Plate Count Agar (PCA)
(NEOGEN, Heywood, United Kingdom) and then incubated at 37 ◦C for 24 h. The MBC
value corresponded to the lowest concentration of EOs or their mixture when no colony was
observed in the culture medium. The MIC and MBC analyses were carried out in triplicate.

5.4.4. Statistical Analysis and Mixture Optimization

The MD approach, regression coefficients, ANOVA, and desirability function (D) were
determined using DoE in the Statistica v.9.0 software (Stasoft, Tulsa, OK, USA) [25]. The D
function was applied to obtain the optimum EO formulation against E. coli, S. aureus, and S.
enteritidis simultaneously [26]. This methodology is based on transforming each response
into a dimensionless scale of individual desirability (di) where each response (y1, y2, . . . ,
ym) of the original set is transformed to a range from 0 ≤ di ≤1. The di are then combined
using the geometric mean, which gives the overall desirability D (Equation (2)):

D = m
√

d1 × d2 × . . . dm (2)

where m is the number of responses, and the simultaneous optimization process is reduced
to the simple task of the variables’ level calculation that maximizes D. A specific response
can be maximized, minimized, or assigned a target value. In this study, the minimum
function was applied (Equation (3)).

d =

⎧⎪⎨
⎪⎩

1 i f yi < Li(
Ui−yi
Ui−Li

)t
i f Li ≤ yi ≤ Ui

0 i f yi > Ui

(3)

where Ui is the maximum acceptable value for a given response, Li is the lowest allowed
value, t is a parameter that expresses the importance of yi, so that the individual desirability
is closer to the minimum in the final result of optimization. The optimal conditions (critical
points) were experimentally validated using Tukey and Levene’s test.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11111572/s1, Table S1: Composition of oregano (ORE;
Origanum vulgare), thyme (THY; Thymus vulgaris), and lemongrass (LG; Cymbopogon citratus) essential
oils through gas chromatography coupled to mass spectrometry (GC-MS) and gas chromatography
coupled to flame ionization detector (CG-FID).
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Abstract: Background: To examine the effect of β-glucan (BGL) supplementation on growth per-
formance and intestinal epithelium functions in weaned pigs upon Enterotoxigenic Escherichia coli
(ETEC) challenge. Methods: Thirty-two weaned pigs (Duroc × Landrace × Yorkshire) were assigned
into four groups. Pigs fed with a basal diet or basal diet containing 500 mg/kg BGL were orally
infused with ETEC or culture medium. Results: Results showed BGL tended to increase the average
daily gain (ADG) in ETEC-challenged pigs (0.05 < p < 0.1). Dietary BGL supplementation had no
significant influence on nutrient digestibility (p > 0.05). However, BGL improved the serum con-
centrations of immunoglobulin (Ig) A and IgG, and was beneficial to relieve the increasement of
the concentrations of inflammatory cytokines such as the TNF-α and IL-6 upon ETEC-challenge
(p < 0.05). Interestingly, BGL significantly increased the duodenal, jejunal and ileal villus height, and
increased the jejunal ratio of villus height to crypt depth (V/C) upon ETEC challenge (p < 0.05). BGL
also increased the activities of mucosal, sucrase and maltase in the ETEC-challenged pigs (p < 0.05).
Moreover, BGL elevated the abundance of Lactobacillus and the concentration of propanoic acid in
colon in the ETEC-challenged pigs (p < 0.05). Importantly, BGL elevated the expression levels of
zonula occludins-1 (ZO-1) and mucin-2 (MUC-2) in the small intestinal mucosa upon ETEC chal-
lenge (p < 0.05). BGL also upregulated the expressions of functional genes such as the claudin-1,
cationic amino acid transporter-1 (CAT-1), LAT-1, L amino acid transporter-1 (LAT1), fatty acid
transport proteins (FATP1), FATP4, and sodium/glucose cotransporter-1 (SGLT-1) in the duodenum,
and the occludin-1 and CAT-1 in the jejunum upon ETEC challenge (p < 0.05). Conclusions: These
results suggested that BGL can attenuate intestinal damage in weaned pigs upon ETEC challenge,
which was connected with the suppressed secretion of inflammatory cytokines and enhanced serum
immunoglobulins, as well as improved intestinal epithelium functions and microbiota.

Keywords: β-glucan; intestinal epithelium; inflammation; immunity; weaned pigs

1. Introduction

Weaning is a critical challenge for mammalian animals including pigs. Abrupt changes
in diet form and removal of the passive maternal protection in post-weaning piglets in-
creases their susceptibility to diarrhea, resulting in a certain degree of damage to the
intestinal structure and mucosal barrier functions [1,2]. ETEC is one of the most critical bac-
terial causes of intestinal diarrhea [3]. Upon adhering to the intestinal epithelium with their
fimbriae, ETEC produces various enterotoxins that can take effect on the small intestinal
epithelium and cause the secretion of fluids and electrolytes, which can lead to diarrhea [4].
Over the previous few decades, antibiotics have been extensively used to relieve diarrhea
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resulting from various bacteria and weaning stress in pig production [5,6]. However, drug
residues in the product and the bacterial resistance against classical antibiotics are growing
problems all over the world, and it is urgent to develop alternatives to traditionally used
antibiotics [7,8].

The most extensive studied alternatives include probiotics, prebiotics, enzymes, acid-
ifiers, and plant extracts [9]. Among the feed additives applied in pigs, prebiotics are
regarded as preferable, since they can accelerate competitive exclusion of pathogenic mi-
croorganisms and selectively promote the colonization of beneficial microbes [10]. Among
the known prebiotics, the mannan-oligosaccharide (MOS) and fructo-oligosaccharide (FOS)
have been extensively tested in swine and poultry [11,12]. For instance, both in vivo and
in vitro studies showed that in the presence of MOS and FOS, the enteric pathogens do not
adhere to the epithelium but to the sugar compounds in the enterocoel, which obviously
deceased their colonization and intestinal inflammation [13–15].

β-glucan (BGL) has also been known as an important natural prebiotic that is abundant
in lentinan, cereals, and the yeast cell wall [16]. β-(1,3)-glucan can form a triple helix
structure, which can facilitate the interaction of molecules and receptors and induce a
biological effect. Because of the deficiency of β-glucanase in animals, BGL can escape
the enzymatic digestion from the upper gastrointestinal tract and enter the hindgut as
a fermentation substrate for microorganisms. Previous studies indicated that BGL can
selectively stimulate the growth of beneficial bacteria and help to maintain the intestinal
health [17,18]. Moreover, the immunomodulatory effects of BGL have also been well
documented [19,20]. For instance, BGL isolated from the yeasts considerably promoted
the production of serum cytokines and IgA in hens [21]. It is well known that differences
in molecular weight and branching degree of glucan affect the solubility of BGL, which
may ultimately affect their immune-modulating properties [22]. As compared to those
without branches, BGLs consist of a (1,3)-β-linked backbone with β-(1,6) showed a higher
immunomodulatory activity [23]. BGL can also act as a pathogen associated molecular
pattern (PAMP), and dectin-1 is the main recognition receptor that is highly expressed in
macrophages and dendritic cells [24].

Although numerous studies have indicated a positive role of BGL in regulating the
intestinal health and immune functions, data regarding the effect of BGL on the intestinal
epithelium functions of the weaned pig exposure to ETEC are scarce. The aim of this
study was to examine whether dietary BGL supplementation could relieve ETEC-induced
intestinal inflammation and epithelium damage in weaned pigs. This study will also help
in the understanding of the mechanisms behind the BGL-regulated intestinal health.

2. Results

2.1. Effect of BGL on Growth Performance and Nutrients Digestibility in Weaned Pigs upon
ETEC Challenge

As shown in Table 1, no significant differences were observed on ADFI, ADG and
F: G among all groups before the ETEC challenge (p > 0.05). However, ETEC challenge
significant decreased the ADG in the weaned pigs (p < 0.05). BGL supplementation relieved
the decrement of daily gain (ADG), but there was no significant difference in the ETEC-
challenged pigs (p > 0.05). In addition, no significant differences were observed on the four
treatments for nutrients digestibility (Table 2).

Table 1. Effect of BGL supplementation on ADFI and ADG in weaned pigs upon ETEC challenge.

ITEM
Treatments

SEM
p-Value

CON BGL ECON EBGL BGL ETEC Interaction

1–25 d
ADFI (g/d) 427.11 429.16 459.58 459.77 22.47
ADG (g/d) 280.47 267.2 286.48 302.13 15.61
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Table 1. Cont.

ITEM
Treatments

SEM
p-Value

CON BGL ECON EBGL BGL ETEC Interaction

F: G 1.58 1.62 1.56 1.55 0.04
25–28 d

ADFI (g) 631.68 602.26 537.85 597.22 24.96 0.78 0.35 0.4
ADG (g) 519.9 a 476.67 ab 361.33 b 511.11 ab 27.9 0.31 0.24 0.08

F: G 1.25 1.3 1.53 1.24 0.07 0.39 0.41 0.22
ADFI, average daily feed intake; ADG, average daily gain; F: G, feed: gain ratio. Mean and total SEM are listed in
separate columns (n = 8). a, b mean values within a row with unlike superscript letters were significantly different
(p < 0.05). CON pigs were fed with a basal diet; BGL, pigs were fed with a BGL containing diet (500 mg/kg);
ECON pigs were fed with a basal diet and challenged by ETEC; EBGL pigs were fed with a BGL containing diet
(500 mg/kg) and challenged by ETEC.

Table 2. Effect of BGL supplementation on nutrients digestibility in weaned pigs.

ITEM
Treatments

SEM p-Value
CON BGL ECON EBGL

DM (%) 88.43 88.69 88.98 89.17 0.40 0.93
CP (%) 86.53 86.49 87.18 87.62 0.68 0.93
EE (%) 84.96 84.89 86.34 86.56 0.58 0.65

Ash (%) 67.65 70.6 69.55 70.91 0.86 0.58
GE (%) 88.56 88.76 89.17 89.27 0.43 0.94

DM, dry matter; CP, crude protein; EE, ether extract; GE, gross energy. Mean and total SEM are list in separate
columns (n = 8). CON pigs were fed with a basal diet; BGL pigs were fed with a BGL containing diet (500 mg/kg);
ECON pigs were fed with a basal diet and challenged by ETEC; EBGL pigs were fed with a BGL containing diet
(500 mg/kg) and challenged by ETEC.

2.2. Effect of BGL on Serum Immunoglobulins and Inflammatory Cytokines in Weaned Pigs upon
ETEC Challenge

As shown in Figure 1, BGL supplementation increased the concentration of IgA in the
non-challenged as well as in the ETEC-challenged pigs (p < 0.05). BGL supplementation
increased the concentration of IgG in the ETEC-challenged pigs (p < 0.05). ETEC enhanced
the concentration of IL-1β and IL-6 in the serum (p < 0.05). However, BGL supplementation
greatly relieved the improvement of the concentration of TNF-α and IL-6 caused by the
ETEC challenge (p < 0.05).

Figure 1. Effect of BGL on serum immunogloblins and inflammatory cytokines in weaned pigs
upon ETEC challenge TNF-α, tumor necrosis factor-α; IL-1β, interleukin1-β; IL-6, interleukin-6; IgA,

149



Antibiotics 2022, 11, 519

immunoglobulins A; IgG, immunoglobulins G; IgM, immunoglobulins M. a, b, c mean values within
a row with unlike superscript letters were significantly different (p < 0.05). CON pigs were fed with a
basal diet; BGL pigs were fed with a BGL containing diet (500 mg/kg); ECON pigs were fed with a
basal diet and challenged by ETEC; EBGL pigs were fed with a BGL containing diet (500 mg/kg) and
challenged by ETEC.

2.3. Effect of BGL Supplementation on Intestinal Morphology and Mucosal Enzyme Activity in
Weaned Pigs upon ETEC Challenge

As shown in Table 3 and Figure 2, ETEC challenge acutely reduced the jejunal villus
height (p < 0.01). Nevertheless, pigs fed with BGL supplementation enormously improved
the jejunal villus height and the ratio of V/C upon ETEC challenge (p < 0.05). Furthermore,
BGL supplementation also enhanced duodenal and ileal villus height upon ETEC challenge
(p < 0.05). ETEC challenge decreased the activities of maltase, lactase, and sucrase in the
jejunum (Table 4). However, BGL supplementation significantly relieved the reduction of
their activities upon ETEC challenge (p < 0.05). BGL supplementation also enhanced the
duodenal and ileal activity of maltase upon ETEC challenge (p < 0.05).

Table 3. Effect of BGL supplementation on intestinal morphology in weaned pigs upon
ETEC challenge.

ITEM
Treatments

SEM
p-Value

CON BGL ECON EBGL BGL ETEC Interaction

Duodenum
Villus height, μm 402.98 ab 461.37 a 378.85 b 454.45 a 13.79 0.02 0.55 0.74
Crypt depth, μm 135.42 139.42 156.99 154.57 5.4 0.95 0.1 0.78

V:C 3.12 ab 3.52 a 2.73 b 3.19 ab 0.12 0.07 0.12 0.92
Jejunum

Villus height, μm 413.89 a 442.74 a 299.70 b 423.62 a 13.68 <0.01 <0.01 <0.01
Crypt depth, μm 137.96 123.95 144.87 126.52 5.34 0.15 0.67 0.84

V:C 3.11 ab 3.50 a 2.62 b 3.45 a 0.12 0.01 0.22 0.33
Ileum

Villus height, μm 318.70 ab 340.07 a 265.98 b 344.75 a 10.87 0.01 0.21 0.14
Crypt depth, μm 137.96 123.95 144.87 126.52 5.34 0.15 0.67 0.84

V:C 2.42 ab 3.05 a 2.23 b 2.79 ab 0.14 0.04 0.42 0.9

V:C, Villus height: Crypt depth. Mean and total SEM are listed in separate columns (n = 8). a, b mean values
within a row with unlike superscript letters were significantly different (p < 0.05). CON pigs were fed with a
basal diet; BGL pigs were fed with a BGL containing diet (500 mg/kg); ECON pigs were fed with a basal diet and
challenged by ETEC; EBGL pigs were fed with a BGL containing diet (500 mg/kg) and challenged by ETEC.

Table 4. Effect of BGL supplementation on mucosal enzyme activity in weaned pigs upon
ETEC challenge.

ITEM
Treatments

SEM
p-Value

CON BGL ECON EBGL BGL ETEC Interaction

Duodenum
Lactase (U/L) 78.59 a 66.08 c 72.92 b 66.03 c 1.42 0.001 0.006 0.001
Sucrase (U/L) 255.48 a 254.47 a 234.90 b 264.43 a 2.76 0.001 0.16 <0.01
Maltase (U/L) 175.56 c 188.19 b 166.91 d 197.63 a 2.82 0.03 0.88 <0.01

Jejunum
Lactase (U/L) 107.58 a 103.48 a 93.15 b 102.80 a 1.77 0.001 0.13 0.14
Sucrase (U/L) 353.32 a 352.25 a 328.36 b 368.95 a 4.43 0.01 0.56 0.07
Maltase (U/L) 286.45 b 290.57 ab 274.63 c 298.55 a 2.36 <0.01 0.57 0.007
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Table 4. Cont.

ITEM
Treatments

SEM
p-Value

CON BGL ECON EBGL BGL ETEC Interaction

Ileum
Lactase (U/L) 39.85 a 40.21 a 31.15 b 32.09 b 1.22 0.72 <0.01 0.87
Sucrase (U/L) 294.08 bc 315.82 a 283.07 c 306.39 ab 3.27 <0.01 0.03 0.86
Maltase (U/L) 214.18 c 229.17 b 202.78 c 243.26 a 3.77 <0.01 0.76 0.008

Mean and total SEM are listed in separate columns (n = 8). a, b, c, d mean values within a row with unlike
superscript letters were significantly different (p < 0.05). CON pigs were fed with a basal diet; BGL pigs were fed
with a BGL containing diet (500 mg/kg); ECON pigs were fed with a basal diet and challenged by ETEC; EBGL
pigs were fed with a BGL containing diet (500 mg/kg) and challenged by ETEC.

Figure 2. Effect of BGL supplementation on intestinal morphology in weaned pigs upon ETEC
challenge (H&E; × 40) CON pigs were fed with a basal diet; BGL pigs were fed with a BGL
containing diet, 500 mg/kg; ECON pigs were fed with a basal diet and challenged by ETEC; EBGL
pigs were fed with a BGL containing diet (500 mg/kg) and challenged by ETEC. Duodenum,
jejunum and ileum in the CON group revealed a normal appearance with regular intestinal villus
structure; duodenum, jejunum and ileum in the BGL group, no obvious damages were found.
However, in the ECON group, the intestinal lesions were obvious and some intestinal villi were
necrotic and shed, or even disappeared, especially in the jejunum; in the duodenum, jejunum and
ileum in the EBGL group there were no obvious intestinal lesions and only a few of the intestinal
villi were necrotic and shed.

151



Antibiotics 2022, 11, 519

2.4. Effect of BGL Supplementation on Expressions of Critical Genes Involved in Intestinal
Epithelium Functions

As shown in Figure 3, the ileal expression levels of ZO-1 obviously decreased upon
ETEC challenge (p < 0.05). Conversely, BGL supplementation greatly increased the
duodenal, jejunal and ileal expression levels in the ETEC-challenged pigs (p < 0.05).
Pigs fed with BGL improved the duodenal expression levels of claudin-1 and jejunal
expression levels of occludin upon ETEC challenge (p < 0.05). Moreover, BGL elevated
the expression levels of functional genes such as the MUC2, CAT1, LAT1, FATP1, and
FATP4 in the duodenum, and increased the jejunal expression levels of MUC2 and CAT1
upon ETEC challenge (p < 0.05).

 

Figure 3. Effect of BGL supplementation on mucosal gene expressions in weaned pigs upon ETEC
challenge ZO-1, zonula occludens-1. SGLT-1, sodium/glucose cotransporter-1; CAT-1, cationic amino
acid transporter-1; LAT-1, L amino acid transporter-1; FATP, fatty acid transport proteins; a, b, c mean
values within a row with unlike superscript letters were significantly different (p < 0.05). CON pigs
were fed with a basal diet; BGL pigs were fed with a BGL containing diet, 500 mg/kg; ECON pigs
were fed with a basal diet and challenged by ETEC; EBGL pigs were fed with a BGL containing diet
(500 mg/kg) and challenged by ETEC.

2.5. Effect of BGL Supplementation on Intestinal Microbial Populations in Weaned Pigs upon
ETEC Challenge

ETEC challenge enriched the abundance of Escherichia coli in cecum (p < 0.05). BGL
supplementation excellently enhanced the abundance of Lactobacillus upon ETEC challenge
(p < 0.05). BGL supplementation also improved the concentration of propanoic acid in the
ETEC-challenged pigs (Table 5).
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Table 5. Effect of BGL supplementation on intestinal microbiota and microbial metabolites in weaned
pigs upon ETEC challenge.

ITEM
Treatments

SEM
p-Value

CON BGL ECON EBGL BGL ETEC Interaction

microbial
populations

(lg(copies/g))
Total bacteria 11.18 11.03 11.18 11.21 0.05 0.5 0.35 0.34
Escherichia coli 8.35 b 8.14 b 9.88 a 9.50 a 0.22 0.42 0.001 0.81
Lactobacillus 8.28 ab 8.75 a 7.93 b 8.60 a 0.1 0.004 0.17 0.58

Bifidobacterium 6.09 6.28 6.2 6.09 0.13 0.88 0.88 0.59
Bacillus 9.16 9.18 9.09 9.03 0.04 0.8 0.18 0.6

VFA (g/g)
Acetic acid 3.36 ab 3.65 a 2.59 b 3.14 ab 0.19 0.25 0.09 0.72

Propanoic acid 1.73 ab 1.74 ab 1.40 b 2.00 a 0.09 0.07 0.83 0.08
Butyric acid 0.78 0.95 0.82 0.78 0.05 0.59 0.6 0.41

VFA, volatile fatty acids. Mean and total SEM are listed in separate columns (n = 8). a, b mean values within a row
with unlike superscript letters were significantly different (p < 0.05). CON pigs were fed with a basal diet; BGL
pigs were fed with a BGL containing diet (500 mg/kg); ECON pigs were fed with a basal diet and challenged by
ETEC; EBGL pigs were fed with a BGL containing diet (500 mg/kg) and challenged by ETEC.

3. Discussion

As a commercially feasible prebiotic, BGL can escape from enzymatic digestion in
the upper intestine, but can be fermented by various microorganisms in the hindgut to
produce various short-chain fatty acids that contribute to the maintenance of the intestinal
health [25,26]. Importantly, the BGL has long been known as a stimulator of cellular
immunity [27]. In this study, the ETEC challenge significantly reduced the ADG in the
weaned pigs, but BGL had a tendency to increase the ADG in the ETEC-challenged pigs.
The beneficial effects of dietary BGL supplementation on growth performance have also
been observed in previous studies using different animal species [28–30].

Immunoglobulins, also known as antibodies, were a class of glycoproteins secreted
by plasma cells. They play a key role in the immune response, and they can specifically
recognize and bind to particular antigens, such as bacteria or viruses, and assist with their
destruction. Currently, five classes (isotypes) of immunoglobulins (IgM, IgG, IgA, IgD,
and IgE), were identified according to their heavy chain subunits [31]. Amongst the five
classes, IgG is the primary immunoglobulin in serum, which can promote phagocytosis of
mononuclear macrophages and neutralize the toxicity of bacterial toxins [32], whereas IgA
is the second abundant immunoglobulin in serum [33]. In this study, BGL supplementation
maintained a high level of serum IgA and IgG upon ETEC challenge, indicating an immune
enhancement in the pigs upon ETEC challenge. As several common pro-inflammatory
cytokines, TNF-α, IL-1β and IL-6, are widely considered as the biomarkers of inflammatory
response or inflammation [34]. In the present study, the concentrations of them in the
serum were elevated upon ETEC challenge, which is consistent with previous studies on
pigs [12,15]. However, BGL supplementation greatly relieved the increase of the serum
concentration of the TNF-α and IL-6 upon ETEC challenge.

The intestinal tract is the foremost functional site for monogastric animals to digest
and absorb nutrients. The intestinal mucosa villus height and crypt depth are popular
indexes to characterize intestinal morphology [35]. However, the intestinal morphology
can be impaired upon various bacterial or viral infections [36,37]. In this study, the jejunal
villus height was significantly reduced upon ETEC challenge, a finding that is in agreement
with current studies on pigs [38]. However, BGL supplementation increased the jejunal
villus height and the ratio of V/C upon ETEC challenge. Moreover, BGL treatment both
elevated the jejunal mucosa liveness of lactase, sucrase, and maltase upon ETEC challenge.
The beneficial effect of BGL on gut health may result from its sugar-chain structure, as
a wide variety of prebiotics were shown to prevent enteric pathogens (e.g., ETEC) from
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attaching to the sugar compounds in the intestinal epithelium, which efficaciously cut down
their colonization and intestinal inflammation [39–41]. Moreover, the BGL suppressed
production of inflammatory factors (for example TNF-α and IL-6) and might also contribute
to the improved integrity of the intestinal epithelium upon ETEC challenge, as they were
previously reported to induce mucosa atrophy and apoptosis of the intestinal epithelial
cells [42].

Tight junctions (TJ) are crucial to retaining the intestinal barrier, and disruption of the
intestinal TJ may result in elevated permeability of the intestinal epithelium and entering
of harmful substances into the blood [43,44]. In the present study, in pigs challenged with
ETEC, the expression levels of the major TJ protein ZO-1 in duodenum and ileum were
reduced; however, BGL supplementation significantly increased their expression levels.
Moreover, BGL also improved claudin-1 and occludin expression levels in the duodenum
and jejunum upon ETEC challenge, respectively. Claudin-1 and occludin are another two
critical TJ proteins which are widely expressed in epithelial tissues. A previous study has
shown that claudin-1- deficient mice died due to skin wrinkling, severe dehydration and
an increase in epidermal permeability [45]. Occludin promotes the formation of reticular
TJs and reduces the permeability of ions and macromolecules to enhance the intestinal
barrier [46]. The elevation of their expression levels by BGL supplementation indicated
an improved integrity of the intestinal barrier upon ETEC challenge. We also explored the
expression levels of several key molecules that are associated with the intestinal barrier
functions. MUC2 is a major intestinal secretory mucin and acts as a major component of
the mucus layer. Importantly, the MUC2 was found to limit the intestinal luminal load by
protecting against the accumulation of some less-adherent pathogens (A/E bacteria) [47].
Moreover, the generation of NO is extremely dependent on L-arginine, and the CAT1
is a major L-arginine transmembrane transporter in endothelial cells [48]. In this study,
the jejunal expression levels of MUC2 and CAT1 was significantly improved due to BGL
treatment after ETEC-challenge. In addition, the duodenal expression levels of LAT1 and
FATP4 showed the same result. The LAT1 is one of the major bidirectional transporters
of large neutral amino acids, and is responsible for the transportation of Leu into muscle
cells [49], whereas the FATP4 is responsible for the uptake of long-chain fatty acids [50].
Elevated expressions of these critical functional genes indicated that BGL treatment is
beneficial to enhance intestinal integrity and epithelial functions in weaned piglets under
ETEC challenge.

The impact of the intestinal microbiota on health and disease is increasingly emerging.
Like with other prebiotics, BGLs are resistant to enzymatic hydrolysis in the small intestine,
and thence the majority enters the large intestine in an integral form [51]. In this experiment,
BGL supplementation increased the abundance of Lactobacillus in the cecum upon ETEC
challenge. The Lactobacillus is one of the most critical beneficial microorganisms in the
gut, which is not only capable of promoting secretion of sIgA from the lamina propria to
the surface of the intestinal epithelium, but also capable of activating the macrophages
via the TLR2 signaling pathway [52,53]. Prebiotics can be used as substrate for microbial
fermentation, causing production of various SCFAs (e.g., acetate, propionate, butyrate) [54].
A previous study has indicated that SCFAs can suppress the ETEC infection in the intestine
by reducing virulence gene expression, flagella movement, and colonization [55]. Moreover,
the concentration of propanoic acid was elevated by BGL upon ETEC challenge. The
increased concentration of propanoic acid was found to increase blood flow and thereby
promote the proliferation of intestinal epithelial cells [56]. Moreover, propanoic acid can
also enhance the intestinal barrier by increasing the TJs expression levels, such as claudin-1,
claudin-8, and occludin [57]. The present experiment was approved a potential mechanism
by which the BGL-improved intestinal barrier functions.
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4. Materials and Methods

The animal experiment was approved by the Institutional Animal Care and Use Com-
mittee of Sichuan Agricultural University (No. 20181105). Glucan product (β-glucan ≥ 60%)
was kindly provided by SYNLGHT BIO Co., Ltd. (Guangzhou, China) Pathogenic Es-
cherichia coli (ETEC, O149:K91, K88ac) was purchased from the China veterinary culture
collection center with a CVCC no. 225 (Beijing, China).

4.1. Animal Diets and Experimental Design

A total of 32 commercial piglets (DLY) weaned at 21 d (with an average body weight
of 6.82 ± 0.16 kg) were blocked by weight and allocated as a 2 (BGL) × 2 (ETEC) factorial
design to four treatments (n = 8) composed of CON (the basal diet), BGL (500 mg/kg BGL)
and ECON (the basal diet and challenged by ETEC), EBGL (500 mg/kg BGL and challenged
by ETEC). The basal diet (Table 6) was designed to satisfy the swine nutrient requirements
recommended byNRC2012 [58]. Pigs were individually housed in 1.5 × 0.7 m2 metabolism
cages and had free access to feed and water. The temperature was controlled between
27–30 ◦C and the relative humidity was kept at 65 ± 5%. The experiment lasted for 28 d.
The ETEC-challenged pigs were orally infused with 100 mL Luria-Bertani (LB) medium
(containing 1 × 1010 CFU/mL ETEC) on day 26, and other pigs were infused with an equal
volume of LB medium.

Table 6. Experiment basal diet composition and nutrient level.

Ingredients % Nutrient Level Contents

Corn 28.31 Digestible energy
(calculated, MJ/kg) 14.78

Extruded corn 24.87 Crude Protein (%) 19.68
Soybean meal 8.5 Calcium (%) 0.81

Extruded full-fat soybean 10.3 Available phosphorus (%) 0.55
Fish meal 4.2 Lysine 1.35

Whey powder 7 Methionine 0.42
Soybean protein concentrate 8 Methionine + cysteine 0.6

Soybean oil 2 Threonine 0.79
Sucrose 4 Tryptophan 0.22

Limestone 0.9
Dicalcium phosphate 0.5

NaCl 0.3
L-Lysine HCl (78%) 0.47

DL-Methionine 0.15
L-Threonine (98.5%) 0.13

Tryptophan (98%) 0.03
Chloride choline 0.1
Vitamin premix 1 0.04
Mineral premix 2 0.2

Total 100
1 The vitamin premix provided the following per kg of diet: 9000 IU of VA, 3000 IU of VD 3, 20 IU of VE, 3 mg of
VK 3, 1.5 mg of VB1, 4 mg of VB 2, 3 mg of VB6, 0.02 mg of VB12, 30 mg of niacin, 15 mg of pantothenic acid,
0.75 mg of folic acid, and 0.1 mg of biotin. 2 The mineral premix provided the following per kg of diet: 100 mg
Fe, 6 mg Cu, 100 mg Zn, 4 mg Mn, 0.30 mg I, 0.3 mg Se. The diet was formulated based on the recommendation
of NRC2012.

4.2. Growth Performance Evaluation

Piglets were weighed on day 1, 26, and 29 after 12 h fasting. The average daily gain
(ADG), average daily feed intake (ADFI), and feed efficiency (F/G) were calculated by
recording the feed intake and body weight gain during the experimental period.

4.3. Sample Collection

Uncontaminated fecal samples were collected straightway after defecation on days 22
to 25, and mixed with 10% H2SO4 (10 mL H2SO4 per 100 g of fresh fecal) and 1–2 drops
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of toluene. The four feeds and uncontaminated fecal samples were dried at 65 ◦C until
constant weight, and then stored in powder form of a size that it could pass through a
1-mesh screen. On day 29, blood samples were collected by precaval vein puncture, and
serum samples were centrifuged at 3500× g for 15 min after standing for 30 min at 4 ◦C,
fecal and serum samples were stored at –20 ◦C until the next analysis. After blood collection,
the pigs were anesthetized by intravenous injection with sodium pentobarbital (200 mg/kg
BW), and segments of the duodenum, jejunum and ileum (about 2–4 cm in the middle
sections) were isolated and rinsed softly with phosphate buffered saline (PBS), and then
fixed in 4% paraformaldehyde solution for intestinal morphological analysis. Moreover,
cecal digesta samples were collected into sterile tubes, and the duodenal, jejunal, and ileal
mucosa samples were scraped with a glass slide and quick-freeze using liquid N2, followed
by the preservation at −80 ◦C until further analysis.

4.4. Apparent Total Tract Nutrient Digestibility Analysis

Diet and fecal samples were used for the nutrient digestibility analysis, and the acid
insoluble ash (AIA) was regarded as an endogenous indicator. The dry matter (DM), crude
protein (CP), ether extract (EE), and Ash contents were measured according to AOAC
methods [59]. Moreover, the gross energy (GE) was measured by an adiabatic bomb
calorimeter (LECO, St. Joseph, MI, USA). All apparent digestibility of nutrients were
calculated by the following formula:

Apparent digestibility of a nutrient (%) = 100− 100× digesta nutrient × diet AIA
diet nutrient × digesta AIA

(1)

4.5. Serum Proinflammatory Cytokines and Immunoglobulin Detection

The concentration of proinflammatory cytokines (TNF-α, IL-1β and IL-6) and im-
munoglobulin (IgG, IgM, and IgA) in serum were determined by Enzyme Linked Im-
munosorbent Assay (ELISA) kits (Shanghai Meimian Biotechnology Co., Ltd., Shanghai,
China). There was less than 10% variation of intra-assay and 12% variation of inter-assay
coefficients for each assay.

4.6. Histomorphology Analysis of Each Intestinal Segment

The intestinal segment fixed with 4% paraformaldehyde was dewaxed by graded
anhydrous ethanol, then stained with hematoxylin and eosin (H&E), dehydrated by graded
anhydrous ethanol again, and then sealed with neutral resin. Finally, the crypt depth and
villus height of the samples were calculated using an image processing and analysis system
(Image-Pro Plus 6.0), and their V/C was calculated. The procedure and statistical method of
histomorphology analysis were followed by Wan’s. A total of 10 intact, well-oriented villus
heights and corresponding crypt depths were obtained per section, and each intestinal
segment was analyzed in triplicate [60].

4.7. Enzyme Activity

Using the frozen saline as the homogenization medium, the duodenal, jejunal and ileal
mucosa were made into 10% homogenate, and then the supernatants were collected after
centrifugation at 4000× g for 20 min. The lactase, maltase and sucrase were determined
by the method of enzyme linked immunosorbent assay (ELISA), and the kits purchased
from Shanghai Enzyme-linked Bio-technology Co., Ltd. (Shanghai, China), and kits as
follows: lactase (Porcine Lactase ELISA Kit ml712060), sucrase (Porcine Sucrase ELISA
Kit ml712026), and maltase (Porcine Maltase ELISA Kit ml712030). All procedures were
performed according to the instructions of the kits.

4.8. Caecal Microbiological Analysis

About 0.2 g cecum digesta was processed using the Stool DNA Kits (Omega Bio-Tek,
Doraville, CA, USA) to total DNA extraction for quantification real-time PCR, which was
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executed by conventional PCR on the CFX96 Real-Time PCR Detection system (Bio-Rad
Laboratories, Hercules, CA, USA). Total bacteria were assessed by the reaction which runs
in a total volume of 25 μL with 12.5 μL SYBR Premix Ex Taq (2× concentrated), 1 μL of
forward and reverse primers respective (100 nM), 2 μL DNA, and 8.5 μL of RNase-Free
ddH2O. This application program entailed 95 ◦C for 25 s; followed by 40 cycles of 95 ◦C for
5 s and 64.5 ◦C for 25 s; and then a final melting-curve for SYBR Green tests. Lactobacillus,
E. coli, Bacillus and Bifidobacterium were tested by the SuperReal PreMix (Probe) kit (Tiangen
Biotech Co., Ltd., Beijing, China). The reaction run in a total volume of 20 μL with 10 μL
2 × Super Real PreMix (Probe), 0.6 μL of forward and reverse primers (100 nM) respective,
0.4 μL probe (100 nM), 2 μL DNA and 6.4 μL of RNase-Free ddH2O. All reaction was
included in one cycle of pre-denaturation at 95 ◦C for 15 min; fifty cycles of denaturation at
95 ◦C for 3 s; annealing and extension at 53 ◦C for 25 s. The Cycle threshold (Ct) values and
baseline settings were determined by automatic analysis settings, and the copy numbers
of the target group for each reaction were calculated from the standard curves of plasmid
DNA produced by a 10-fold serial dilution of (1 × 101 to 1 × 109 copies/μL).

4.9. Metabolite Concentrations in Cecal Contents

The concentrations of SCFA (acetic acid, propanoic acid, and butyric acid) were
determined by a gas chromatograph (VARIAN CP-3800, Varian, Palo Alto, CA, USA;
capillary column 30 m × 0.32 mm × 0.25 μm film thickness) according to the previous
method [61]. After centrifuging (12,000× g for 10 min), the supernatant was mixed with
0.2 mL metaphosphoric acid and 23.3 μL 210 mmol/L crotonic acid in a new tube, and
those mixtures were centrifuged in the same conditions again after 30 min incubation
at 4 ◦C. 1 μL of the supernatant were analyzed through the gas chromatograph. The
polyethylene glycol column was operated with highly purified N2 as carrier gas at
1.8 mL/min.

4.10. Isolation and Reverse Transcription of RNA from Intestinal Mucosa and q-PCR

Following the manufacturer’s instructions, total RNA was extracted from a bit of
duodenal, jejunal and ileal mucosa samples. All mucosa samples were homogenized with
1 mL of RNAiso Plus (Takara Biotechnology Co., Ltd., Dalian, China), and the concentration
and fineness of total RNA were measured by a spectrophotometer (NanoDrop 2000, Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Approximately 1 μg total RNA was reverse
transcribed into cDNA according to the protocol of the PrimeScript™ RT reagent kit with
gDNA Eraser (Takara Biotechnology Co., Ltd., Dalian, China). This process was as follows:
(1) 37 ◦C for 15 min, (2): 85 ◦C for 5 s. The expression level of the target genes was quantified
by q-PCR, and the oligonucleotide primer sequences were shown in Table S1. qPCR was
performed with the SYBR® Green PCR I PCR reagents (Takara Bio Inc., Dalian, China)
using the same PCR system mentioned above. The reaction mixture (total volume of 10 μL)
composed of 5 μL SYBR Premix Ex Taq II (Tli RNaseH Plus), 0.4 μL forward primer and
reverse primer, 1 μL cDNA and 3.2 μL RNase-Free ddH2O. The procedure of q-PCR is
as follows: 95 ◦C for 30 s, followed by 40 cycles: at 95 ◦C for 5 s and 60 ◦C for 30 s. The
mRNA relative expression level of target genes was standardized by the housekeeping
gene β-actin, which was calculated based on the 2–ΔΔCt method [62].

4.11. Statistical Analysis

The data was analyzed by two-way ANOVA with the general linear model (GLM)
procedure of SPSS as a two (BGL) × 2 (ETEC) factorial design. p-value < 0.05 was considered
as significant and the p-value variation from 0.05 to 0.1 was considered as a significant
trend. Duncan’s multiple range test was used based on the analysis of ANOVA, which
showed a significant difference. All data were analyzed by SPSS 27.0 (IBM, Chicago, IL,
USA). Results are expressed as means with their standard errors.
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5. Conclusions

In conclusion, our results indicated a positive effect of dietary BGL supplementation
on the growth performance and intestinal health in the weaned pigs upon ETEC challenge.
The mechanisms behind its action may be connected with the suppressed secretion of
inflammatory cytokines, improved immunity and intestinal morphology, as well as changes
of the microbial fermentation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11040519/s1, Table S1: Primers sequences used for
quantitative RT-PCR.
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Abstract: In recent decades, seaweeds have proven to be an excellent source of bioactive molecules.
Presently, the seaweed Gelidium corneum is harvested in a small area of the Portuguese coast ex-
clusively for agar extraction. The aim of this work was to fully disclosure Gelidium corneum as a
sustainable source of antimicrobial ingredients for new dermatological formulations, highlighting
its potential to be explored in a circular economy context. For this purpose, after a green sequential
extraction, these seaweed fractions (F1–F5) were chemically characterized (1H NMR) and evaluated
for their antimicrobial potential against Staphylococcus aureus, Staphylococcus epidermidis and Cutibac-
terium acnes. The most active fractions were also evaluated for their effects on membrane potential,
membrane integrity and DNA damage. Fractions F2 and F3 displayed the best results, with IC50

values of 16.1 (7.27–23.02) μg/mL and 51.04 (43.36–59.74) μg/mL against C. acnes, respectively, and
53.29 (48.75–57.91) μg/mL and 102.80 (87.15–122.30) μg/mL against S. epidermidis, respectively. The
antimicrobial effects of both fractions seem to be related to membrane hyperpolarization and DNA
damage. This dual mechanism of action may provide therapeutic advantages for the treatment of
skin dysbiosis-related diseases.

Keywords: marine natural products; seaweeds; skin microbiota; dermatological applications;
antimicrobial activity; Rhodophyta; acne vulgaris; skincare; Staphylococcus epidermidis; red algae

1. Introduction

In recent decades, marine organisms have proven to be an excellent source of bioac-
tive molecules with a wide range of applications. However, few examples have reached
the industrial sector, particularly due to the limitations of biomass availability, solvent
suitability, low yields of extraction, and specific legal requirements, among others. The
seaweed Gelidium corneum (former Gelidium sesquipedale) is a Rhodophyta belonging to the
order Gelidiales, and several species belonging to this order, including Gelidium corneum,
have the characteristic of being rich in agarans, highly valued in the food industry [1,2].
Presently, this seaweed is harvested in a small area of the Portuguese coast São Martinho
do Porto for agar extraction. However, Gelidium species are rich in bioactive compounds
such as mycosporine-like amino acids, flavonoids, pigments, phycobiliproteins, fatty acids,
etc., with relevant biotechnological potential [3–6]. Within a circular economy approach it
is highly relevant to understand the full potential of this biomass, to take the maximum
advantage of one resource for the development of multiple new products, enhancing
economic revenues and, consequently, boosting the local economy.
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Within this framework, the present study targeted the red seaweed Gelidium corneum
as a source of bioactive ingredients with antimicrobial activity with relevance for inclusion
in new dermatological formulations.

Skin is the most effective barrier of the human body against external aggressions. Cov-
ered by a highly complex microbiome composed of bacteria, fungi and viruses, this living
barrier is an effective defence against invading pathogens and heavily contributes to modu-
lating the immune system [7]. Some of the most representative species of skin microbes
include Cutibacterium acnes (former Propionibacterium acnes), Staphylococcus spp., Streptococ-
cus spp., Corynebacterium spp., and Malassezia spp., which are distributed according to their
specific affinity for a determined microenvironment—moist, dry or sebaceous [7]. While
in normal conditions these microorganisms are fundamental for a healthy skin barrier,
changes in their normal balance (dysbiosis) may lead to the development of skin patholo-
gies such as acne vulgaris, dermatitis, eczema, and chronic wounds, among others [7].
Even though the skin’s microbiome is composed of thousands of different microorgan-
isms, recent studies have focussed on the relationships between two commensal bacteria,
Staphylococcus epidermidis and Cutibacterium acnes [8,9]. The dysbiosis between these two
organisms results in a series of complications for the human host. Oily skin or excessive
sebum production by the oil glands, may boost the growth of C. acnes that, combined with
a decreased S. epidermidis population, may lead to a skin pathological condition known
as acne vulgaris [10,11]. Acne vulgaris is a chronic inflammation of the skin, beginning in
the pilosebaceous unit. Not only it is triggered by the increase in sebum production, but
also by the hypercornification of the pilosebaceous glands due to the hyperproliferation of
keratinocytes on the upper part of the follicle.

The homeostasis of the skin microbiota is considered to be the objective of any acne
treatment [10,12]. As a consequence of microbial imbalance, the treatments available are
mostly provided by topical antibiotic prescription; however, severe cases require oral treat-
ment. The most common antibiotics for acne topical treatment are tetracycline, clindamycin,
and erythromycin, sometimes combined with benzoyl peroxide and zinc acetate [13–15].
A prescription of oral antibiotics is mostly avoided due to the possibility of increased
antibiotic resistance. However, C. acnes infections can also occur in other organs due to
wounds and, in these cases, there is not any other treatment option.

When the balance of these two commensals is disrupted there can also occur an
excess of S. epidermidis growth, which may result in nosocomial infections [16]. Although
S. epidermidis rarely lead to severe life-threatening diseases, their infections are extremely
common and difficult to treat. This microorganism is frequently involved in vascular graft,
prosthetic joint, and cardiac device infections, among others, being the second infectious
driver after Staphylococcus aureus [16].

The skin microbiome has a vast influence on individuals’ wellbeing, thus, finding
natural derivatives that can not only deter pathogens but also maintain a microbial balance
by targeting key microbes is critical [7].

Knowing that marine seaweeds are a propelling source of new chemical structures with
an array of bioactivities, including antimicrobial activity [17,18], this work aims to disclose
the antimicrobial potential of G. corneum-derived components against microorganisms that
are frequently associated with skin disorders, namely Staphylococcus aureus, Staphylococcus
epidermidis and Cutibacterium acnes.

2. Results

2.1. Chemical Screening by 1H NMR

The chemical profile of the fractions obtained from Gelidium corneum was evaluated by
1H NMR and the corresponding spectra are depicted in Figure 1.
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Figure 1. 1H NMR (400 MHz) spectra of Gelidium corneum fractions (F1–F5).

Crude extract (F1) evidenced signals in the region of 0.8–2.8 ppm, characteristic
of less polar lipophilic compounds such as fatty acids, sterols, terpenes, pigments, and
other lipids [19,20]. The presence of these classes of compounds was also evidenced in
the insoluble fraction retained in the filter (F2), with the intensity of signals being more
pronounced in this fraction due to their higher concentration. More intense proton signals in
the region of 0.8–3.1 ppm were also observed in diethyl ether fraction (F3), also suggesting
the richness of lipophilic compounds in this fraction. Fraction F3 also evidenced low-
intensity signals of aromatic protons (7.5–8.2 ppm), which can be attributed to phenolic
compounds. The signals of these compounds are also visible in the spectrum of ethyl
acetate fraction (F4), although with less intensity. In this fraction, the most intense signals
were observed at 2.7–3.9 ppm, which can be attributed to the presence of amino compounds
such as amino acids and proteins [20,21]. However, signals between 3.2 and 4.1 ppm were
observed in fractions F4 and F5, which can denote the presence of alcohols, sugars, and
esters [20]. Signals between 3.0 and 4.4 ppm are characteristic of the ring hydrogens of
polysaccharides [22], supporting the richness of the aqueous fraction (F5) in this group of
molecules.

2.2. Antimicrobial Activity of Gelidium corneum Fractions

The antimicrobial potential of G. corneum fractions was tested against C. acnes,
S. epidermidis and S. aureus growth. The results are shown in Figure 2.

Only the water-insoluble fraction (F2) and diethyl ether fraction (F3) inhibited C. acnes
and S. epidermidis growth by more than 50%. In the case of S. aureus, only the F3 fraction
promoted inhibition (≈25%). Since fractions F2 and F3 showed high inhibitory activity, a
dose–response analysis was conducted and the IC50 determined. The results are shown in
Table 1.
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Figure 2. Antimicrobial activity of Gelidium corneum fractions (1000 μg/mL) against (a) Cutibacterium
acnes, (b) Staphylococcus aureus, and (c) Staphylococcus epidermidis. Values in each column represent
the mean ± SEM of three independent experiments carried out in triplicate. Symbol (*) represents
significant differences when compared to vehicle (ANOVA, Dunnett’s test, p < 0.05).

Table 1. Dose–response analysis of Gelidium corneum F2 (water insoluble) and F3 (diethyl ether)
fractions against Staphylococcus epidermidis and Cutibacterium acnes.

Fraction Staphylococcus epidermidis Cutibacterium acnes

IC50 (μg/mL)
F2 53.29 (48.75–57.91) 16.10 (7.27–23.02)
F3 102.80 (87.15–122.30) 51.04 (43.36–59.74)

Oxytetracycline 12.40 (11.22–16.13) 0.07 (0.05–0.09)

Gelidium corneum F2 and F3 fractions exhibited IC50 values of 53.29 (48.75–57.91) μg/mL
and 102.8 (87.15–122.30) μg/mL, respectively, against S. epidermidis. Concerning C. acnes,
fraction F2 revealed the highest potency with an IC50 of 16.10 (7.27–23.02) μg/mL, followed
by fraction F3 with an IC50 of 51.04 (43.36–59.74) μg/mL.

2.3. Effects of Gelidium corneum Fractions on Cutibacterium acnes and Staphylococcus epidermidis
Membrane Potential

Several assays were conducted to understand the possible mechanisms underlying
the F2 and F3 fractions’ antimicrobial effects. The effects on C. acnes and S. epidermidis
membrane potential are depicted in Figures 3 and 4, respectively.
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Figure 3. Cutibacterium acnes membrane potential when exposed to Gelidium corneum F2 (water
insoluble) and F3 (diethyl ether) fractions at 1

2 IC50; IC50 and 2 × IC50, labelled with DiBAC4(3)
probe; (a) 30 s interval readings; (b) after 10 min. FCCP (10 mM) was used as positive control
and DMSO as negative control. Each value and bars represent the average of three independent
experiments. Vertical lines represent the standard error of the mean (SEM). Symbol (*) represents
significant differences when compared to the control. Symbol (#) represents significant differences
when compared to FCCP (ANOVA, Dunnett’s test, p < 0.05).

Figure 4. Staphylococcus epidermidis membrane potential when exposed to Gelidium corneum F2 (water
insoluble) and F3 (diethyl ether) fractions at 1

2 IC50; IC50 and 2 × IC50, labelled with DiBAC4(3)
probe; (a) 30 s interval readings; (b) after 10 min. FCCP (100 μM) was used as positive control
and DMSO as negative control. Each value and bars represent the average of three independent
experiments. Vertical lines represent the standard error of the mean (SEM). Symbol (*) represents
significant differences when compared to the control. Symbol (#) represents significant differences
when compared to FCCP (ANOVA, Dunnett’s test, p < 0.05).

The results obtained with the DiBAC4(3) method suggest that F2 and F3 fractions
promote a membrane hyperpolarization in C. acnes and S. epidermidis, which is noticeable
due to the lower fluorescence emission when compared with the control. Additionally, the
fractions exhibited a more marked effect than the positive control FCCP in both bacteria. In
C. acnes, both fractions decreased the membrane potential in more than 50%, except for F3
at 2 × IC50 after 10 min (Figure 3b). This profile was similar against S. epidermidis; however,

165



Antibiotics 2022, 11, 481

the hyperpolarization was more pronounced, with a reduction in membrane polarization
ranging from ≈70% (fraction F2 at 1

2 IC50) to ≈100% reduction (fraction F3 at 2 × IC50).

2.4. Effects of Gelidium corneum Fractions on Cutibacterium acnes and Staphylococcus epidermidis
Membrane Integrity

To further understand if fractions could impair bacterial growth by affecting the
membrane integrity, Sytox Green—a green-fluorescent nuclear probe—was used. This
probe is impermeant to cells; however, when the membrane is disrupted, this probe links
to nucleic acids emitting fluorescence, thus being an extremely useful tool to monitor
membrane damage (Figure 5).

Figure 5. Cutibacterium acnes (a) and Staphylococcus epidermidis (b) membrane integrity when exposed
to Gelidium corneum F2 and F3 fractions at 1

2 IC50; IC50 and 2 × IC50, labelled with Sytox Green
probe. Bacterial cells exposed to a heat treatment were used as a positive control. DMSO was used as
negative control. Each value represents the average of three independent experiments. Bars represent
the standard error of the mean (SEM). Symbols represent significant differences when compared to
the heat-treated cells (*) and (#) to control (ANOVA, Dunnett’s test, p < 0.05).

After an incubation with the most active fractions, it was possible to verify that they
did not promote membrane damage, since there were no significant differences in relation
to the untreated control.

2.5. Potential of Gelidium corneum Fractions to Promote DNA Damage

Since different mechanisms can be behind the antimicrobial effects, the ability of the
most active fractions to link and damage DNA was evaluated. The results are shown in
Figure 6.

In Figure 6, it is possible to observe a clear smear of the DNA bars in the G. corneum F2
and F3 (lanes 7 and 8) when compared to the DMSO controls. Additionally, in lane 8 (F3),
both linear and supercoiled DNA have a lower intensity, suggestive of DNA degradation.
Ciprofloxacin promoted extensive DNA damage at 30 μg/mL and, at 10 μg/mL, the
degradation is particularly evident in the supercoiled DNA (lane 4).
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Figure 6. Electrophoresis gel. 1—Marker; 2—DNA; 3—negative control (DMSO); 4—10 μg/mL
ciprofloxacin; 5—30 μg/mL ciprofloxacin; 6—negative control (DMSO); 7—F2 (water insoluble)
fraction (1 mg/mL); 8—F3 (diethyl ether) fraction (1 mg/mL). Agarose at 0.8%, ran at 85 V for 1 h.
Image was obtained through gel imaging system (Gel doc). This figure is representative of three
independent experiments.

3. Discussion

In the present work, Gelidium corneum was evaluated regarding its potential as a
source of antimicrobial compounds through a green extraction approach, aiming to develop
new therapeutic alternatives for dysbiosis-related skin disorders. It was verified that two
fractions—F2 (water insoluble fraction) and F3 (diethyl ether fraction)—were particularly
active against S. epidermidis and C. acnes.

One of the main causes behind dermatology appointments is acne vulgaris. This
disease is the most common skin problem worldwide, occurring in adulthood in about
50% of the population in occidental countries [23–25]. On the other hand, S. epidermidis
can be an important opportunistic pathogen, with treatment options posing a challenge.
Most infections caused by this microorganism start with the introduction of skin bacteria
during the insertion of a medical device into the patient [16]. When looking at therapeutical
options targeting both microorganisms, the conventionally prescribed topical and oral
antibiotics can have some serious side effects, such as disrupting gut health and increas-
ing skin dryness, impacting patients’ quality of life. On the other hand, even when the
side effects are minimal, bacterial resistance might still occur [26]. This makes seeking
new antibiotic options urgent. There are several natural products that could be possible
candidates for novel drugs targeting multiple pathogenic factors [27]. Although in the
present work the antimicrobial activity against S. aureus was low, previous studies with
other Gelidium species have shown the capacity to deter the growth of S. aureus [28–31].
Additionally, a review gathered by Pérez, Falqué and Domínguez [31] cited G. attenatum,
G. micropterum, G. pulchellum, G. pusillum, G. robustum, and G. spinosum with antimicrobial
activity against different bacteria, including Escherichia coli, Klebsiella pneumoniae, Vibrio spp.
and Enterococcus faecalis. However, no studies were found with Gelidium species against
C. acnes or S. epidermidis. Choi et al. [32] reported 15 seaweed species with antimicrobial
activity against C. acnes, with the red seaweed Symphyocladia latiuscula displaying the high-
est inhibitory potential (MIC = 160 μg/mL). Comparatively, the results obtained with F2
and F3 fractions from G. corneum are quite exciting due to their high potency, particularly
against C. acnes; thus, they are promising candidates for use in new formulations aiming
to treat skin diseases, where C. acnes and S. epidermidis play a key role. Scientific evidence
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suggests that S. epidermidis has a suppressive effect against C. acnes, and thus extracts with a
higher antimicrobial effect against C. acnes than against S. epidermidis may bring additional
advantages for acne vulgaris therapeutics [33]. This evidence highlights the relevance of
the results obtained with G. corneum F2 and F3 fractions.

Antibiotics can work in a synergic way to effectively decrease bacterial resistance. Yet,
their mechanism and range of action should be complementary. This is already exploited
specifically in acne vulgaris treatment with the combination of different oral antibiotics
and benzoyl peroxide [15]. To better understand the antibacterial effect, it is necessary
to evaluate the possible mechanisms of action which can be underlying the bacterial
growth inhibition. Since fractions F2 and F3 revealed promising results, the antimicrobial
effects due to membrane potential disruption, membrane rupture, and/or DNA damage
were evaluated.

Membrane potential is central to bacterial development; therefore, disruptions to
it might induce an antimicrobial effect [34]. Across the cellular membrane, there is an
electrochemical potential that is involved in several functions of bacterial cells, such as intra-
and intercellular signalling mediation, which in turn regulates important physiological
processes, namely mechano-sensation, spore formation, and biofilm dynamics [35–38]. In
addition to its role in bioelectrical signalling, membrane potential is also central to cellular
proliferation since it provides the essential driving force for ATP synthesis [39], which is
crucial for cell division [40]. Although this potential may fluctuate depending on cells’
physiologies, abrupt changes may lead to cellular death. In particular, several studies
have shown that a hyperpolarized membrane is associated with bacterial death [34,41].
It was verified that the most active extracts (F2 and F3) promoted a hyperpolarization
of bacteria membrane potential (Figures 3 and 4). Although studies surrounding the
mechanisms of action of seaweed derivatives are scarce, Patra et al. [42] evaluated the
mechanisms underlying the antimicrobial effects of essential oils extracted from Ulva
linza (former Enteromorpha linza) against Escherichia coli and verified that the antimicrobial
effects were related to changes in the membrane potential. Concerning phytochemical
sources, Wu et al. [43] evaluated the antimicrobial effects of a natural compound (2R,3R-
dihydromyricetin) obtained from the pine needles of Cedrus deodara against S. aureus and
verified that this compound promoted a high membrane hyperpolarization, resulting
in bactericidal effects. Although the results shown in the present work suggest that G.
corneum fractions did not promote membrane damage, other seaweed species have shown
antimicrobial activity mediated by membrane rupture. Patra and Baek [44] evaluated the
antimicrobial mechanisms of oil extracted from the seaweed U. linza against Bacillus cereus
and S. aureus and verified that the antimicrobial effects were related to membrane injury.
Additionally, El Shafay et al. [45] evaluated the antimicrobial activity of Sargassum species
against S. aureus and Klebsiella pneumoniae and concluded that the antimicrobial activity
was mediated by cells’ membranes rupture and physical distortions. A work conducted
with the green seaweed U. linza showed that essential oil from this seaweed promotes
membrane damage in the foodborne pathogen Escherichia coli [44].

It has been suggested that antimicrobial compounds can reach DNA through mem-
branes, with or without membrane rupture [46,47]. Thus, although it was not possible
to verify membrane damage, a simple test was conducted to understand if the seaweed
fractions could impact DNA. It was shown that both fractions F2 and F3 can promote DNA
damage. In accordance with these results, Pinteus et al. [48] also showed that extracts
derived from the red seaweed Asparagopsis armata had potential to promote DNA damage.
Additionally, seaweed polysaccharides have shown antimicrobial activity mediated by
DNA damage [49]. Other natural products from various works have also shown the ability
to target DNA. Subramanian et al. [50] verified that resveratrol inhibited the growth of E.
coli, probably by inducing DNA damage. Da et al. [51] evaluated the antimicrobial activity
of an extract obtained from Scutellaria baicalensis root and verified that it had antimicro-
bial activity against fungi, possible mediated by DNA damage. Antimicrobial peptides
extracted from different sources have also shown potential to target bacteria and fungi
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DNA [52]. He et al. [53] isolated a novel polysaccharide from Streptomyces virginia and veri-
fied that this compound exhibited antimicrobial activity against several microorganisms,
possibly mediated by DNA damage.

Fractions 2 and 3 from Gelidium corneum are rich in lipophilic compounds, as evidenced
by their 1H NMR spectra. Lipophilic compounds from different algae species have shown
to display antimicrobial effects [31,49,54–56] and within this group of compounds, different
terpenes sourced from red algae show great potential. Rodrigues et al. [57] studied the
antimicrobial activity of terpenes isolated from Sphaerococcus coronopifolius and one sphaer-
ane bromoditerpene had a great effect on S. aureus with an IC50 of 6.35 μM. Xu et al. [55]
reported that tetracyclic brominated diterpenes from the same algae exhibited a bactericidal
effect with MIC values of 16 and 128 μg/mL against multi-resistant Staphylococcus aureus.
Amongst lipophilic compounds, fatty acids from different species of seaweeds have a
reported antimicrobial effect in several microorganisms. For example, Dunaliella salina fatty
acids are described for their effect over Listeria monocytogenes and B. cereus with a MIC value
of 2.5 mg/mL, and over Salmonella enteritidis with a MIC of 1.25 mg/mL [22]. There are no
studies regarding compounds isolated from red algae affecting the growth of S. epidermidis
and C. acnes, highlighting the importance of G. corneum as a source of compounds with
antimicrobial effects against these bacteria. The chemical characterization here presented
constitutes the first approach concerning the evaluation of G. corneum ingredients for der-
matological applications, also validating the effectiveness of the fractionation methodology
here reported. Yet, it is important to proceed with a deeper chemical characterization
to identify the compound(s) responsible for the observed antimicrobial activities acting
individually and/or synergistically.

4. Materials and Methods

4.1. Seaweed Harvest and Sampling

Gelidium corneum (Hudson) J.V.Lamouroux 1813 was collected on October 2020 at
Praia dos Barcos (39◦22′35.9” N 9◦20′23.7” W), Peniche, Portugal (identification number:
GC.PB.2020-10). It was identified by Professor Teresa Mouga, a botanical expert, and
immediately transported to the laboratory facilities (MARE-Polytechnic of Leiria). Samples
were washed, firstly with sea water and then with distilled water, to remove invertebrate
organisms and debris, and dried at 70 ◦C with air circulation (Universal laboratory oven
UF450, Memmert, Buchenbach, Germany). Dried samples were ground (Moulinex Food
processor, Paris, France) and stored in a dry dark place until extraction processing.

4.2. Extraction Procedure

To obtain different fractions from G. corneum, a sequential extraction methodology was
performed (Figure 1). Solvents were selected according to EU Regulation No. 1223/2009 for
cosmetic application and were obtained from VWR-BDH Chemicals (Fontenay-sous-Bois,
France). Powdered seaweed (100 g) was extracted with ethanol: water (70:30) under con-
stant stirring (150 rpm), over 17 h, protected from light. The hydroethanolic solution was
posteriorly filtered (qualitative filter paper (FP) nr. 4, VWR International, Alcabideche, Por-
tugal) and concentrated under vacuum at low temperature (<40 ◦C) in a rotary evaporator.
In total, 20 g of the dried crude extract (F1) was resuspended in Milli-Q water (Advantage
A10 Milli-Q lab, Merck, Darmstadt, Germany) previously warmed to 75 ◦C and filtered (FP
nr. 4), affording a solid insoluble fraction (F2) and an aqueous fraction. After cooling to
room temperature (r.t.), this last one was subjected to a liquid–liquid partition, firstly with
diethyl ether (F3) and then, with ethyl acetate (F4), which were evaporated until dryness
in a rotary evaporator. The remaining aqueous fraction (F5) was also evaporated until a
half volume was obtained, and then it was frozen (−20 ◦C) and lyophilized. The extraction
procedure flowchart is depicted in Figure 7.
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Figure 7. Extraction methodology to obtain Gelidium corneum fractions (F1–F5).

4.3. Chemical Screening by 1H NMR

A preliminary chemical screening of all fractions (F1–F5) obtained from Gelidium
corneum was attained by proton nuclear magnetic resonance (1H NMR) spectroscopy.
Samples (c.a. 5–6 mg) were dissolved in 0.5 mL of deuterated solvents (CDCl3, MeOD,
or D2O) (Sigma-Aldrich, St. Louis, MO, USA) and the 1H NMR spectra were recorded at
400.13 MHz on a Bruker AMX400 spectrometer (Bremen, Germany), at 25 ◦C. Chemical
shifts (δ) are expressed in ppm and referenced to the residual solvent signal (δH 7.26 CDCl3,
δH 3.31 MeOD, δH 4.79 D2O).

4.4. Antimicrobial Activity of Gelidium corneum Fractions against Microorganisms Associated
with Skin Disorders

The antimicrobial activity of G. corneum fractions was evaluated against three mi-
croorganisms that belong to the skin’s natural microflora, namely, three Gram (+) bacteria,
Staphylococcus epidermidis (DSM: 1798), Staphylococcus aureus (ATCC: 25923) and Cutibac-
terium acnes (DSM: 1897) obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ). The growth conditions and media used for each microorganism were:
trypticase soy broth (VWR-BDH Chemicals-Prolabo, Leuven, Belgium) + 0.3 % (w/w) of
yeast extract (VWR-BDH Chemicals-Prolabo, Leuven, Belgium) at 37 ◦C for S. epidermidis;
tryptic soy broth (VWR-BDH Chemicals-Prolabo, Leuven, Belgium) in anaerobic conditions
at 37 ◦C for C. acnes, and lysogeny broth (LB) medium (VWR-BDH Chemicals-Prolabo,
Leuven, Belgium) at 37 ◦C for S. aureus. Fractions were suspended in dimethyl sulfoxide
(DMSO) at 100 mg/mL, and the assays were conducted on 96-well microplates with the
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fractions at a maximum concentration of 1000 μg/mL. Antimicrobial activity was evaluated
in the exponential phase of each microorganism. Microorganisms’ growth was accompa-
nied spectrophotometrically at 600 nm, and the results were expressed as a percentage
of growth inhibition relative to the control (growth medium with microorganism and
vehicle (DMSO)). For the fractions that affected the microorganisms’ growth by more than
50%, a dose–response was conducted (10–1000 μg/mL) and the IC50 was determined.
Oxytetracycline was used as a positive control.

4.5. Mechanisms of Action Underlying the Antimicrobial Activity

To understand the mechanisms that could be underlying the antimicrobial effects,
further tests were conducted with the fractions that exhibited the highest activity (inhibition
>50% at 1 mg/mL).

4.5.1. Membrane Potential Analysis

The membrane potential variation assay was adapted from Clementi et al. [58], by com-
bining the potentiometric dye bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3))
(Thermo Fisher Scientific, Waltham, MA, USA) with the DNA-staining dye propidium
iodide (PI) (Sigma Aldrich, Darmstadt, Germany). The extracts with the highest activity
were tested at 1

2 IC50, IC50 and 2 × IC50.
Freshly grown bacteria were centrifuged at 1000× g and washed twice with 1× PBS

(Sigma-Aldrich, Darmstadt, Germany). The pellet was resuspended in 10 mL PBS buffer at
1.5 MacFarland, and 0.25% (v/v) of a stock glucose solution (1 M) was added to the mix.
A blank was prepared with the same proportions but lacking the microbial solution. The
microbial solution was then incubated at 37 ◦C for 30 min. A solution of carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP) (Sigma-Aldrich, Darmstadt, Germany) was
used as the positive control for hyperpolarization. A positive control for total membrane
permeabilization was conducted with heat-treated (100 ◦C, 10 min) bacteria.

After incubation, 45 μL of DiBAC4(3) (25 μM) + 90 μL of PI (1 mg/mL) was added
to the microbial solution, distributed through 96-well black plates (99 μL per well), and
then incubated in the dark at 37 ◦C, over one hour. The samples were quickly added
(1 μL per well) and the fluorescence read at 490/516 nm excitation/emission (DIBAC) and
535/617 nm (PI) in 30 s intervals for 10 min (Multimodal Synergy H1, BioTek® Instru-
ments, Winooski, VT, USA). The results are presented in DiBAC4(3) relative fluorescence
units (RFU).

4.5.2. Membrane Damage Assay

Membrane damage analysis was performed according to Pinteus et al. [48], as follows:
A freshly overnight grown culture was centrifuged (4000 rpm, 5 min) and resuspended
in sterile saline solution (0.85%) at an optical density of Abs600 = 0.5. Seaweed fractions
were added at a concentration of 1

2 IC50, IC50 and 2 × IC50, and incubated over 4 h at
37 ◦C for S. epidermidis, and 6 h for C. acnes. DMSO was used as a negative control. Blanks
were prepared with samples without microorganism. A positive control was prepared
with a thermic treatment (100 ◦C, 10 min) to induce total membrane permeability. All
suspensions were transferred to a black microplate and incubated with 2 μM Sytox Green
(Thermo Fisher Scientific, Waltham, MA, USA) for 10 min in the microplate reader. The
resultant fluorescence of the DNA-bound dye was quantified on a fluorescence microplate
reader (Multimodal Synergy H1, BioTek® Instruments, Winooski, VT, USA). The membrane
damage was determined in % of control (DMSO).

4.5.3. DNA Damaging Potential

DNA damaging potential was assessed following the methodology described by
Hu et al. [59]. Plasmid (pGADT7—7987 bp) DNA (5 μL; 100 ng) was mixed with seaweed
fractions (2 μL; 10 mg/mL) and ultrapure water (13 μL). The reaction mixture was incubated
at 37 ◦C for 1 h before being loaded onto a 0.8% agarose gel containing 1% RedSafeTM.
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Gene Ruler 1 Kb DNA Ladder (5 μL) was also loaded onto the gel. Electrophoresis was then
performed for 60 min under 85 V. DMSO was used in the same conditions as a negative
control and ciprofloxacin (10 and 30 μg/mL) was used as positive control.

4.6. Data and Statistical Analysis

To determine possible significant differences relative to the control, a one-way analysis
of variance (ANOVA) with Dunnett’s multiple comparison test was used. All data were
checked for normality (Shapiro–Wilk test) and homoscedasticity (Levene´s test). When
requirements for an ANOVA were not met, a non-parametric Kruskal–Wallis and Dunn’s
multiple comparison test were applied. The IC50 values were determined using the Graph-
Pad v9.3.1 software through the equation y = 100/(1 + 10 (X−Log IC

50
)). Calculations were

carried out and final graphical representations were made using GraphPad v9.3.1 (Graph-
Pad Software, La Jolla, CA, USA). All data were obtained from at least three independent
experiments carried out in triplicate and are presented as standard error of the mean (SEM),
with a significance level of 0.05 (p < 0.05).

5. Conclusions

With the increasing awareness on the importance of sustainable strategies for the
development of new nature-based health and wellness products, this work addressed, for
the first time, the potential of Gelidium corneum as a source of antimicrobial compounds for
skin dysbiosis-related diseases. This seaweed is particularly interesting since it is already
explored industrially for agar extraction. Thus, within a circular economy concept, it would
be of high economic relevance to define a biorefinery concept to extract both antimicrobial
compounds and agar, thus taking the maximum advantage of the same natural resource
for maximum environmental and economic sustainability.

The results reveal that G. corneum contains compounds with high antimicrobial activity
against two important skin opportunistic pathogens, C. acnes and S. epidermidis. The
compounds concentrated in F2 (water insoluble fraction) and F3 (diethyl ether fraction)
seem to affect both microorganisms’ growth by inducing changes in membrane polarization
and by binding to DNA, promoting damage. This dual mechanism of action may provide
therapeutic advantages for the treatment of skin dysbiosis-related diseases.
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Abstract: Diabetic foot ulcers (DFU) are one of the most serious and devastating complications
of diabetes and account for a significant decrease in quality of life and costly healthcare expenses
worldwide. This condition affects around 15% of diabetic patients and is one of the leading causes of
lower limb amputations. DFUs generally present poor clinical outcomes, mainly due to the impaired
healing process and the elevated risk of microbial infections which leads to tissue damage. Nowadays,
antimicrobial resistance poses a rising threat to global health, thus hampering DFU treatment and care.
Faced with this reality, it is pivotal to find greener and less environmentally impactful alternatives
for fighting these resistant microbes. Antimicrobial peptides are small molecules that play a crucial
role in the innate immune system of the host and can be found in nature. Some of these molecules
have shown broad-spectrum antimicrobial properties and wound-healing activity, making them good
potential therapeutic compounds to treat DFUs. This review aims to describe antimicrobial peptides
derived from green, eco-friendly processes that can be used as potential therapeutic compounds to
treat DFUs, thereby granting a better quality of life to patients and their families while protecting our
fundamental bio-resources.

Keywords: diabetic foot ulcer; antimicrobials peptides; green synthesis; environmentally friendly

1. Introduction

Diabetes mellitus (DM) is a major public health problem with rising prevalence world-
wide [1,2]. In 2021, approximately 537 million adults were diagnosed with DM, and this
number has been predicted to rise to over 783 million by 2045 [1]. Along with the rising
prevalence of diabetes, DM-associated complications are also expected to increase, resulting
in high morbidity, mortality, and health expenditure rates, due to the required hospitaliza-
tions and specialized care [1,2]. Diabetes can lead to life-threatening and disabling health
complications such as retinopathy, neuropathy, cardiovascular diseases, nephropathy, and
diabetic foot ulcerations [1,2].

Diabetic foot ulcers (DFUs) are one of the most prevalent complications of diabetes, and
are, in part, are associated with peripheral vascular disease and peripheral neuropathy [2].
It is estimated that 19–34% of patients with diabetes will develop DFUs in their lifetime [3].
Approximately 85% of these patients undergo non-traumatic lower limb amputation [2–5].

Wound healing is a dynamic and complex biological process aimed to restore skin func-
tion after trauma. Nevertheless, under diabetic conditions, this process is impaired [2,6,7].
Diabetic individuals exhibit multiple risk factors such as hyperglycaemia, prolonged hy-
poxia, chronic inflammation, peripheral neuropathy, impaired neovascularization, and
difficulty fighting infections that compromise and delay the normal wound healing pro-
cess [2]. This results in the occurrence of chronic non-healing wounds in a persistent
pro-inflammatory state [6,7]. Moreover, about 60% of DFUs become infected with bacterial
colonies, contributing to chronic wound healing failure [2,6,7].
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As a result of diabetic foot infections (DFI), patients are frequently hospitalized and
receive multiple antibiotic courses over the sequence of treatments [8]. Today, the emergence
and spread of multi-drug resistant bacteria impose a rising threat to global health [8,9].
For this reason, it is pivotal to find green and less environmentally harmful alternatives for
fighting these resistant microbials.

Antimicrobial peptides (AMPs) are conserved bioactive molecules of the innate and
adaptative immune system which can be found in all forms of life [2,8,9]. Recent studies
have demonstrated that these short peptides, composed of 15 to 60 amino acids, have
various mechanisms of action that play important roles in the fight against infection by
providing broad-spectrum antimicrobial activity against Gram-negative and Gram-positive
bacteria, fungi, and viruses, as well as in wound healing [2,8,9]. Nevertheless, these small
peptides can present some limitations such as low structure stability, high cytotoxicity, low
hydrosolubility, salt sensitivity, and poor selectivity, as well as high production costs [2,8,9].

Direct eradication of microorganisms can be achieved by AMPs through mechanisms
such as membrane disruption, interaction with intracellular targets, recruitment, and
activation of immune cells [2]. These molecules can also promote wound healing by
re-epithelization, support of angiogenesis, and enhancement of extracellular matrix synthe-
sis [2,8]. Thus, AMP-based approaches may be a good solution to fight the emergence of
antimicrobial resistance [2].

With the increasing awareness of climate change and high pollution levels, there has
been a heightened desire to protect the environment. To address this issue, scientists have
been focusing on the development of innovative and environmentally friendly techniques
for AMPs extraction and synthesis. The use of plants and microalgae as sources of novel
AMPs has been considered to be sustainable and very promising. However, more studies
are needed in order to improve the current protocols in use.

Therefore, this review aims to describe AMPs derived from greener, eco-friendlier
processes that can be used as potential therapeutic compounds to treat infection, including
DFUs, thereby granting a better quality of life to patients and their families while protecting
our fundamental bio-resources the environment.

2. Diabetic Foot Ulcers

Wound healing is a dynamic and complex biological process aimed to restore skin
function after trauma [6]. This process is achieved through four successive phases with
limited overlap: hemostasis, inflammation, proliferation, and remodeling [2,6].

The hemostasis phase initiates immediately after skin injury and is characterized
by the constriction of the damaged blood vessels and the activation of platelets. Platelet
aggregations will promote the formation of a fibrin clot that seals the damaged endothelium,
stopping the bleeding [2,6]. Once the bleeding is controlled, the inflammatory phase
begins. Damaged cells release chemokines and cytokines, which recruit inflammatory
cells to the site of injury. Neutrophils are the first cells mobilized to the wound site
and are responsible for microbial clearance [2,6,7]. These cells are then followed by pro-
inflammatory macrophages (M1), which induce the clearing of apoptotic cells, including
neutrophils, and secrete growth factors and cytokines that promote the inflammatory
response by attracting adaptive immune system cells to the site of injury [2,6,7]. As the
inflammatory stage is resolved, these cells undergo a phenotypic alteration to a reparative
state (M2) that promotes tissue regeneration [7]. The proliferative phase begins once
the inflammation decreases. This phase is characterized by the formation of granulation
tissue, contraction of the wound edges, re-epithelization, and neovascularization [2,6,10].
The final step of wound healing is the remodeling phase, which includes collagen fiber
reorganization, remodeling, and maturation of the scar tissue, as well as an increase in its
tensile strength [2,6,10].

For a wound to heal successfully, all four phases need to be very well coordinated
in the right order and within the appropriate time period [2,6]. Nevertheless, under
diabetic conditions, this process is impaired resulting in the occurrence of chronic non-
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healing wounds in a state of persistent pro-inflammation [2,6,7]. This is characterized by
an accumulation of immune cells, an increase in the M1/M2 macrophage ratio, increased
generation of reactive oxygen species (ROS), and pro-inflammatory cytokines [6]. Moreover,
about 60% of DFUs develop bacterial infections which contribute to the failure to heal
chronic wounds [2,6].

Patients with DFIs are regularly hospitalized and are frequently exposed to numerous
courses of antibiotics [8,9,11]. Today, the emergence and spread of bacteria that are resistant
to conventional antibiotics, including those used within the hospital environment, impose
a rising threat to global health [9,11]. This problem greatly hampers DFU treatment. For
this reason, the development of alternative compounds with the capacity to downregulate
the inflammatory response and control pathogen infection is urgently required.

3. Microbiota in Diabetic Foot Ulcers

The skin is the largest organ in the human body, and it has an essential role as a
multifunctional barrier, protecting our body against pathogens or toxic substances [12].
The human skin contains a large and diverse composition of living microorganisms known
as the skin microbiota. Most of these microorganisms are harmless and even advantageous
to their host, protecting against invasion by more pathogenic organisms and contributing to
skin homeostasis. However, the disruption in this balanced microbiota system can enhance
the susceptibility to skin disorders, including infections [12,13].

The physical and chemical characteristics of the skin surface may vary according
to environmental and specific host factors. These features can influence colonization by
the skin microbiota and determine unique sets of microorganisms [12]. Under diabetic
conditions, skin integrity is compromised by several factors, contributing to impaired tissue
regeneration and alterations in the local skin microbiome [14,15]. Persistent hyperglycemia
creates an excessive nutrient source for microbes and reduces innate immunity by causing
poor chemotaxis, phagocytosis, and cleansing of pathogens by neutrophils [15]. Moreover,
peripheral vascular disease hampers the action of the host’s immune response, in part due
to reduced blood flow [15]. Peripheral neuropathy aggravates minor traumas and increases
forefoot pressure, facilitating the entry of microbes [14,15]. All these factors contribute
to microbial colonization, biofilm formation, and clinical infections that impair wound
healing and contribute to serious complications including osteomyelitis and lower limb
amputation [14,15]. Approximately 60% of all DFU cases are estimated to develop DFI [2].

The DFU microbiota has been extensively studied [8,15–18]. A longitudinal study
of patients with DFU (n = 100) used shotgun metagenomic sequencing to profile chronic
wound microbiota and investigated its role in clinical outcomes and the response to ther-
apy. The majority of bacteria present in diabetic foot ulcers were Gram-positive strains,
such as Staphylococcus aureus, methicillin-resistant S.aureus (MRSA), and Corynebacterium
striatum, as well as Gram-negative bacteria, including Pseudomonas aeruginosa and Alcali-
genes faecalis [15]. These results were in accordance with other microbial studies that also
include Escherichia coli and Proteus spp. as the most predominant isolated strains from
DFU [11,15,16]. Moreover, some anaerobes have also been identified in the deep tissue
within diabetic wounds, including Peptostreptococcus spp., Bacteroides spp., Prevotella spp.,
and Clostridium spp. [2,8,15].

The majority of DFI are polymicrobial in nature, and mixed microorganisms, including
fungi, are frequently prevalent. The prevalence of pathogenic fungal species and subse-
quent mycotic infections are responsible for an increased risk of diabetic foot syndrome
development and poor clinical outcomes [2,8,15–17]. The most commonly isolated fungi
are Candida spp., Trichophyton spp., Aspergillus spp., Trichosporon spp., and Cladosporium
herbarum [2,15–17].

DFUs are considered polymicrobial ecosystems composed of highly dynamic and
diverse microbial communities [8,18]. These microorganisms can exist independently or can
organize into functionally equivalent pathogroups (FEP), where commensal and pathogenic
bacteria co-aggregate symbiotically in a self-produced protective polysaccharide matrix
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with transformed phenotype known as biofilms [2,18]. Since biofilms hamper local access
to antimicrobial agents and the host’s immune system, the wound healing becomes stalled
and infection is very difficult to resolve, further promoting chronic infected wounds [2,8,18].
A prospective study revealed that approximately 97.6% of microbial isolates from chronic
DFUs were multi-drug resistant (MDR) with 46.3% of MDR isolates having the ability to
form biofilms. Staphylococcus aureus is the biofilm forming most predominant strain [19].

4. Antimicrobial Peptides

To combat multi-drug-resistant bacterial infections, there is a clear need for the de-
velopment of novel alternative compounds and therapeutic strategies. In recent years,
increasing attention has been paid to AMPs as a novel class of antimicrobials with great
clinical potential [9].

Antimicrobial peptides, also known as host defense peptides, are effector molecules of
the innate immune system which can be found in all living organisms [9,11,20]. These small
molecules play important roles in fighting infection through broad-spectrum antimicrobial
activity, host’s immunomodulatory functions, as well as other functions relevant to wound
healing (Figure 1) [13].

Figure 1. Schematic representation of antimicrobial peptides mechanisms of action and their po-
tential application on diabetic foot ulcer treatment. Figure created in Canva.com (accessed on
24 January 2023).

There is a large diversity of known AMPs: more than 5000 antimicrobial peptides have
been characterized and synthesized, and this number is expected to increase in the coming
years [21]. Based on their structure, AMPs can be classified into four different groups:
α-helical, extended, β-sheet, and cyclic [9,20,22]. Their secondary structures provide each
peptide with a functional specificity [20].

Upon injury, the innate immune system recognizes pathogen-associated molecular
patterns (PAMPs), including lipopolysaccharides (LPS) [2]. This, in turn, leads to the
production of AMPs by skin resident cells, such as keratinocytes, and by infiltrating
leukocytes, circulating neutrophils, and tissue macrophages [22,23]. As a result of the
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overexpression of these small molecules, the body is able to respond to injury and infection
quickly and effectively [2,9,22].

The most frequent mechanism of action of AMPs consists of targeting bacterial cell
membranes directly [2,9]. AMPs often include positively charged residues and multiple
hydrophobic residues, which allow them to settle electrostatic interactions between their
cationic membrane and the anionic bacterial membranes [9]. As a result, the pathogenic
bacterial membrane is disrupted, often through the formation of pores. This subsequently
leads to the insertion of AMPs into the membrane, causing bacterial cell death [2,9]. Ad-
ditionally, it has also been described that some AMPs have the ability to cross bacterial
cell membranes without affecting their integrity. These peptides inhibit essential bacterial
intracellular functions such as nucleic acid and protein synthesis, as well as enzyme activity,
thus leading to cell death [24].

In addition to the direct eradication of microbes, AMPs can have an indirect antimicro-
bial effect by modulating and enhancing the hosts’ adaptative immune responses [2,13,23].
These peptides can act as chemoattractants, recruiting and activating immune cells. This
leads to the increasing expression of proinflammatory cytokines, thereby suppressing
potentially harmful inflammation [2,9,20,22]. AMPs are also able to promote wound heal-
ing by the induction of cell migration, proliferation and differentiation, re-epithelization,
support of angiogenesis, and enhancement of extracellular matrix synthesis [2,13].

In human skin, cathelicidins and defensins are the most prevalent classes of endoge-
nous AMPs, particularly cathelicidin LL-37 and human β-defensins (hBDs 1–3) [22,23].

It is important to note, however, that under diabetic conditions, the expression and/or
activity level of endogenous AMPs may be greatly affected. This in turn may contribute
to the inadequate infection control and impaired wound healing often observed in the
presence of diabetes [2]. Gonzalez-Curiel et al. have demonstrated increased susceptibility
to infectious diseases in patients with type 2 diabetes due to lower levels of CAMP (LL-37)
and DEFB4 (hBD-2) genes in peripheral blood cells [25]. Moreover, Al-Shibly et al. showed
that although DFUs may express some endogenous AMPs, their expression levels are
inefficient to suppress secondary infections and promote wound healing [26].

Therefore, in order to maximize the activity of these peptides at the wound site and
enhance wound healing, it is necessary to maintain or increase their expression and activity
levels as well as overcome some of their limitations. The use of chemical modifications
could be considered a potential strategy for increasing the stability of these AMPs within
the DFU microenvironment, decreasing their toxicity, and improving their antimicrobial
and wound-healing functions [2].

5. Green and Eco-Friendly Processes to Obtain AMPs

With the growth of industrialization, environmental concerns began to emerge [27].
At the beginning of the 1990s, Paul Anastas and John Warner proposed the twelve principles
of green chemistry (Figure 2) [27,28]. These rely on reducing or removing the hazardous sub-
stances from the manufacture process, the application of chemical products, and avoiding
a generation of toxic secondary products and waste from these processes [27,29]. In ac-
cordance with these principles, environmentally friendly actions should be developed at
every stage of the product’s lifecycle, from conception to its synthesis, processing, analysis,
and disposal [27]. With this in mind, green chemistry aims to minimize threats to human
health and the environment by reducing or eliminating the use and production of toxic
compounds [27,29].

In recent years, the awareness of climate change and the high levels of pollution has
increased the consciousness of our ecological responsibilities. Pharmaceutical industries
are a major contributor to climate change and environmental pollution worldwide [30].
Pharmaceutical residues, such as antibiotics, are one of the main anthropogenic pollu-
tants [31]. These are associated with the increased selection of resistant pathogens that
are present in the environment. With the excessive use of antibiotics in medical practice,
veterinary medicine, and agriculture worldwide, antibiotic-resistant bacteria and antibiotic-
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resistance genes (ARGs) are becoming increasingly prevalent, harming human, animal,
and environmental health [32]. Faced with this reality, it is pivotal to find greener and less
environmentally harmful alternatives to help fight these resistant pathogens.

Figure 2. Schematic representation of the twelve principles of green chemistry. Figure adapted
from [27] and created in Canva.com (accessed on 24 January 2023).

The increasing emphasis on green chemistry has led chemical-pharmaceutical indus-
tries and laboratories to concentrate on diminishing their environmental footprint [29,33].

5.1. Green Extraction Methods to Obtain AMPs

To date, several thousand AMPs have been isolated from different natural
sources [20,34,35]. However, the techniques used to isolate these small bioactive molecules
have not always been the most environmentally friendly. The conventional extraction meth-
ods have contained numerous toxic and flammable solvents, used high temperatures and
energy demands, and extended extraction times that lead to molecule degradation [36,37].
The implementation of green chemistry in extraction processes is essential to reduce the
release of chemicals hazardous to human health and the environment [36]. Extraction
methods based on green principles consume less energy, exploit alternative solvents, and
utilize sustainable resources while producing high-quality and safe extracts [36,37].

Plants and algae are considered two promising sustainable sources of a wide diversity
of natural AMPs [34,35,37]. A variety of methods can be used to extract bioactive molecules
from plant-based material. The general approach often includes three main stages: plant
material homogenization, extraction, and purification [38]. Some traditional extraction tech-
niques include maceration, hydrodistillation, and Soxhlet extraction [37]. However, many
approaches such as ultrasound-assisted extraction (UAE), pressurized liquid extraction
(PLE), pulsed electric fields extraction (PEFE), microwave-assisted extraction (MAE), and
supercritical fluid extraction (SFE), have been developed and optimized to ensure greater
sustainability [36,37].

In ultrasound-assisted extraction, sound waves and frequencies are used to induce
the rupture of cell walls and release their content [39–41]. This technique has significant
benefits such as shorter extraction time, lower solvent and energy depletion, and greater
extraction yield [39–41]. PLE is a solid–liquid method that involves the application of high
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pressure and temperature. This results in an increase in the solvent’s boiling point, promot-
ing its quick infiltration into the sample matrix. Due to its high extraction temperatures, this
method is not recommended for compounds that show heat sensitivity [40]. The pulsed
electric field extraction (PEFE) method uses electromechanical forces to create irreversible
electroporation in the cell membrane, which leads to its increased permeabilization and
subsequently enhances the mass transfer rate [41]. Another emerging clean technology is
the MAE. The basic principle of this methodology is the transformation of electromagnetic
energy into thermal energy. This leads to the heating of the intracellular moisture, causing
evaporation, and, consequently, an increase in intracellular pressure that results in both
organelle and cell wall disruption [41]. SFE is an advanced separation technique that em-
ploys natural chemical components, such as supercritical fluid CO2, as solvents [36,37,39].
This innovative technique can be applied to both plant and algae-based materials [36]. SFE
represents a sustainable alternative to traditional solvent extraction methods, thus granting
better efficacy and selectivity, higher diffusivity, with reducing extraction time [36,37,39].
Furthermore, supercritical fluids can be recycled and reused, resulting in a decrease of
waste generation [37].

Microalgal AMPs can be obtained by solvent extraction, microbial fermentation, or
enzymatic hydrolysis, with the latter being the most used extraction technique [42–44]. Sun
et al. isolated the antibacterial peptide SP-1 from Spirulina platensis through enzymatic
hydrolysis. This peptide showed considerable antibacterial effects against Escherichia coli
and Staphylococcus aureus [45]. Further studies demonstrated antioxidant, antihypertensive,
anti-diabetes, and anti-obesity properties of bioactive peptides derived from the same
microalgae [46]. In another study, the peptide KLENCNYAVELGK was extracted from
pepsin hydrolysates derived from Limnospira sp. This bioactive molecule also exhibited
antibacterial activity against Escherichia coli and Staphylococcus aureus [47].

The enzymatic hydrolysis extraction method allows the isolation of bioactive pep-
tides using certain commercial enzymes and physicochemical conditions such as optimal
temperatures (below 100 ◦C) and pHs (close to neutral) [43,46]. In order for an enzyme
to perform its functions, it must first bind to the substrate and then proceed with the
catalysis. In this process, an enzyme membrane reactor system is used to hydrolyze the
extracted proteins [43,44]. The membrane filter retains large particles that are then recycled
back into the hydrolysis tank, only allowing hydrolyzed and small fractions to pass [43].
The purification of the obtained peptides can be achieved by various chromatographic
methods such as ion exchange, reverse-phase high-performance liquid chromatography
(RP-HPLC), and gel chromatography [46]. The purification method is selected based on the
physical and chemical characteristics of the bioactive peptides [43]. Finally, to characterize
the bioactive peptides at a molecular level, spectrophotometric techniques, such as liquid
chromatography-mass spectrophotometry (LC–MS) and mass-mass spectrophotometry
(MS–MS) can be used [44,46].

Enzymatic hydrolysis presents some advantages when compared to other techniques.
This method has shown an improved reaction rate, higher yields, ease to scale-up, and
high specificity, thus allowing the obtention of AMPs with the desired molecular size-
weight [43,44,46]. It is considered an environmentally friendly process since it usually does
not generate by-products or use any synthetic chemical agents [43]. Moreover, the mild
temperatures and pH conditions under which this technique is performed allow for lower
operating costs and energy demands [43,44].

In addition to the development of greener extraction methods, other purification
techniques have been reviewed and improved in order to reduce their ecological footprint.
Recent methodologies include mixed-mode chromatography (MMC) columns, in which the
separation is characterized by multiple interactions between the solute and the stationary
phase [48]. Another technique is multicolumn counter-current solvent gradient purification
(MCSGP). This technology represents a chromatography purification process that allows
the separation of different components by countercurrent movements between the sta-
tionary and mobile phase. Compared with standard methods, these recent techniques
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(MMC and MCSGP) exhibit higher yields and faster separation rates while being able to
decrease water consumption and the generation of toxic waste. Moreover, supercritical
fluid chromatography (SFC) has shown to be a promising and eco-friendly method com-
pared to HPLC. SFC presents several advantages, such as the use of less organic solvents
and toxic modifiers and the possibility of recycling the CO2 (used as mobile phase) during
purification. It is also noteworthy that this process reduces the organic waste to less than
one third in comparison with the current methods [48].

5.2. Green Synthesis of AMPs

So far, numerous AMPs have been discovered and isolated from various natural sources.
Over the past years, several studies have been focused on unravelling the promising thera-
peutic properties of these bioactive molecules [2]. However, most of these small peptides
possess some inherent limiting characteristics, such as low hydrosolubility, low stability, salt
sensitivity, poor selectivity, and sometimes high cytotoxicity to the host [2,8,9,49–51].

To solve the hurdles presented by some natural AMPs, scientists began the devel-
opment of new and improved synthetic antimicrobial peptides (SAMPs). These new
molecules use the natural AMPs amino acid (aa) sequences as templates but undergo some
specific chemical alterations, new formulations, or fusion with various synthetic elements
in order to enhance their properties [49–51]. In comparison with natural AMPs, SAMPs
exhibit improved effectiveness, reduced cytotoxicity, and greater resistance to protease
degradation [49,50]. These characteristics improve their therapeutic potential in clinical
applications [2,50].

In the development of synthetic peptides, a variety of approaches have been
used [2,50,51]. One of the main strategies consists of chemical modifications. These ap-
proaches are characterized by punctual alterations (substitution, deletion, or addition of
new aa) in the amino acid sequence of the active sites of naturally occurring AMPs, result-
ing in semi-synthetic antimicrobial peptides [49,51]. Different modification approaches
revealed significant advantages in AMP manipulation: glycosylation (glycan is cova-
lently attached to the peptide) [52]; lipidation (lipid group is covalently attached to the
peptide) [2,53,54]; hydrazidation (attachment of a hydrazide to the peptide) [2,53,54].;
guanidination (lysine residues are converted into homoarginine residues) [2,54]; and small
molecule conjugation (small molecules such as antibiotics, peptides, and others, are incor-
porated into the AMP structure) [2,54].

Chemical synthesis has quickly become the most used method for obtaining synthetic
AMPs [51,55]. The solid-phase peptide synthesis (SPPS) is widely used as the standard
technique to obtain small or medium-sized peptides (30 to 50 residues). In fact, it is demon-
strated that this method improved potency, reliability, and speed [50,51,56]. Zapotoczna
et al. have demonstrated the antibacterial effectiveness of seven synthetic AMPs (D-Bac8c,
WMR, HB43, P18, Omiganan, Polyphemusin, and Ranalexin) against Staphylococcus aureus
biofilm infections. Among these SAMPs, D-Bac8c has shown higher potency in microbial
eradication of S. aureus biofilm infections in both in vitro and in vivo studies [57]. In the
SPPS process, successive and protected amino acids are added to a growing peptide chain,
anchored to a solid support (usually resin). In addition, it involves several deprotection
and washing steps to eliminate solvent waste [55,58]. The generation and accumulation of
by-products are directly affected by the sequence and length of the desired peptide as well
as the choice of resin used in this process, thereby affecting the efficiency of the peptide
synthesis [59].

Despite the significant achievements of chemical synthesis, this process has a huge
negative environmental impact. It is particularly responsible for enormous amounts of
hazardous waste [58]. Moreover, this technique requires high consumption of toxic sol-
vents, such as N,N-Dimethylformamide (DMF), dichloromethane (DCM), and N-methyl-2-
pyrrolidone (NMP) [58–60]. In fact, some studies associated exposure to these compounds
with hepatotoxicity and chronic toxicity [58]. The rising health and environmental concerns
prompted the scientific community to develop greener and environmentally friendly alter-
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native approaches for peptide synthesis [58–60]. Overall, several attempts have provided
some promising results while granting high yields of peptides [58].

Most efforts have been made regarding greener and safer solvents. In 2009, De-
clerck et al. reported the first successful solvent-free peptide synthesis by the ball-milling
technique [61]. Later, an in-depth study by Lopez et al. found that the best suitable replace-
ment for the toxic compound DMF in SPPS was the green solvent N-butylpyrrolidinone
(NBP) [60]. More recently, Jadhav et al. revealed that varying the composition of green
binary solvent mixtures resulted in the mitigation of SPPS side reactions [59].

The use of greener resins is also another important research field currently in develop-
ment [48,62,63]. New eco-friendly resins, such as polyethylene glycol-based, are able to
swell to a significant extent in the majority of solvents and show great compatibility with
new green solvents [48]. Recently, another greener resin derived from renewable resources,
poly-ε-lysine resin SpheriTide, has proven to be biodegradable and to have a high loading
capacity [48,63].

Over the last decades, green analytical methodologies have been introduced in or-
der to make experimental protocols even safer and more environmentally benign [64–66].
In this context, green chromatographic methods have been given increasing importance [64].
The primary goal of green chromatography is to make the process of analysis greener at
every stage by replacing existing solvents with greener alternatives, reducing solvent use,
and decreasing waste generation [64,65]. In liquid chromatography (LC), the solvent reduc-
tion can be achieved by several strategies such as decreasing the column length with small
particle size, using ultra-high performance liquid chromatography systems (short columns
with reduced internal diameters), microflow and capillary HPLC columns, or even through
the use of elevated temperatures [64]. Moreover, several green LC methodologies already
implement the use of greener solvents (Brij 35, sodium dodecyl sulfate, and propylene
carbonate) as a substitute for toxic solvents [64,65]. For example, replacing acetonitrile
with ethanol (a nontoxic alternative) is a good strategy to improve LC techniques [64].
Additionally, as referred before, several processes can be optimized by the implementation
of greener solvents and materials/instruments similar to resins.

5.3. Green and Sustainable Sources of AMPs
5.3.1. Plants

As plants have evolved, they have developed refined defense mechanisms that enable
them to protect themselves from potentially harmful organisms [34]. These include chemical
barriers, in which plants produce a high number of toxic defense molecules, including
AMPs [34,67]. In response to pathogen stimulation, multiple AMPs can be produced
from different parts of the plant such as roots, seeds, flowers, fruits, stems, and leaves, or
even from the whole plant [67]. A single plant species can contain numerous AMPs with
various functional characteristics, structures, different expression patterns, and particular
targets [34,67]. Based on their structure, plant AMPs can be classified into eight different
families: thionins, defensins, hevein-like peptides, knotting-type peptides, α-hairpinin,
lipid transfer proteins, cyclotides, and snakins [34,67].

Further research has revealed that plant AMPs have many other physiological func-
tions in addition to their antimicrobial roles. These include the regulation of plant growth
and development, as well as the ability to treat numerous diseases effectively [34]. There-
fore, natural peptide extraction is very important since these molecules represent a promis-
ing alternative to conventional antibiotics with broad potential applications [34,38,67].

In 1970, Okada and Yoshizumi isolated the first AMP of plant origin, the purothionins,
from barley (Hordeum vulgare) endosperm. These peptides showed antimicrobial effects
against Pseudomonas solanacearum, Erwinia amylovora, Xanthomonas phaseoli, and X. campestris,
Corynebacterium poinsettiae, C. fascians, C. flaccumfaciens, and C. sepedonicum [68]. Since
then, many other AMPs have been isolated from different plant species. Vilas Boas et al.
identified the AMP kalata B1 (cyclotide) from the leaves of the African plant Oldenlandia
affinis. This peptide showed strong anti-viral activity against human immunodeficiency
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virus (HIV), having the ability to destroy viral particles and prevent their fusion to the host
cell membrane [69]. An antifungal peptide PvD1 (defensin) was successfully purified from
Phaseolus vulgaris seeds and demonstrated inhibitory growth effects against several yeasts
(Candida albicans, C. parapsilosis, C. guilliermondii, C. tropicalis, Saccharomyces cerevisiae, and
Kluyveromyces marxiannus) and fungi (Rhizoctonia solani, Fusarium solani, F. oxysporum, and
F. lateritium) [70]. Next, the AMP snakin-Z was isolated from Ziziphus jujube fruits, showing
a great antifungal and antibacterial potential against Staphylococcus aureus, Escherichia
coli, Bacillus subtili, and Klebsiella pneumoniae [71]. The cyclotides Cycloviolacin O2 and
Cycloviolacin O8 were isolated from Viola odorata [72]. The two compounds demonstrated
strong antibacterial activity against various pathogenic bacteria.

It is noteworthy that some parts of the plant do not require extraction. However,
in some of these cases, the purification and isolation of these peptides can require more
stages [38]. A study conducted by Mandal et al. was able to successfully purify and identify
three AMPs (Cn-AMP1, Cn-AMP2, Cn-AMP3) from coconut water (Cocos nucifera L.) [73].
Immediately following the selection of the material, the authors performed dialysis against
distilled water with acetic acid addition up to pH 2.0. In order to isolate and purify the
AMPs, the resuspended samples were fractionated onto reverse phase chromatography
(HPLC). Moreover, these peptides showed antimicrobial activity against Escherichia coli,
Bacillus subtilis, Pseudomonas aeruginosa, and Staphylococcus aureus.

Over the last decades, many efforts have been made in order to use environmentally
friendly approaches to extract AMPs from natural sources. Despite all efforts, more studies
are needed concerning the development of complete green extraction protocols. Recently,
many methodologies of extraction implemented greener steps involving eco-friendly sol-
vents and materials, as previously described. Certain AMPs have already been obtained
using some of these techniques. For example, Song et al. identified nine novel AMPs
(CHQQEQRP, DENFRKF, EWPEEGQRR, KPPIMPIGKG, KDFPGRR, LGLRSGIILCNV,
PRNFQQQLR, QNLNALQPK, and SQEATSPR) from cottonseed protein by enzymatic
hydrolysis. These peptides demonstrate a successful inhibitory effect against Staphylococcus
aureus, Escherichia coli, Salmonella sp., and Streptococcus sp. [74]. A recent study conducted
by Farhadpour et al. reported the isolation of five vigno cyclotides (vigno 1–5) from Viola
ignobilis by the microwave-assisted extraction method [75]. Further data have shown that
vigno 5 has chemotherapeutic effects on cervical cancer [76].

Over the last three decades, the use of plants and plant cells as system platforms to
produce AMPs, also known as molecular farming, has been extensively studied by the
biopharmaceutical industry in order to increase the accessibility of recombinant peptides
for clinical use [77]. Some of their advantages include a more affordable and rapid process,
feasible large-scale production with high yields, the use of simpler manufacturing proce-
dures that reduce extensive purification, and enhanced growth conditions free from toxic
contaminants and pathogens. In addition, this expression system offers the major benefit of
allowing post-translational modifications to occur, which may be crucial for protein folding
and AMPs biological functions. However, regulatory compliance is still a big disadvantage
that must be overcome [77]. LFchimera, a chimerical antimicrobial peptide, was recombi-
nantly expressed in the hairy roots of Nicotiana tabacum [78]. This peptide exhibited strong
antibacterial activity against Escherichia coli. Lojewska et al. expressed the recombinant
Colicin M peptide in Nicotiana tabacum plants and verified its action against Escherichia coli
and Klebsiella pneumoniae [79]. Another study conducted by Patiño-Rodríguez used the
same tobacco species as previously reported to express the recombinant broad-spectrum
AMP, Protegrin-1 [80]. The authors demonstrated its effectiveness against Klebsiella pneumo-
niae, Staphylococcus aureus, Escherichia coli, Mycobacterium bovis, and the fungal pathogen
Candida albicans.

5.3.2. Algae

The search for new natural sources of AMPs, turned the scientist’s attention to the
marine environment. Throughout evolution, marine organisms have developed a variety
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of bioactive molecules and strategies to defend themselves from prokaryotic and viral
infections [81]. In this context, microalgae and cyanobacteria represent promising resources
of molecules with antimicrobial properties [35]. As a result of their flexible metabolism,
they are able to adapt to a variety of environmental conditions, including highly competi-
tive environments, and respond to different environmental stresses and nutrient sources.
Furthermore, they are exposed to a wide range of predators and microbial pathogens [35].
In response to these stimuli, these microorganisms have developed a wide diversity of
antimicrobial compounds that can serve a broad spectrum of applications in the fields of
biotechnology, medicine, agriculture, and aquaculture [82].

Cyanobacteria, also known as blue-green algae, are an ancient group of photosyn-
thetic microbes with great ecological importance [83]. These organisms exist as single
cells, in pluricellular forms, or as symbiotic partners of other plants and animals [82,83].
Antibacterial peptides isolated from cyanobacteria have been extensively studied and
reviewed in the literature over the last decades [35,84,85]. These peptides can be classified
into six different categories: cyclic peptides (41.6%), lipopeptides (20.8%), cyclic lipopep-
tides (16,6%), cyclic depsipeptides (12.5%), linear (4.2%), and depsipeptides (4.2%) [35].
Zainuddin et al. identified four cyclic undecapeptides named lyngbyazothrins A, B, C, and
D from the freshwater strain Lyngbya sp. as binary mixtures (A/B and C/D). In this study,
the authors showed that lyngbyazothrins C/D had antimicrobial activity against both
Gram-positive (Bacillus subtilis) and Gram-negative (Escherichia coli, Pseudomonas aeruginosa,
Serratia marcesens) bacteria [84]. Montaser et al., isolated pitipeptolides C-F from the marine
cyanobacterium Lyngbya majuscula in Piti Bomb Holes, Guam. This study showed that
pitipeptolides F was the most potent compound in a disc diffusion assay against Mycobac-
terium tuberculosis [86]. The cyclic undecapeptide, Kawaguchipeptin B, was extracted from
the cultured cyanobacterium Microcystis aeruginosa (NIES-88) and exhibited antibacterial
effects against Staphylococcus aureus [87]. Another study conducted by Dussault et al. inves-
tigated the effects of ten cyanobacterial isolates on the growth of foodborne pathogens, and
concluded that several cyanobacterial peptides (laxaphycins A, B and B3) had antibacterial
activity against Gram-positive bacteria [88].

Marine microalgae are unicellular photosynthetic eukaryotic microorganisms that can
be found in a variety of aquatic habitats [89]. In the last few decades, these microorganisms
have been studied in the search for new high-value molecules with antimicrobial activity
that can be used to develop future environmentally friendly antibiotics to combat microbial
antibiotic resistance [35,42,82,89,90]. There are a number of advantages to using marine
microalgae in drug discovery that include the ease of culture (both on small and large
scales), the limited generation time (5–8 h), and the ability to conduct an eco-friendly
approach to drug discovery [42,90]. Enzymatic hydrolysis is the most used extraction tech-
nique to obtain microalgal AMPs [42]. AMPs derived from microalgae extracts have been
predominantly obtained from protein hydrolyzates of different species such as Chlorella
vulgaris, Chlorella ellipsoidea, Tetradesmus obliquus, Navicula incerta, and Nannochloropsis oc-
ulate [89]. Several studies have demonstrated that these bioactive microalgal peptides
can exert several biological functions, including antioxidant, anticancer, antihypertensive,
and antimicrobial properties, with beneficial health effects and potential therapeutic ap-
plications [42,89,90]. Guzmán et al. reported three antibacterial peptides from the marine
microalgae Tetraselmis suecica [89]. In this study, one of the peptides, AQ-1766, which
exhibited high activity against Gram-negative bacteria (E. coli, S. typhimurium, and P. aerugi-
nosa) and Gram-positive bacterial strains (B. cereus, methicillin-resistant S. aureus (MRSA),
L. monocytogenes and M. luteus), was subjected to a lysine replacement of some residues
obtaining six peptides with improved antibacterial activity (AQ-3001, AQ-3002, AQ3369,
AQ-3370, AQ-3371, and AQ-3372).

6. Therapeutic Use of Green AMPs in DFU

AMPs are a promising alternative for infected wounds since they are active against a
wide range of Gram-positive and Gram-negative bacteria. In addition, AMPs can exhibit
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immunomodulatory and angiogenic properties, stimulate cell proliferation and migration,
and accelerate wound healing [2]. Although the AMPs referred above were obtained using
green processes and can be relevant as therapeutic option for DFUs (Table 1), some of their
inherent steps still need to be improved to develop a completely green protocol. Only a few
AMPs are being extracted using more environmentally friendly approaches: Cn-AMPs, SP-
1, KLENCNYAVELGK, Lyngbyazothrins mixture C/D, and Laxaphycin A, B, and B3. This
may be explained by the recent increase in the awareness for the need of more sustainable
and safer processes. AMPs extracted by greener methodologies include the Cn-AMPs: three
antimicrobial peptides extracted from coconut water [73]. The extraction of these AMPs has
been achieved through simple methodologies that did not use toxic solvents. Nevertheless,
reverse phase chromatography (HPLC) was used in their purification stage. In order
to reduce the generation of organic waste and accomplish a complete green extraction
protocol, this technique could be replaced by new promising and eco-friendly approaches
such as MMC, MCSGP, or even SFC [49]. These peptides showed antimicrobial activity
against multiple Gram-positive and Gram-negative bacteria and fungi [73]. Interestingly,
further studies investigated the promiscuity of these peptides and demonstrated that in
addition to their antimicrobial activities, they also present activity against cancerous cells
and immunostimulatory effects [91–93]. The immunostimulatory effect is a very important
property, particularly in diabetes due to the low-grade inflammation, and it is difficult to
have a controlled inflammatory phase of wound healing. This is of utmost importance as it
will dictate the progression of wound closure [94,95].

Another example is SP-1, an AMP extracted by enzymatic hydrolysis from the cyanobac-
teria Spirulina platensis. The peptide KLENCNYAVELGK was successfully extracted from
pepsin hydrolysates derived from Limnospira sp. This peptide showed antibacterial ac-
tivity against Escherichia coli and Staphylococcus aureus [47]. It also presents antioxidant,
anti-hypertensive, anti-diabetes, and anti-obesity activities [45,46]. Most of these peptides
have antioxidant properties which are important to promote cell function in wounds under
diabetic conditions, particularly, cell migration and proliferation, as well as angiogenic
properties [96,97]. Moreover, for a proper wound healing, the overall condition of the
patient is very important. The anti-hypertensive and anti-diabetic properties of the pep-
tides will contribute to the control and improvement of the patient’s general condition,
and consequently better wound healing. In this sense, peptides that improve the general
condition of diabetes could make a better contribution to the treatment of DFUs (Figure 3).
In addition, some peptides such as PvD1, cycloviolacin O2, pitipeptolides C-F, and laxa-
phycins A, B, and B3 have shown to have high cytotoxicity against tumor cells [98–100].
This is an important property since diabetic patients present an elevated risk of developing
different types of cancers [101,102].

Furthermore, the peptides in the Lyngbyazothrins mixture C/D and Laxaphycin
A, B, and B3 obtained by greener methodologies also showed activity against common
pathogens found in chronic DFUs [84,88]. The cyclic undecapeptides Lyngbyazothrins
C/D showed antimicrobial activity against Escherichia coli, Pseudomonas aeruginosa, Ser-
ratia marcesens, and Bacillus subtilis [84]. Cyanobacterial peptides laxaphycins A, B, and
B3 demonstrated antibacterial activity against Listeria monocytogenes, Bacillus cereus, and
Staphylococcus aureus [88].

In addition to the aforementioned peptides, there are others obtained by less eco-
friendly methodologies that present interesting properties concerning DFUs treatment.
A study reported a peptide known as AQ-1766 was extracted from the marine microalgae
Tetraselmis suecica, with high activity against E. coli, P. aeruginosa, MRSA, L. monocytogenes,
and M. luteus) [89]. The fact that this particular AMP possesses high activity against MRSA,
an antibiotic-resistant and prevalent pathogen in infected chronic DFUs, makes them an in-
teresting and therapeutic approach for DFUs. Moreover, further research demonstrated that
the peptide Snakin-Z also exhibited high antioxidant activity in addition to its antimicrobial
properties [103].
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Figure 3. Effects of more environmentally friendly AMPs as potential therapeutic agents in chronic
DFUs. Figure created in Canva.com (accessed on 21 February 2023).

Plants and microalgae have been considered sustainable and attractive sources of
novel AMPs. Nevertheless, many of the extraction and production processes currently in
use still employ hazardous substances [87,88]. The industrial scale-up production of AMPs
is still a significant challenge due to highly expensive chemical methodologies [93].

Similarly, the current synthesis methodologies in use are still not completely green,
in part due to their use of or the creation of toxic by-products. However, efforts are being
made in order to develop more sustainable methodologies. This can be achieved by the
replacement of hazardous substances and techniques by more sustainable options. Thus,
it is imperative that the current synthesis of synthetic AMPs already identified as potential
therapeutic agents for DFUs can be produced using greener techniques.

The potential therapeutic role of most of these peptides for DFU have not yet been
investigated. However, due to their multiple properties, it would be important to further
study the effects of novel greener AMPs as promising therapeutic agents for non-healing
chronic infected wounds.

Table 1. Antimicrobial peptides extracted from sustainable sources as therapeutic options for DFU.

Source AMPs/Sequences Susceptible Species Other Effects Ref.

Plants

Phaseolus vulgaris seeds PvD1

Candida albicans
Candida parapsilosis

Candida guilliermondii
Candida tropicalis

Saccharomyces cerevisiae

Activity against tumor
cells [70,98]

Ziziphus jujuba fruits Snakin-Z

Staphylococcus aureus
Escherichia coli
Bacillus subtili

Klebsiella pneumoniae

Antioxidant activity [71,103]
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Table 1. Cont.

Source AMPs/Sequences Susceptible Species Other Effects Ref.

Viola odorata Cycloviolacin O2

S. enterica serovar
Typhimurium LT2

Escherichia coli
Klebsiella pneumoniae

Pseudomonas aeruginosa

Activity against tumor
cells [72,99]

Cocos nucifera L.
Cn-AMP1
Cn-AMP2
Cn-AMP3

Escherichia coli
Bacillus subtilis

Pseudomonas aeruginosa
Staphylococcus aureus

Activity against tumor
cells

Immunostimulatory
activity

[73]

Cottonseed defatted
protein powder

CHQQEQRP
DENFRKF

EWPEEGQRR
KPPIMPIGKG

KDFPGRR
LGLRSGIILCNV

PRNFQQQLR
QNLNALQPK

SQEATSPR

Staphylococcus aureus
(ATCC27068)

Escherichia coli (ATCC25922)
Steptococcus (CMCC35668)
Salmonella (CMCC50013)

- [74]

Nicotiana tabacum LFchimera Escherichia coli - [78]

Nicotiana tabacum Colicin M Escherichia coli
Klebsiella pneumoniae - [79]

Nicotiana tabacum Protegrin-1

Klebsiella pneumoniae
Staphylococcus aureus

Escherichia coli
Mycobacterium bovis

Candida albicans

- [80]

Microalgae

Spirulina platensis SP-1 Escherichia coli
Staphylococcus aureus

Antioxidant,
antihypertensive,
anti-diabetes, and

anti-obesity

[45,46]

Limnospira maxima KLENCNYAVELGK Escherichia coli
Staphylococcus aureus - [47]

Lyngbya sp. Lyngbyazothrins mixture C/D

Bacillus subtilis
Escherichia coli

Pseudomonas aeruginosa
Serratia marcesens

- [84]

Lyngbya majuscula Pitipeptolides C-F Mycobacterium tuberculosis Activity against tumor
cells [86,100]

Microcystis aeruginosa
(NIES-88) Kawaguchipeptin B Staphylococcus aureus - [87]

Hawaii and Caribbean
collection of cyanobacteria

Laxaphycin A
Listeria monocytogenes

Bacillus cereus
Staphylococcus aureus

Activity against
tumor cells

[88,100]

Laxaphycin B
Listeria monocytogenes

Bacillus cereus
Staphylococcus aureus

Laxaphycin B3 Bacillus cereus

Tetraselmis suecica

AQ-1766
AQ-3001
AQ-3002
AQ3369
AQ-3370
AQ-3371
AQ-3372

Escherichia coli
Salmonella typhimurium
Pseudomonas aeruginosa

Bacillus cereus
Methicillin-resistant S. aureus

(MRSA)
Listeria monocytogenes

- [89]
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7. Conclusions and Future Perspectives

Wound healing is a complex biological process which is impaired under diabetes con-
ditions, often leading to chronic non-healing wound infections. The advances in therapeutic
approaches to diabetic wound care recognizes the potential of AMPs against infectious
pathogens, and also provides other regenerative functions to improve wound healing.
Green AMPs represent a promising alternative to conventional antibiotics and could be the
answer to help fight antimicrobial resistance. Over the last decades, the raising awareness
of climate change and high levels of pollution has increased the consciousness of the need
to protect the environment. In this context, the scientific community has been working on
the development of novel, greener, and more environmentally friendly methodologies for
AMP extraction and synthesis. Plants and microalgae have been considered sustainable,
and attractive sources of novel AMPs. Nevertheless, these green sources still have some
limitations that need to be overcome. This review underlines the need for further research
on new eco-friendly methodologies that allow complete green protocols for AMPs extrac-
tion, purification, and synthesis. Moreover, future research on the potential therapeutic
role of these green peptides for treating non-healing infected wounds may contribute to
the improving the treatment of DFUs.
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Abstract: In many parts of the world, antiseptic agents remain non-indicated in chronic wound care.
In the current context of bacterial resistance to antibiotics and the development of new-generation
antiseptic agents, wound antisepsis represents an asset for the prevention of wound infection. We
aimed to evaluate four common antiseptic agents in chronic wound care complete healing. The
review protocol was based on the Cochrane Handbook for Systematic Reviews of Intervention and
devised in accordance with the Preferred Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) statement guidelines. Five databases and three clinical trials registries were searched from
inception to 30 June 2021 without language restrictions. We included randomised trials evaluating
the efficacy of antiseptic agents in chronic wound care in adults. Interventions considered were
those using antiseptics for cleansing or within a dressing. Risk of bias was assessed using the
bias excel tool provided by the Bristol Academy. Evidence quality was assessed using Grading of
Recommendation Assessment, Development and Evaluation (GRADE) criteria. Of 838 studies, 6
were finally included, with a total of 725 patients. The included studies assessed iodine (cadexomer
or povidone iodine) (n = 3), polyhexanide (n = 2), and octenidine (n = 1). Limited evidence suggested
a better wound healing completion with iodine compared to saline (two randomised controlled trials
(RCT), 195 patients, pooled RR 1.85 (95%CI (1.27 to 2.69)), moderate-quality evidence). There was not
enough evidence to suggest a difference in wound healing using octenidine or polyhexamide. None
of the antiseptic agents influenced adverse event occurrence compared to saline.

Keywords: antiseptic agents; efficiency; iodine; systematic review; wound healing; wound infection

1. Introduction

Chronic wounds are wounds failing to proceed through the normal phases of healing
in an orderly and timely manner. The definition of time without complete or partial
healing differs across countries, ranging from 4 weeks to 3 months [1]. The Wound Healing
Society defines four types of chronic wounds: diabetic foot ulcers (DFU), vascular ulcers
(containing venous and arterial ulcers), and pressure ulcers (PU) [2].

Infection is a common complication of chronic wounds. Historically, the research
on wound infection control and improvement was focused on reducing the “pathogen
burden”. However, quantitative consideration of microbial load is insufficient for assessing
wound improvement or wound risk of infection [3,4]. Microorganisms in a chronic wound
are co-aggregated together within a protective extracellular matrix, constituting a biofilm.
This biofilm conformation induces a dramatically increased tolerance to host immune
defences and a greater resistance to antimicrobials [5]. Biofilm delays wound healing by
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inducing an ineffective host inflammatory response and damaging host tissues [6]. For
this reason, a management of the biofilm is more relevant for the treatment of chronic
wound [7]. In 2011, Dissemond et al. classified wounds into four categories, depending on
wound bed clinical and microbiological situation: (1) contaminated or colonised wounds
without risk of infection; (2) colonised wounds at risk (WAR) or critically colonised wounds;
(3) wounds with local infection; and (4) systemic infections and infected wounds. The
authors suggested the use of antiseptic agents for wounds from the second category
alongside other treatments [8].

Chronic wound care commences with wound bed preparation via (i) wound cleansing
to create a wet or moist environment, favourable to healing. (ii) Wound debridement via
removal of devitalised, contaminated tissue from within or adjacent to a wound, until
surrounding healthy tissue is exposed [9,10]. Debridement can be mechanical (sharp de-
bridement, surgical), enzymatical, or bio-surgical (e.g., maggot therapy) [11–15]. Negative
pressure wound therapy has also been used for bacterial decontamination and wound bed
preparation [16]. (iii) Application of a suitable dressing, according to the type of wound.
(iv) Antibiotic treatment, exclusively for infected wounds. Other therapies are beneficial to
specific wounds: compression therapy is required for venous leg ulcers (VLU) [17]; arterial
revascularisation, offloading foot ulcers, and diabetes control are essential in DFU [18,19];
and skin assessment and care, offloading and pressure redistribution, dressings [19,20],
and structured educational program are useful for all types of chronic wounds.

In some countries, tap water or saline remain the only recommended agents for wound
cleansing. Antisepsis is a common, yet controversial, wound cleansing method. Some stud-
ies consider debridement alone insufficient to reduce the biofilm that delays wound healing
and suggest antiseptics to delay biofilm reformation and reduce the risk of infection [7,20].
Antiseptic agents may complement the debridement process and control infection.

The primary mode of action of antiseptics can be pharmacological, metabolic, and/or
immunological [21]. For the purpose of this review, antiseptic agents are defined as
medication that can prevent the growth or destroy microorganisms in or on a living
tissue. Following this definition of medication, antiseptic agents must pass through a
drug authorisation procedure with a medicine agency [22]. The main antiseptic agents
used in chronic wound care are halogenated compounds, alcohol-based agents, biguanides
(e.g., polyhexanide also called polyhexamethylenebiguanide or PHMB, chlorhexidine), and
quaternary ammoniums (e.g., octenidine). Halogenated compounds include subfamilies
such as the iodine/iodophor agents (e.g., povidone iodine, cadexomer iodine) and chlorous
agents (hypochlorite, hypochlorous acid) [21,22]. Alternative therapeutics (e.g., honey,
silver), while been antimicrobial agents are not antiseptic agents as they did not go through
an authorisation procedure for this purpose [23]. They therefore are not part of the antiseptic
agents’ classification. International guidelines recommend against the routine use of topical
antiseptics to manage infected chronic wounds [24–27].

The emergence and diffusion of multidrug resistant bacteria and a better formulation
of antiseptics with less side effects has renewed consideration of antisepsis. No resistance
or adaptation has yet been observed in antiseptic agents with unspecific effects such as
iodine agents, polyhexanide, octenidine, or oxidising agents (e.g., hypochlorous acid) [21].
In countries where antiseptic agents are a part of chronic wound care management protocol,
there is no consensus on the best antiseptic agents for chronic wound care. Our study
aimed to assess the evidence of four common antiseptic agents on chronic wound healing.

2. Results

2.1. Characteristics of the Included Studies

We identified 838 studies including 61 registered clinical trials through database
searching and 31 through manual searching. Of these studies, 149 duplicates were removed,
and a further 613 studies were excluded by title or abstract. Three studies could not be
retrieved and they were withdrawn from the database. We fully screened 73 studies, leaving
6 studies eligible for inclusion (Figure 1) [28–33]. A total of 17 studies were excluded after
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full screening: 23 studies met a population exclusion criterion (10 studies were not clinical
trials and 13 studies included non-chronic or infected wounds); 21 out of 23 were identified
through databases and registers searching and the last 2 were identified via other methods.
A total of 18 studies met an intervention exclusion criterion (non-antiseptic agents or
unbalanced methodology; 16 were identified by databases or register searching and the last
2 by other methods). Nine studies met a comparison exclusion criterion (no control group),
11 studies were uncompleted or prematurely ended, and six studies were ongoing. The six
included studies were published from 1989 to 2020 and included 725 patients [28–33]. No
unpublished studies were included.

Figure 1. Study flow diagram.

The included studies are listed in Table S1. No studies assessing chlorous agents met
our eligibility criteria. Saline was the comparator in all studies. None of the studies com-
pared two or more antiseptic agents. Three studies evaluated the efficacy of iodine (cadex-
omer iodine or polyvidone iodine) [28,31,32], two studies evaluated polyhexanide [30,33],
and one last study evaluated octenidine [29]. Five studies had two comparative groups of
patients, and one had three comparative groups [32]. All studies were multicentre, taking
place in 55 centres, both inpatient and outpatient settings across South Korea, India, France,
Hungary, the UK, the USA, Germany, Canada, and Italy. Different types of chronic wounds
were studied: one including DFU only [28]; one including VLU only [29]; two including PU
only [30,31]; one including DFU, VLU, and PU [32]; and the last including chronic wounds
without precision of the type of the wound [33]. The minimum duration used to define
chronic wounds ranged from 4 weeks [28,29] to 3 months [31], although others did not state
the definition, but gave the mean duration of the wounds [32], or merely described wounds
as “chronic” [33], or only gave the duration of the comorbidity [30]. Study duration ranged
from 4 weeks [30,33] to 24 weeks [31].

The seven domains of risk of bias were assessed following the Cochrane recommen-
dation of 2011 [34] and are presented in Table S2. The most common source of bias was
outcome assessment blinding (see Table S2). The Risk of Bias tool (2019) released by the
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Cochrane collaboration was also used for the risk of bias assessment and presented in
Table S3. The overall risk of bias among included studies was rated with some concerns for
five studies [28–30,32,33] and high for one [31] (Table S3). A plot of the percentage of risk of
bias assessments per domain is presented in Figure S1, as recommended by the Cochrane
collaboration tool for risk of bias assessment in randomised trials (2019 version).

Three studies reported the primary outcome (wound healing) as the proportion of
patients with complete wound healing at 4 and 8 weeks [29], at 12 weeks [32], and as
healing time from wound size [29]. All studies assessed wound healing rate as wound size
reduction by planimetry measurement. Three studies assessed pain as a secondary outcome
with various pain scales (e.g., verbal rating scales, visual analogue scales) [30,31,33]. Two
studies evaluated bacterial bioburden reduction [31,33]. Four studies reported adverse
events (AEs) [28,29,31,32]. No AEs were noted in the last two studies [30,33]. Table 1 reports
the summary of findings for the primary outcome and Table S4 the different outcomes
reported among the studies.

2.2. Iodine vs. Saline (3 Randomised Controlled Trials (RCT), 260 Patients)

Three studies, with a total of 260 patients, compared iodine to saline [28,31,32]. In
1984, Holloway et al. studied the efficacy of cadexomer iodine in 3 months venous stasis
ulcers over 24 weeks [31]. The study was rated at high risk of bias. In 2018, Raju et al. also
studied the efficacy of cadexomer iodine in the treatment of various 1 month chronic ulcers
over 12 weeks [32]. In 2019, Gwak et al. studied the efficacy of an 8 weeks treatment of
povidone iodine in patients with DFU with a mean duration of 7 weeks [28]. The risk of
bias was unclear for these studies.

Two studies assessed the primary outcome as the proportion of patients with complete
wound healing (Table S1) [28,32]. Gwak et al. observed no significant difference in the two
groups at 8 weeks (44.4% vs. 44.1%; p = 0.978) [28], whereas Raju et al. found a significant
complete wound healing for patients treated with two different formulations of cadexomer
iodine compared to saline at 12 weeks (61.9% vs. 20%; p < 0.001) [32]. The pooled data
showed that iodine has a higher percentage of patients achieving complete wound healing
(RR 1.85 (95%CI (1.27 to 2.69), n = 2 studies, moderate quality evidence) (Table 2). In the
last study, the endpoint was the time to complete healing (Table S1) [31]. The authors found
no significant difference between the two groups (31.0 days ± 14.1 for povidone iodine vs.
33.3 ± 12.6 for saline; p = 6.54).
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Among the three studies, two reported the healing rate (Table 2) [31,32]. Raju et al. pre-
sented the healing rate as reduction percentage in ulcer size from baseline to 12 weeks. They
observed a significant reduction on wounds treated with both formulations of iodine (94.3%
and 90.4%) compared to saline (67.8%) (p < 0.001) [32]. Holloway et al. defined the healing
rate as the ulcer size reduction per week per baseline size. They noted no significant differ-
ence between patients treated with cadexomer iodine versus saline (0.04 cm2/week/cm2

±0.01 vs. 0.03 ± 0.01, respectively; p = 0.079) [31]. Finally, Gwak et al. reported three
indirect markers of healing rate: the percentage rate of change of wound length, width, and
area [28]. They found no difference between the two treatments. The heterogeneity of the
data prevented pooling. The quality of the evidence was very low.

Pain was only evaluated in one study [31]. No statistical difference was observed
between the two treatments (cadexomer iodine versus saline) (p = 0.96) (Table 2). The
quality of the evidence was low.

Finally, no studies evaluated the bacterial bioburden.
All three studies reported AEs [28,31,32]. The pooled data showed no significant

difference between AE incidence in the iodine group compared to the saline group (RR 1.44
(95%CI (0.77 to 2.68), n = 3 studies, moderate quality evidence) (Table 2).

2.3. Polyhexanide Compared to Saline (2 RCT, 334 Patients)

Two studies, with a total of 334 patients, compared polyhexanide to saline [30,33],
both with unclear risk of bias. In 2011, Sibbald et al. studied the efficacy of polyhexanide
solution in patients with chronic wounds over 4 weeks [33]. In 2016, Bellingeri et al. studied
the efficacy of polyhexanide solution in patients with PUs or mixed aetiologies of chronic
ulcers, over 4 weeks [30]. Neither study reported wound healing, and thus the primary
outcome could not be evaluated.

The healing rate is described in Table 3 [30,33]. Bellingeri et al. evaluated healing
rate as wound improvement on the 13 item BWAT scale (Bates Jensen Wound Assessment
Tool) [30]. They observed a significantly improved healing rate in the polyhexanide group
(p = 0.072), and a significantly better score at 4 weeks compared to the first week in the
experimental group (p = 0.025). Sibbald et al. calculated the percentage decrease of the
wound surface area by planimetry measurement and comparison [33]. They noted no sig-
nificant difference between the median reduction of the wound surface in the polyhexanide
group versus the saline group (35% vs. 28%; p = 0.85). Due to the heterogeneity of the
measurement tools, we could not pool the data. The quality of the evidence was low.
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Table 3. Summary of findings table with comparison between polyhexanide and saline solution in
chronic wound care.

Comparison Two: Polyhexanide Compared to Saline for Chronic Wound Care

Patient or Population: Chronic Wound Care
Intervention: Polyhexanide

Comparison: Saline

Outcomes

Anticipated Absolute Effects * (95% CI)
Relative Effect

(95% CI)
№ of Participants

(Studies)

Certainty of the
Evidence
(GRADE)Risk with Saline

Risk with
Polyhexanide

Wound healing
follow-up: mean

4 weeks
Not measured

Not reported (0 studies) -

Adverse events
assessed with:

report follow-up:
mean 4 days

12 per 1000 2 per 1000
(0 to 50)

RR 0.2024
(0.0098 to 4.1813)

334
(2 RCTs)

⊕⊕��
LOW a,b

Healing rate
assessed with:

planimetry
follow-up: median

4 weeks

Bellingeri et al. [30] found a significantly
better progression of wounds in the

polyhexanide group (p = 0.0025) using
the BWAT wound assessment scale.

Sibbald et al. [33] found no significant
difference (p = 0.85) between the two
groups by comparing wound surface

reduction (35% vs. 28%).

334
(2 RCTs)

⊕⊕��
LOW a,b

Pain assessment
assessed with: Pain

scales follow-up:
mean 4 weeks

Bellingeri et al. [30] found similar pain
scores with no significant difference in
the two groups (average score = 3 with

minimal or no change during follow up).
Sibbald et al. [33] reported significant

pain reduction in the polyhexanide group
compared to the saline control group

(73.1% vs. 38.1%; p = 0.02).

(2 RCTs) ⊕⊕��
LOW a,b

GRADE Working Group grades of evidence
⊕⊕⊕⊕ High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
⊕⊕⊕ Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of
the effect, but there is a possibility that it is substantially different.
⊕⊕ Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate
of the effect.
⊕ Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from
the estimate of effect.

* The risk in the intervention group (and 95% confidence interval) is based on the assumed risk in the comparison
group and the relative effect of the intervention (and 95% CI). CI: confidence interval; RR: risk ratio; RCT:
randomised controlled trial. (a) Two studies with different results. (b) Very few participants in one study.

Concerning pain, Bellingeri et al. observed no significant difference between groups [30],
whereas Sibbald et al. reported a significant pain reduction in the polyhexanide group
compared to the saline group (73.1% vs. 38.1%, p = 0.02) [33]. We graded the quality of the
evidence low.

Finally, Sibbald et al. assessed the reduction of the bacterial bioburden [33]. They
noted polymicrobial microorganisms in 5.3% of the polyhexanide group wounds versus
33% in the control group (p = 0.016).

Bellingeri et al. reported no AEs in either group [30], but Sibbald et al. recorded two
AEs as infection in the saline control group [33]. The pooled data showed a significant
difference between the incidence of AEs in the polyhexanide group compared to the saline
group (RR 0.2 (95%CI (0.01 to 4.18), n = 2 studies, low-quality evidence) (Table 3).
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2.4. Octenidine Compared to Saline (1 RCT, 126 Patients)

One study, with 126 patients, compared octenidine to saline [29]. Vanscheidt et al.
assessed the efficacy of octenidine in patients with locally infected chronic VLU that was at
least 1 month old and who had had no previous or concomitant drug therapy for 12 weeks.
Their study was categorised at unclear risk of bias.

Wound healing was assessed as time to complete wound closure and the proportion of
patients with complete wound closure (Table S1). The time to complete wound healing was
not significantly different between the groups (92 days for octenidine vs. 87 days for saline;
p = 0.952) (Table 4). Accordingly, the proportion of patients with complete wound healing
was similar (30.6% vs. 32%; p = 0.882). Interestingly, Vanscheidt et al. reported a significant
proportion of healing for patients with ulcers larger than 6 cm2 and older than 6 months in
the octenidine group versus the saline group (33.3% vs. 0%, respectively p=0.022) [29]. We
graded the quality of the evidence as high.

Table 4. Summary of findings table with comparison between octenidine and saline solution in
chronic wound care.

Comparison Three: Octenidine Compared to Saline for Chronic Wound Care

Patient or Population: Chronic Wound Care
Intervention: Octenidine

Comparison: Saline

Outcomes

Anticipated Absolute Effects * (95% CI)
Relative Effect

(95% CI)
№ of Participants

(Studies)

Certainty of the
Evidence
(GRADE)Risk with Saline

Risk with
Octenidine

Wound healing
assessed with:
Proportion of
patients with

complete wound
healing follow-up:

mean 12 weeks

242 per 1000 250 per 1000
(136 to 461)

RR 1.0313
(0.5595 to 1.9009)

126
(1 RCT)

⊕⊕⊕⊕
HIGH

Adverse events
assessed with: AE
report follow-up:
mean 12 weeks

317 per 1000 178 per 1000
(90 to 351)

RR 0.5614
(0.2844 to 1.1081)

120
(1 RCT)

⊕⊕⊕⊕
HIGH

Healing rate
assessed with:

planimetry
follow-up: mean

12 weeks

No difference in the healing rate of the
patients in the octenidine group,

compared to patients in the saline group
(37.9% vs. 40.3%; p = 0.769) [29].

(1 RCT) ⊕⊕⊕⊕
HIGH

Pain
assessment—not

measured
Not reported - -

GRADE Working Group grades of evidence
⊕⊕⊕⊕ High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
⊕⊕⊕ Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of
the effect, but there is a possibility that it is substantially different.
⊕⊕ Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate
of the effect.
⊕ Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from
the estimate of effect.

* The risk in the intervention group (and 95% confidence interval) is based on the assumed risk in the comparison
group and the relative effect of the intervention (and 95% CI). CI: confidence interval; RR: risk ratio; RCT:
randomised controlled trial.
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No difference in the healing rate was noted in the octenidine group compared to the
saline group (37.9% vs. 40.3%, p = 0.769). The octenidine group achieved better results from
5 weeks. We graded the quality of the evidence high.

The study did not assess pain or bacterial bioburden.
AEs were reported in 10 patients in the octenidine group and 19 patients in the saline

group, without significant difference between the groups [29]. We graded the quality of the
evidence high.

3. Discussion

We reviewed the RCT evidence for the use of antiseptic agents in chronic wound
care in adult patients. Although saline is the main recommended product used in chronic
wound cleansing, numerous clinical studies described the benefit of antiseptic agents in
this situation [7,17,21,35–37]. A limited number of studies are available on the efficacy of
antiseptic agents on chronic wound healing. More limited studies are available on the
efficacy of antiseptics on pain. The trials are small, clinically heterogeneous, without clearly
defined outcomes, and at high or unclear risk of bias. Of the 838 RCT identified, only
6 studies were included, representing a total of 725 patients.

Our review established a better wound healing with iodine compared to saline (2 RCT,
195 patients, RR 1.85 (1.27 to 2.69)), although the quality of the evidence was moderate. In
contrast, no statistical efficacy of octenidine on healing rate (compared to saline) was seen
with a high-quality evidence grade (1 RCT, 126 patients RR 1.03 (0.56 to 1.90)). Interestingly,
none of the antiseptic agents influenced AE occurrence compared to saline. Notably, over
half of the clinical trials have never been published. Most studies had unclear risk of bias,
as previously described [38,39].

Of the 838 studies, most of them did not evaluate clinical signs of infection, and mainly
focused on bacterial load reduction, a measure long deemed unsuitable [2–4]. Furthermore,
the six included studies ignored the effect of biofilm in delaying the healing process.
Of the two studies assessing microbiological impact on infection, none assessed biofilm
reduction [30,31,33]. For future research, we suggest the use of dynamic models mimicking
the wound environment instead of the traditional quantitative microbial load in in vitro
studies [40]. This includes non-static models and the consideration of multispecies biofilm
reduction over a clinically relevant time (>1 month).

Although most guidelines recommend against the use of antiseptic agents [2,4,25,27],
a recent consensus suggested using hypochlorite and polyhexanide in chronic wound
care [21]. We found no study demonstrating a significant effect of hypochlorite on the
healing of chronic wounds. We could not assess the efficacy of polyhexanide due to the
heterogeneity of outcomes between studies. However, this consensus included other types
of non-healing wounds such as post-surgical or burn wounds and made no distinction
between WAR score categories (colonised and infected wounds). Finally, it also included
non-randomised trials, which provide lower evidence than RCTs and different systematic
bias are encountered [41]. The main limitation of this guideline is the extrapolation of rec-
ommendations from various studied wounds to specific chronic wound care. Another key
problem is the attribution of effect to antiseptic agents when antibiotics were systematically
used in case of infected wounds.

Following the diverse interpretations of study results in recommendations, future
investigations in primary research must focus on value to patients and healthcare pro-
fessionals, particularly treatment choice. The design of future trials should be driven by
high-priority questions. Moreover, good practice guidelines must be followed at each step
(e.g., design, implementation, reporting). Assessment of complete wound healing instead
of wound healing rate would be more relevant, and time to complete wound healing should
be reported as the main endpoint. Future research should be controlled at least against
saline, and preferably with another or multiple other antiseptic agents. Another fruitful
area of research would be the impact of antiseptic agents according to wound size. Two of
our included studies on two different antiseptic agents reported increased healing rate for
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wounds larger than 6 cm2 versus smaller wounds [29,31]. Further good quality evidence
studies may aid decision making about the use of topical antiseptics in the management of
chronic wounds.

The main limitation of this review was the great heterogeneity in study designs,
methodologies, and outcomes. Overall, the six studies included in this review were too
heterogeneous for pooling. We could not compare the four antiseptic agents with one
another. Sensitivity analysis could not be performed due to the low number of results nor
could subgroup analysis by age or type of chronic wound.

Despite its limitations, this review assesses the quality of the available data on the
four selected antiseptic agents on chronic wound healing, using a well-known and robust
methodology. It focuses the topic on chronic wound, reducing the bias of specific cares
required for the other types of wounds.

The relative effects of topical antiseptic treatment on chronic wounds are unclear.
There is insufficient evidence to determine the superiority of one antiseptic agent over the
others. We could not assess the effect of hypochlorous agents on chronic wound healing.
Moderate evidence suggests an improvement of wound healing with iodine compared to
saline. Currently, there is not enough evidence to recommend one antiseptic agent over
another in this clinical situation.

4. Materials and Methods

4.1. Selection Criteria and Search Strategy

The study is registered at PROSPERO (CRD42020213494).
The review protocol was based on the Cochrane Handbook for Systematic Reviews

of Intervention (version 6.2) [42] and devised in accordance with the Preferred Reporting
Items for Systematic Review and Meta-Analyses (PRISMA) statement guidelines [43]. A
meta-analysis was initially planned. Due to heterogeneity in included studies, a systematic
review with a summary of effect estimates was performed.

Published and unpublished RCT were eligible. Two reviewers (K.B.B., J.O.) indepen-
dently screened titles and abstracts to determine eligibility and assessed the full text of
retained articles. Disagreements were solved by discussion or arbitration by three indepen-
dent reviewers (A.S., P.L., J.P.L.). Exclusion reasons were recorded. This study followed
this PICO strategy:

1. Population: Our population was adult patients (≥18 years) with chronic wounds as
previously defined [2]. We included studies from primary, secondary, and tertiary
clinical settings. We included different types of chronic wounds (leg ulcer, DFU, PU,
eschar). We excluded studies containing patients with wounds requiring specific care
(acute wounds, burn wounds, systemic infected wound, postsurgical wounds).

2. Interventions of interest were those including antiseptics as cleansing method or
within a dressing with at least weekly application.

3. Comparative regimens included saline solution or another antiseptic. We anticipated
that interventions would consist of povidone-iodine, hypochlorite or hypochlorous
acid, iodine, polyhexanide, and octenidine in the form of creams, ointments, powders,
sprays, or impregnated into dressings. We included intervention schedules applying
concurrent therapies (e.g., negative pressure wound therapy) if the therapy was
common across study arms. We excluded (i) interventions where the antiseptic agent
was not the only systematic difference between treatment groups; (ii) physical and
biological therapies with antimicrobial properties, such as heat or larval therapy;
(iii) studies evaluating topical antiseptics in prevention of chronical wounds or those
using antiseptics as preparation for surgical treatment of ulcers; (iv) studies evaluating
non-recommended antiseptics in chronic wound care and those evaluating antiseptic
agents alongside antibiotic agents.

4. Outcome: The primary outcome was wound healing, evaluated as the proportion
of patients with complete healing during follow-up and/or the time to complete
wound healing (analysed using survival, time-to-event approaches). An adjustment
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for relevant covariates such as baseline wound area or duration were ideally used
to evaluate the outcome. The secondary outcomes were healing rate (described as
changes or rate of change in wound size, with adjustment for baseline size); mean
pain scores; bacterial bioburden reduction; and AEs, including infection.

We searched PubMed (NLM database), MEDLINE (OvidSP), Web of Science (Thomson
Reuters), Google Scholar, and Cochrane library databases, as well as 3 clinical trial registries
(ClinicalTrials.gov (www.clinicaltrials.gov, accessed on 17 January 2022)), EU Clinical
Trials Register (https://www.clinicaltrialsregister.eu, accessed on 17 January 2022), and
World Health Organisation (WHO) International Clinical Trial Registry Platform (https:
//apps.who.int/trialsearch/, accessed on 17 January 2022) up to 30 June 2021 without
restrictions for language, study status, date of publication, or country, using a MeSH terms
string chain (Figure 1). Furthermore, we searched the reference lists of reviewed studies for
relevant studies. The search strategy for all databases is presented in Appendix A.1.

4.2. Data Collection and Analysis

One reviewer (K.B.B.) performed data extraction and quality assessment for the in-
cluded studies, validated by a second author (J.O.). Disagreements were resolved by
arbitration by three independent review authors (A.S., P.L., J.P.L.). We contacted study
authors for additional data if necessary. We performed data extraction using a standard-
ised sheet, as recommended by the Cochrane Collaboration’s handbook for systematic
review (trial authors, year of publication, patient population characteristics, duration of
follow-up, trial design, measured outcomes, including assessment methods, objectives,
results, country where trials were performed, number of participants randomly assigned
to each treatment group, clinical setting, detail of interventions in each group, details of
comparators in each group, source of funding, number of withdrawals, outcomes). Data
are presented in Table S2.

4.3. Risk of Bias and Certainty of the Evidence

Two reviewers (K.B.B., J.O.) independently assessed the risk of bias of eligible studies;
any disagreements were resolved by arbitration by three independent review authors (A.S.,
P.L., J.P.L.). Risk of bias was assessed using the bias excel tool (RoB 2 checklist, 2019) [44]
as recommended by the Cochrane Handbook for Systematic Reviews of Intervention
(version 6.2) [42]. The overall bias risk was rated as low, moderate, high, or unclear (also
some concerns). The 7 domains of bias were also assessed for each trial, following the
recommendation of the Cochrane collaboration, 2011 [34].

The overall quality of evidence of included studies was assessed using Grading of
Recommendations Assessment, Development and Evaluation (GRADE) as recommended
by the Cochrane Handbook for Systematic Reviews of Intervention (version 6.2) [44]. Sum-
mary tables for each antiseptic were produced with GRADEPro software considering five
outcomes: complete wound healing (healing rate or proportion of patients with complete
wound healing), rate of change in wound size, pain assessment, bacterial bioburden reduc-
tion, and AEs. We calculated the risk ratio (RR) for dichotomous outcomes (wound healing,
AEs, infection) with 95% confidence interval (CI).

4.4. Role of the Funding Source

There was no funding source for this study.

5. Conclusions

Iodine compounds showed a better effect on chronic wound healing compared to
saline. Octenidine and polyhexanide did not show any difference in this healing compared
to saline. Currently, there is not enough evidence to recommend one antiseptic over another
in this clinical situation. Future clinical trials assessing antiseptic agents in chronic wounds
management should pay attention to include several antiseptic agents in their trial for
comparison, respecting the double-blind trial and with a well-defined study population.
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They should establish the main efficiency criteria as complete wound healing and not only
wound size reduction. A sub-group analysis based on the size of the wound would be
relevant to the matter. Finally, following good practice guidelines is mandatory in every
step of trials in order to avoid the numerous biases found in the assessed studies.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antibiotics11030350/s1, Figure S1: Plot of the percentage of risk
of bias assessments at each level of risk of bias per domain. Table S1: Summary of the included studies.
Table S2: Risk of bias assessment among included studies. Table S3: Review authors’ judgements
about each risk of bias item for each included study. Table S4: Different outcomes reported among
the studies.
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Appendix A Appendix

Appendix A.1 Medline and Cochrane Library Search

Our search strategy basis was to focus on the four main antiseptic agents recom-
mended or used in practice: chlorous compounds, octenidine, iodophor compounds, and
polyhexanide. Four different searches were conducted then combined:

• (((((chronic wound) OR diabetic foot) OR leg ulcer) OR pressure ulcer) OR eschar)
AND (((iodine) OR povidone iodine OR betadine) OR cadexomer iodine).

• (((((chronic wound) OR diabetic foot) OR leg ulcer) OR pressure ulcer) OR eschar)
AND ((((hypochlorite) OR hypochlorous) OR Dakin) OR Javel).

• (((((chronic wound) OR diabetic foot) OR leg ulcer) OR pressure ulcer) OR eschar)
AND ((((PHMB) OR polyhexanide) OR Polyhexamethylene biguanide) OR Polyhex-
amethylene).

• (((((chronic wound) OR diabetic foot) OR leg ulcer) OR pressure ulcer) OR eschar)
AND (Octenidine).
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22. Babalska, Z.Ł.; Korbecka-Paczkowska, M.; Karpiński, T.M. Wound Antiseptics and European Guidelines for Antiseptic Applica-

tion in Wound Treatment. Pharmaceuticals 2021, 14, 1253. [CrossRef] [PubMed]
23. Pouget, C.; Dunyach-Remy, C.; Pantel, A.; Boutet-Dubois, A.; Schuldiner, S.; Sotto, A.; Lavigne, J.P.; Loubet, P. Alternative

approaches for the management of diabetic foot ulcers. Front. Microbiol. 2021, 12, 747618. [CrossRef] [PubMed]
24. Rayman, G.; Vas, P.; Dhatariya, K.; Driver, V.; Hartemann, A.; Londahl, M.; Piagessi, A.; Apelqvist, J.; Attinger, C.; Game, F.

International Working Group on the Diabetic Foot (IWGDF). Guidelines on use of interventions to enhance healing of chronic
foot ulcers in diabetes (IWGDF 2019 update). Diabetes Metab. Res. Rev. 2020, 36, e3283. [CrossRef]

25. Norman, G.; Dumville, J.C.; Moore, Z.E.H.; Tanner, J.; Christie, J.; Goto, S. Antibiotics and antiseptics for pressure ulcers. Cochrane
Database Syst. Rev. 2016, 4, CD011586. [CrossRef]

26. Dogra, S.; Sarangal, R. Summary of recommendations for leg ulcers. Indian Dermatol. Online J. 2014, 5, 400–407. [CrossRef]
27. Lipsky, B.A.; Senneville, E.; Abbas, Z.G.; Aragón-Sánchez, J.; Diggle, M.; Embil, J.M.; Kono, S.; Lavery, L.A.; Malone, M.; van

Asten, S.A.; et al. International Working Group on the Diabetic Foot (IWGDF). Guidelines on the diagnostic and treatment of foot
infection in persons with diabetes (IWGDF 2019 update). Diabetes Metab. Res. Rev. 2020, 36, e3280. [CrossRef]

28. Gwak, H.C.; Han, S.H.; Lee, J.; Park, S.; Sung, K.S.; Kim, H.J.; Chun, D.; Lee, K.; Ahn, J.H.; Kwak, K.; et al. Efficacy of a
povidone-iodine foam dressing (Betafoam) on diabetic foot ulcer. Int. Wound J. 2020, 17, 91–99. [CrossRef]

29. Vanscheidt, W.; Harding, K.; Téot, L.; Siebert, J. Effectiveness and tissue compatibility of a 12-week treatment of chronic venous
leg ulcers with an octenidine based antiseptic—A randomized, double-blind controlled study. Int. Wound J. 2012, 9, 316–323.
[CrossRef]

30. Bellingeri, A.; Falciani, F.; Traspedini, P.; Moscatelli, A.; Russo, A.; Tino, G.; Chiari, P.; Peghetti, A. Effect of a wound cleansing
solution on wound bed preparation and inflammation in chronic wounds: A single-blind RCT. J. Wound Care 2016, 25, 160–168.
[CrossRef]

31. Holloway, G.A.; Johansen, K.H.; Barnes, R.W.; Pierce, G.E. Multicenter trial of cadexomer iodine to treat venous stasis ulcer. West
J. Med. 1989, 151, 35–38. [PubMed]

32. Raju, R.; Kethavath, S.N.; Sangavarapu, S.M.; Kanjarla, P. Efficacy of cadexomer iodine in the treatment of chronic ulcers: A
randomized, multicenter, controlled trial. Wounds 2019, 31, 85–90. [PubMed]

33. Sibbald, R.G.; Coutts, P.; Woo, K.Y. Reduction of bacterial burden and pain in chronic wounds using a new polyhexamethylene
biguanide antimicrobial foam dressing-clinical trial results. Adv. Skin Wound Care 2011, 24, 78–84. [CrossRef] [PubMed]

210



Antibiotics 2022, 11, 350

34. Higgins, J.P.T.; Altman, D.G.; Gøtzsche, P.C.; Jüni, P.; Moher, D.; Oxman, A.D.; Savonic, J.; Schulz, K.F.; Weeks, L.; Sterne, J.A.C.
Cochrane Bias Methods Group; Cochrane Statistical Methods Group. The Cochrane Collaboration’s tool for assessing risk of bias
in randomised trials. BMJ 2011, 343, d5928. [CrossRef]

35. O’Meara, S.M.; Cullum, N.A.; Majid, M.; Sheldon, T.A. Systematic review of antimicrobial agents used for chronic wounds. Br. J.
Surg. 2001, 88, 4–21. [CrossRef]

36. Hämmerle, G.; Strohal, R. Efficacy and cost-effectiveness of octenidine wound gel in the treatment of chronic venous leg ulcers in
comparison to modern wound dressings. Int. Wound J. 2016, 13, 182–188. [CrossRef]

37. To, E.; Dyck, R.; Gerber, S.; Kadavil, S.; Woo, K.Y. The effectiveness of topical polyhexamethylene biguanide (PHMB) agents for
the treatment of chronic wounds: A systematic review. Surg. Technol. Int. 2016, 29, 45–51.

38. Dwan, K.; Altman, D.G.; Arnaiz, J.A.; Bloom, J.; Chan, A.W.; Cronin, E.; Decullier, E.; Easterbrook, P.J.; Von Elm, E.; Gamble, C.;
et al. Systematic review of the empirical evidence of study publication bias and outcome reporting bias. PLoS One 2008, 3, e3081.
[CrossRef]

39. Chan, A.W.; Hróbjartsson, A.; Haahr, M.T.; Gøtzsche, P.C.; Altman, D.G. Empirical evidence for selective reporting of outcomes in
randomized trials: Comparison of protocols to published articles. JAMA 2004, 291, 2457–2465. [CrossRef]

40. Bahamondez-Canas, T.F.; Heersema, L.A.; Smyth, H.D.C. Current status of in vitro models and assays for susceptibility testing
for wound biofilm infections. Biomedicines 2019, 7, 34. [CrossRef]

41. Schmidt, W.P. Randomised and non-randomised studies to estimate the effect of community-level public health interventions:
Definitions and methodological considerations. Emerg. Themes Epidemiol. 2017, 14, 9. [CrossRef] [PubMed]

42. Higgings, J.P.T.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, W.J.; Welch, V.A. Cochrane Handbook for Systematic Reviews
of Interventions Version 6.2 (Updated February 2021). Cochrane. 2021. Available online: www.training.cochrane.org/handbook
(accessed on 17 January 2022).

43. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. Int. J. Surg. 2010, 8, 336–341. [CrossRef] [PubMed]
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