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Abstract: Antimicrobial compounds of natural origin are of interest because of the large number
of reports regarding the harmfulness of food preservatives. These natural products can be derived
from plants, animal sources, microorganisms, algae, or mushrooms. The aim of this review is to
consider known antimicrobials of natural origin and the mechanisms of their action, antimicrobial
photodynamic technology, and ultrasound for disinfection. Plant extracts and their active compounds,
chitosan and chitosan oligosaccharide, bioactive peptides, and essential oils are highly potent preser-
vatives. It has been experimentally proven that they possess strong antibacterial capabilities against
bacteria, yeast, and fungi, indicating the possibility of their use in the future to create preservatives
for the pharmaceutical, agricultural, and food industries.
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1. Introduction

Losses of food products (approximately 1.3 billion tons every year) occur because
of decay and spoilage worldwide [1]. This problem requires increased attention not only
because of the loss of valuable products but also because these losses harm the environ-
ment [2]. Clostridium botulinum, Bacillus cereus, Staphylococcus aureus, Salmonella, Campylobac-
ter, Escherichia coli, Listeria monocytogenes, Vibrio cholerae, and other pathogenic bacteria are
widespread in many kinds of food; they may cause food-borne diseases [3].

For instance, only in the USA, more than 1 million people become infected with
Salmonella every year, resulting in 19,000 hospitalizations and 380 deaths [4]. Another
example is Clostridium botulinum. This microbe can contaminate canned fish, meat prod-
ucts, vegetables, and mushrooms; produce botulinum toxin, and cause the fatal disease
botulism [5].

A recent understanding of this problem suggests the use of various preservation
techniques (cold storage, improved packaging, ionization, etc.) and food preservatives [6].
Preservatives are compounds that can maintain current conditions, increase the shelf life of
products, and prevent damage from oxidation, temperature, light, and microorganisms.
Microorganisms are the most important causes of damage. Hence, the agents used for
preservation should have effective antimicrobial properties. Well-known food preserva-
tives (sodium benzoate; acetic, lactic, benzoic, and sorbic acids; hydrogen peroxide; and
chelators) are approved by the Food and Drug Administration (FDA) because they inhibit
the growth of bacteria, yeast, and mold [7,8] and comply with the strict requirements of the
food industry [9]. According to the World Health Organization, not more than 5 mg/kg
of benzyl alcohol, benzoic acid and sodium benzoate may be permitted [10]. Overall,
evidence for their adverse health effects is known, and for this reason, their use in many
food products has been heavily restricted. For example, various adverse effects of sodium
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benzoate have been reported, including a negative influence on hormones and fertility
and the ability to cause oxidative stress and mutagenic effects [11]. In addition, many of
the preservatives in pharmaceutical and cosmetic products are not safe [12]. For example,
parabens are the most used preservatives in various cosmetic products because of their
cheapness and antimicrobial properties, but there is experimental proof of their abilities
to trigger mitochondrial dysfunction, oxidative stress in cells [13], and immunological
disorders [14].

From this perspective, the application of various natural compounds may hold
great promise for identifying less toxic and more effective preservatives than widespread
agents [15]. Toxicological studies on many natural products have demonstrated the absence
of any adverse effects, even at high doses. Although the high efficacy and low toxicity of
such products are well known, they are not widely used in industry because of insufficient
technological studies, the complexity of production, standardization problems, and strict
industrial requirements in many aspects [15-17].

Natural preservatives can be obtained from plants, animal sources, microorganisms, al-
gae, or mushrooms. Moreover, natural objects contain substances that not only have antimi-
crobial properties [15,18-20] but also produce health benefits due to their various medicinal
features, including antiviral [19,21], anti-inflammatory [22-24], anticarcinogenic [23,25],
antidiabetic [23-26], antifatigue [27], antioxidant [28], antihypertensive [29], antihyperlipi-
demic [30], cardioprotective [31], hepatoprotective [32], nephroprotective [33], and wound
healing [18,20] effects. However, few of these agents are used on an industrial scale.

Although the antimicrobial properties of natural products have been described in
numerous reviews [15,34-40], many aspects of food and drug disinfection have not yet been
presented in full detail. Considering the unavailability of effective natural products for
industry, it seems appropriate to review these agents and their properties. A comprehensive
search of electronic databases (PubMed, Google Scholar, Scopus, and Science Direct) since
1998 was performed. The multiple criteria sorting method was used [41].

Detailed knowledge of chemical composition, biological properties, safety profile,
and environmental toxicity is essential for the development of novel natural preservatives.
The aim of this review is to critically evaluate various antimicrobials of natural origin
and their mechanisms of action, antimicrobial photodynamic technology, and ultrasound
for disinfection.

2. Antimicrobial Compounds of Natural Origin and Their Mechanisms of Action

According to the literature, polyphenols, terpenoids, sulfides, coumarins, saponins,
furils, alkaloids, polyines, thiophenes, different sugars, fatty oils, resins, glycosinolates,
proteins, and peptides have antimicrobial properties [15].

Polyphenols constitute the largest group of antimicrobial compounds (more than
8000 phenolic structures), which includes phenolic acids, flavonoids, lignans, stilbenes,
amides, etc. [34]. Although the exact antimicrobial modes of action of many compounds are
not yet fully understood, they have diverse sites of action at the cellular level. As shown
in Table 1, the most widespread mechanism of action involves disrupting the structure of
the bacterial cell membrane. The mechanisms of antimicrobial action of pure compounds
isolated from natural products are presented in Table 1.

The results of an electronic search of several databases (PubMed, Google Scholar,
Scopus, and Science Direct) since 1998 demonstrated that the isolation and identification
of antimicrobial compounds from many selected plant, animal, microorganism, algae, or
mushroom sources have not been completed, but even if antimicrobial compounds were
identified, the mechanism of their antimicrobial action remained unknown in many cases.
Understanding the mechanisms of their antimicrobial activities is vital for their rational
use in medicine and industry.

An interesting example is the synergism between resveratrol (a natural phenolic
stilbene) and aminoglycosides and cationic antimicrobial peptide antibiotics. The activity
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of resveratrol against bacteria is relatively low [36,37]. The combination of resveratrol with
the above-mentioned antibiotics was significantly effective [38].

The combinations of several essential oils with conventional antimicrobial agents
showed strong synergistic activity in many cases [42—44]. In addition, the enhanced an-
timicrobial activities of several essential oil combinations were reported [45,46]. It was
shown that allicin, a volatile compound extracted from raw garlic with antimicrobial
properties, may be more effective in combination with other antimicrobials than when it
functioned alone [47].

Importantly, some compounds of natural origin are not bactericidal, but they are
effective in combination with antibiotics. For example, skyllamycins B and C are cyclic
depsipeptides of natural origin that increase the therapeutic efficacy of azithromycin [39].
These antibiotics are not effective in the presence of biofilms, whereas skyllamycins B and
C can inhibit biofilm formation, thereby increasing the effectiveness of the antibiotics [39].

Plant-derived antimicrobial peptides (AMPs) represent a very interesting and promis-
ing class of compounds. They include several important groups with antibacterial and
antifungal properties: defensins, albumins, glycine-rich proteins, thionins, cyclotides, and
napins (Figure 1) [40,48].
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Figure 1. The plant-derived antimicrobial peptides (AMPs) and mechanisms of their antibacterial
and antifungal activities.

Figure 1 shows the basic antibacterial and antifungal mechanisms of AMPs [49].
AMPs are known to disrupt bacterial membranes or demonstrate nonmembrane target
mechanisms [50], which include the inhibition of protein biosynthesis, protease activity,
nucleic acid biosynthesis [51], the production of reactive oxygen species (ROS) [52], and
the inhibition of cell division [53].

Although the membrane target mechanisms are largely unknown, several hypotheses
are associated with the activities of AMPs, such as the carpet model, electroporation,
membrane thinning or thickening, nonlytic membrane depolarization, pore formation,
oxidized lipid targeting, barrel stave, and nonbilayer intermediate [54].

Although AMPs are promising antimicrobial agents, they are not used in industry. In
fact, these compounds have not yet been researched in depth; in many cases, the mechanism
of their antimicrobial activity is not known. The main drawbacks of natural plant AMPs
include poor chemical stability, short-term effectiveness, and toxicity [55].
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Table 1. Natural antibacterial compounds.
Compounds Origin Mechanism of Action References
Allicin Garlic Destructior} of the synthesis of DNA, RNA, and 56]
some proteins
Aloe-emodin Aloe vera Inhibition of bioﬁlm development and 57]
extracellular protein production
Buforin II 8;121 Z;Z:;?:C;lfj;?i 115) Membrane disruption [58]
Herbs of the mint family,
Caffeic acid sunflower seeds, apricots, Inhibition of RNA polymerase [59]
prunes, coffee beans
Cecropin A Silk moth Membrane disruption [60]
Electrostatic interactions occur between cationic
chitosan and anionic molecules at the microbial
C hells. funei and cell surface, which may lead to cell wall
Chitosan rustacean shells, fungi an disruption and intracellular component leakage; [61]
algae cell walls .
can penetrate the cell membrane and interact
with DNA, thereby interfering with protein
synthesis processes
Chlorogenic acid Eggplants, prunes, peaches, Membrane disruption [62]
apples, coffee beans
Citral Essential oils of many plants Membrane disruption [63]
Daidzein Soybeans and other legumes  Inhibition of DNA topoisomerases [64]
Divaricatic acid Lichen, Evernia mesomorpha Inhibition of nucleotide synthesis [65]
Epicatechin 3-gallate Green tea Membrane destruction [66]
Epigallocatechin-3-gallate Tea Inhibition of efflux pumps [67]
Eugenol Essential oils of many plants Membrane disruption [68]
Genistein Some plants Inhibition of DNA topoisomerases [69]
Destruction of cell wall function by
Geraniol Essential oils of many plants fnoevrvnlg:agnfEX?I;gats};eaijl:;g;gifnpglaeig; terol [70]
levels
Glabrol Glycyrrhiza species Membrane destruction [71]
Kaempferol Plants Membrane disruption [72]
Induction of oxidative stress, loss of membrane
integrity, and inhibition of metabolic pathways,
Lactobionic acid Caspian Sea yogurt Protein synthe§is, and DNA reP air. In a.ddition, [73,74]
in Gram—negatlve bacteria, an increase in the
permeability of the outer membrane that causes
hypoosmotic shock was observed.
Licochalcone Glycyrrhiza inflata Inhibition of NADH-cytochrome c reductase [75]
Linalool Many flowers, spice plants Membrane disruption [76]
Many herbs of the mint family,
Luteolin celery, broccoli, green pepper, Membrane disruption [77]
carrots, olive oil
Membrane disruption, interfering with cell
Magainin African clawed frog metabolism, and targeting different cytoplasmic [78]
components
Mellitin Bee venom Membrane disruption [79]
Promotion of bacterial aggregation, intervention
Morin Maclura pomifera, Maclura in the biofilm growth, suppression of the [80]
tinctoria, Psidium guajava PBP2a-mediated resistant mechanism of action,
and membrane disruption
Myricetin ‘l\)/zrgreizl,)iz’, frr;;ti;irrll:ts’ Inhibition of the activity of hemolysin and p38 [81]
. . Peanuts, navy beans, Increasing the membrane permeability, bindin:
P-coumaric acid tomatoes, car};ots, basil, garlic  to the phgsphate anion of pDNA. Y K [82]
Polyphemusin LAi:Ian;thCsa;o?yc;;IqS:;z};(s)e crab, Membrane disruption [83]
Protegrins Porcine leukocytes Membrane disruption [84]
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Table 1. Cont.
Compounds Origin Mechanism of Action References
Membrane disruption, change in membrane
permeability, inhibition of synthesis of nucleic
. acids and proteins, reduction in the expression of
Quercetin Honey, plants virulence factors, mitochondrial dysfunction, [69,85]
and preventing biofilm formation, inhibition of
quorum sensing.
Resveratrol Several plants Suppression of FtsZ expression, [86]
p ATP synthase activity inhibition
Rhodomyrtosone B Rhodomyrtus tomentosa Membrane disruption [87]
Trans-cinnamaldehyde Cinnamon Membrane disruption [88]

3. Natural Compounds in Antimicrobial Photodynamic Therapy

Antimicrobial photodynamic therapy is a light-based method to inactivate microor-
ganisms [89]. This technology is also referred to in the literature as photodynamic therapy
(PDT), photoactivated chemotherapy (PACT), photodynamic disinfection (PDD), light-
activated disinfection (LAD), and photoactivated disinfection (PAD) [90]. Light has been
recognized for its ability to treat various conditions since ancient times. However, signif-
icant advancements in this field began in 1960 after Macmillan reported that toluidine
blue effectively countered microorganisms within 30 min of irradiation with 21-30 mW
of light at 632 nm [91]. Other compounds, such as methylene blue, rose bengal, eosin Y,
neutral red, acridine orange, crystal violet, and rhodamine 6G, possess similar antimicro-
bial properties when activated by light (Figure 2). These compounds were determined to
be photosensitizers (PSs) [89]. Photodynamic antimicrobial agents primarily elicit their
antimicrobial effects by generating ROS upon light activation. When exposed to light, the
excited photosensitizer transfers energy to molecular oxygen, resulting in the production
of ROS such as singlet oxygen, superoxide radicals, and hydroxyl radicals [92]. These
ROS harm microbial structures, affecting lipids, proteins, and nucleic acids, leading to
cell death [89,92]. Additionally, photodynamic antimicrobial agents can target microbial
membranes, compromising their integrity, causing leakage of cellular components, and
ultimately resulting in microbial inactivation [92,93].

In recent years, there has been interest in using natural compounds to develop photo-
dynamic antimicrobial agents. These compounds, which are derived from various natural
sources, offer a sustainable and environmentally friendly alternative to conventional an-
timicrobial agents [94,95]. The utilization of natural sources for PDT provides a rich pool of
compounds with diverse chemical structures and properties. Natural compounds such as
porphyrins, chlorophylls, curcumin, and phthalocyanines have shown promising antimi-
crobial activity when activated by light at appropriate wavelengths (Table 2). At present,
more than 100 PSs of natural origin are known [96].

Photosensitizers exhibit broad-spectrum antimicrobial activity and are capable of tar-
geting bacteria [97,98], fungi [99,100], viruses [89], and even antibiotic-resistant strains [90].
This versatility makes them valuable for preserving a wide range of drugs and food
products. These compounds, which are derived from natural sources, offer a natural
and eco-friendly alternative to synthetic preservatives. They are generally considered
safe for consumption, reducing concerns about potential health risks associated with
synthetic preservatives [91]. Antimicrobial photosensitizers have been shown to effec-
tively extend the shelf life of drugs and food products by inhibiting microbial growth and
spoilage [92]. Moreover, these compounds have demonstrated the ability to penetrate
and disrupt biofilms, effectively eliminating biofilm-associated pathogens and enhancing
preservation efficacy [93]. All this can have significant economic benefits by reducing
product waste and ensuring product quality during storage and transportation.
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Further research and optimization are required to harness the full potential of these nat-
ural photodynamic antimicrobials for clinical applications, paving the way for innovative
and sustainable antimicrobial strategies.

Photoactivated chemotherapy

Sonodynamic effects

DNA degradation ]

Inhibition of protein biosynthesis |

Bacterial

Death

Bacterial Membrane damage

Figure 2. Bacterial cell death after photodynamic or sonodynamic treatments.

Table 2. Natural antimicrobial compounds used in photodynamic therapy (PDT).

Compounds Origin Microorganism Mechanisms of Action I;F reatment Effect References
arameters
Light irradiation Wavelength:
triggers ROS generation, 435 4+ 10 nm, AE concentration and
Pseudomonas causing damage to 80 Mw /cm?, light energy [101]
aeruginosa bacterial cells and AE concentration: dose-dependent
Aloe- Al disrupting their 0.5-100 uM for inactivation
emodin (AE) oe vera structure and function 1040 min
Disruption of Wavelength: 450 and
Staphylococcus membrane unity, 460 nm, 40 mW/cm?, Nucleic acid and protein [102]
aureus biofilm  increasing cell AE concentration: release
membrane permeability 512 ug/mL for 10 min
Natural , Inhibiting bacterial Considerable damage,
polyphenol E. coli, . .
: enzyme activity, . such as compromised
fruits and Salmonella N . R Wavelength: 400 nm,
I : including respiratory . cell membranes and
Caffeicacid  vegetables enterica serovar light doses: 3, 4, and . .
o enzymes, and 2 disrupted intracellular [103]
(CA) (sunflower typhimurium, d . . 5]/cm*, CA .
. s amaging the inner cell L structures, resulted in a
seeds, apricots, and Listeria b duci concentration: 3 mM d in all th
runes, coffee monocytogenes structure by producing ecrease in all three
p ’ ROS within the cells pathogens.
beans)
PDT harmed biofilm
bacteria by disrupting . Reduction in viable cells
Chlorella and Streptococcus their cellular structure ;/;a;/ ]e li;ﬁtahc'f% M in the biofilm by 11%
Curcuma Chlorella mutans (S. through ROS generated e . and 25%, respectively, [104]
] . concentration:
extracts mutans) from the interaction of 0.5 me /mL for 5 min compared to the control
natural extracts with the ~me biofilm
biofilm
Green piement Wavelength: Strong antimicrobial
Pig S. aureus, S. ROS generation, 700-800 nm, power activity against S. aureus,
found in plants . . . 2 . ;
. mutans, P. membrane disruption, density: 30 mW/sm*,  E. coli, and Candida
Chlorophyll  (spinach, . . . . .
derivati acnes, E. coli, cellular component light dose density: albicans via ROS [105]
erivatives parsley, alfalfa); . 1o 2 .
Candida damage, and oxidative 36]/sm?, generation, membrane
algae, . 2 . L : .
. albicans stress induction concentration: 5 uM, disruption, and cellular
cyanobacteria

average time: 20 min

damage.
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Table 2. Cont.
Compounds Origin Microorganism Mechanisms of Action Treatment Effect References
Parameters
Wavelength: 470 nm, Physiological and
. PS concentration: biochemical changes and
Producing ROS, . . :
S. aureus, E. R . 2.5 uM, irradiation damage to bacterial cell
. . disrupting membrane - o . .
Curcumin Curcuma longa coli, L. L E ) intensity: components, including [106]
unity, increasing cell 5 .
monocytogenes membrane permeabilit 60 mW/cm*=, DNA, proteins, and
P Y incubation period: lipids, ultimately result
30 min in cell death.
PDT using 0.8%
pomegranate and 3%
chokeberry juice
Oxidative damage to damaged approximately
Vegetables, Streptococcus cell membranes and Irradiation: 5logyg of S. sobrinus and
Myricetin fruits, nuts, mutans and intracellular 200 mM/cm?, S. mutans. Bilberry juice [107]
y berries, tea, red  Streptococcus components like concentration: 12.5%, at 12.5% concentration
wine sobrinus cytoplasmic proteins 5 min affected both strains.
and DNA Pomegranate at 25% and
bilberry and chokeberry
at >50% reduced mixed
bacteria.
Rumex cristatus Generating ROS to
ZC, C()reizngso Streptococcus jji:go};rl? act;eerilra1 c}:z}lll PSs concentration: Reducing
Polyphenols S8YSTIE 5°OP, P 8ing 0.23-0.41 g/mL, microorganisms by up to  [108]
Beta vulgaris L. mutans walls, membrane o
. : . wavelength: 600 nm 99%
var. cicla, and proteins, and nucleic
Eruca sativa acids
Membrane disruption,
change in membrane
permeability, inhibition
of the synthesis of The MBIC of QCT
nucleic acids and against S. mutans was
proteins, reduction in Wavelength: 405 nm, 128 pg/mL. Significant
Streptococcus . ‘ . o © d Aati 1
mutans the expression o intensity: egradation was [109]
virulence factors, 150 mW/cm?, 60 s observed in biofilms
mitochondrial treated with PDT relative
. dysfunction, prevention to the control group.
Honey, znlops, of biofilm formation,
Quercetin grape.s, CITIeS, inhibition of quorum
(QCT) cherries, sensing
broccoli, and
citrus fruits The combination
treatment of
ROS generation causes quercetin-mediated
& antimicrobial PDT with
membrane damage to blue light resulted in an
E.coli and L. bacterial cells, resulting ~ Blue LED light at 18 .
. .. o . additional maximum [110]
monocytogenes in their inactivation 405 nm, 17-102 min ducti £3.01 log f
(type I dominant reduction of 3.01 log tor
. E. coli and 5.52 log for L.
mechanism)
monocytogenes compared
to blue light treatment
alone.
Increased antibacterial
activity against S. aureus,
Wavelength: 660 nm, singlet oxygen
. . e generation contributing
. il Generation of singlet Power density: .. ial off
Resveratrol Grapes, berries, Stap ylococcus oxygen which exhibits 75 mW /sz to antimicrobial effects, [111]
peanuts, pines aureus o . L reduced bacterial load
antimicrobial activity concentration: . .
. and inflammation
2mg/mL, 5 min

in vivo, enhanced
production of cytokines
TNF-« and IL-17A.

Photodynamic therapy (PDT) involves the use of photosensitizing agents (PS) ac-
tivated by specific light wavelengths to induce localized cell damage, particularly in
microbial cells. In the context of antimicrobial therapy, PDT offers a promising alterna-
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tive to traditional antibiotics by targeting a broad spectrum of microorganisms, including
bacteria, fungi, and viruses, while minimizing the development of antibiotic resistance.
The mechanism of action typically involves the generation of ROS upon light activation
of the PS, leading to oxidative damage to microbial cell membranes, proteins, and nucleic
acids, ultimately resulting in cell death or inactivation [94,97]. Various natural compounds
have been investigated as PSs in antimicrobial PDT. These natural compounds have shown
promising antimicrobial properties, making them attractive candidates for use in PDT-
based antimicrobial therapy. However, further research is needed to optimize their efficacy,
elucidate their mechanisms of action, and evaluate their safety and clinical applicability.
Overall, PDT represents a versatile and potentially effective approach for combating mi-
crobial infections, particularly in cases of antibiotic-resistant pathogens, while offering
the advantages of specificity, minimal side effects, and a reduced likelihood of resistance
development [94-96].

4. Natural Sonodynamic Antimicrobials

Natural sonodynamic antimicrobials, a burgeoning area of research, show great po-
tential in combatting microbial infections via the use of natural compounds activated by
ultrasonic waves. These compounds, derived from sources such as plant extracts, uti-
lize the power of sonodynamic therapy (SDT) to eradicate pathogenic microorganisms
effectively [112].

SDT is conceptually akin to PDT, but instead of light, ultrasound is employed to
activate the sensitizer, generating reactive species that are toxic to microbes. Figure 2
shows a schematic representation of ultrasound-mediated cell damage during SDT. Ultra-
sound energy can be focused precisely on a specific treatment area with minimal impact
on surrounding healthy cells. Moreover, sonosensitizers have low toxicity and exhibit
bioactivity only under the influence of ultrasonic activation. Additionally, ultrasound has
greater tissue penetration than light does, which influences deep infections [113]. Low-
intensity ultrasound can also disrupt the cell membrane, increasing its permeability to
sonosensitizers [112,114].

ROS, such as singlet oxygen, hydroxyl radicals, and superoxide anions, play crucial roles
in the antimicrobial effects of sonodynamic therapy. Although the exact mechanism of SDT
remains unknown, it may involve ultrasonic cavitation, sonochemical effects, and ultrasound-
induced apoptosis [115,116]. The type of sonosensitizer, biological system parameters, and
ultrasound characteristics significantly influence the mechanism of SDT [114-116].

While the antibacterial activity of synthetic photosensitizers has been extensively
studied, natural sonodynamic antimicrobial agents are less studied. Among natural sen-
sitizers, curcumin (from Curcuma longa) has shown promise, effectively inactivating the
foodborne bacteria B. cereus [117], E. coli [117,118], and Staphylococcus aureus [118] under ul-
trasonic treatment. Another natural compound with sonodynamic properties, hypocrellin B
(from Hypocrella bambuase), exhibited significant antibacterial effects on methicillin-resistant
Staphylococcus aureus (MRSA) [119], disrupting membrane integrity without damaging
bacteria [120].

Furthermore, natural sonodynamic antimicrobials have demonstrated promising an-
tibiofilm activity by inhibiting biofilm formation, reducing the amount of extracellular
polymeric substances, and increasing the susceptibility of biofilm-embedded microorgan-
isms to SDT [112]. Table 3 lists examples of natural antimicrobial compounds used in
sonodynamic therapy.

Potential clinical applications of natural sonodynamic antimicrobials include wound
healing [121], dermatological infections [122], oral diseases [123], and systemic infec-
tions [122]. By harnessing the power of nature and SDT, these compounds offer a sustain-
able and effective therapeutic approach [112,115,116].

However, further research is necessary to fully understand their potential and address
existing challenges. Standardizing extraction methods, optimizing treatment parameters,
and understanding interactions with host cells are among the challenges and limitations
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associated with natural sonodynamic antimicrobial agents. Future research directions

include developing new natural compounds and advanced delivery systems.

Table 3. Natural antimicrobial compounds used in SDT.

Compounds Origin Microorganism Ultrasound Parameters Effect References
Frquepcy: 1 MHz, pulse ROS was excessively
repetition frequency: d after C d
100 Hz, ultrasonic intensity: generated after Cur an
Streptococcus mutans D) . " NM@Cur-mediated SDT, [124]
1.56 W/cm#, curcumin N .
. possibly responsible for
concentration: 50 mM for o .
1 min antimicrobial effects
Wavelength: 490 and
520 nm, curcumin .
N concentration: 3.7 mg/mL, ROS-induced damage of
Listeria monocytogenes cell membranes, DNA, and  [125]
ultrasound treatment: roteins
600 and 800 W for25and P
30 min
Frequency: 1 MHz, power
Curcumin Curcuma longa density: 3 W/cm?, duty RO.S (mostly hyd.roxyl
Staphylococcus aureus RSN . radicals) production,
S cycle: 20%, pulse frequency: O [122]
biofilm . reduction in cellular
100 Hz for a duration of metabolism
15 min
Reduction in the adhesion
Frequency: 1 MHz, power ability of the bacteria,
Staphylococcus aureus density: 3 W/cm?, duty reduction in cell [126]
biofilm cycle: 20%, pulse frequency:  metabolism, change in
100 Hz biofilm morphology
characteristics
' Frequency: 1 MHz, Pro<.:1uct1on.of ROS through
Bacillus cereus and . - the interaction of
gy . intensity (ISATA): " [117]
Escherichia coli 1.56 W /cm2, 35 min ultrasound, sonosensitizer,
’ ! and molecular oxygen
Curcumin (CUR) Curcuma longa fCrgnLcleer;tCra.tlf I;/H%IZZSS%%I QEL’
and Tanshinone [IA  (CUR) and Salvia Staphylococcus aureus int(elnsit };u tout: 3’ W/em? [127]
(TSIIA) miltiorrhiza (TSIIA) y output:
for 10 min
The thickness of biofilm
Nanocurcumin Curcuma lonea Enterococcus faecalis and ~ Power: 3 W/cm?, significantly decreases due [128]
8 Candida albicans biofilm  frequency: 1 MHz, 1 min to an increase in the level of
ROS
. Regulation of gene
Nanomicelle Ultrasound power outputs expression involved in the
curcumin Curcuma longa L. Acinetobacter baumannii  of 28.7,36.9, and alcho enesis of A [129]
(NM@Cur) 452 mW/cm? pathogenc ‘
baumannii
N.Iul.tl-speaes ].Da.c terial 5 min, frequency: 1 MHz, Significant reduction in
. biofilms containing o . .

Nanoemodin Staphylococcus aureus pulse repetition frequency: ~ gene expression levels of
(1,2,8-trihydroxy-6-  Rhubarb . 100 Hz, spatial average lasl, agrA, and abal on [130]
. Pseudomonas aeruginosa, A . X . .

methylanthraquinone) and Acinetobacter ultrasonic intensity: multi-species bacterial

baumannii 2 W/cm? biofilms
Production of ROS,
downregulation of
biofilm-associated genes
- . Frequency: 30 KHz, pulse
Hyperlcu.l Hypericum S. mutans biofilms repetition frequency: 84D, COMDE’. and smuT)., [131]
P q y
nanoparticles perforatum and suppressing expression

100 Hz, 60 s

of genes associated with
persister cell formation
(comDE, and smuT genes)

The utilization of sonodynamic therapy (SDT) has been minimally investigated across
some studies, employing a range of compounds and ultrasound parameters to target both
microbial infections and cancer cells. For example, it has demonstrated significant efficacy
in reducing gene expression levels within multispecies bacterial biofilms. This effect is
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achieved through the generation of ROS and the subsequent downregulation of biofilm-
associated genes. Additionally, other natural antimicrobials have exhibited remarkable
properties in disrupting cell membrane integrity and impeding protein adhesion, resulting
in a reduction in biofilm formation and potent antimicrobial activity. These findings
underscore the promising potential of SDT as a versatile therapeutic strategy for combatting
microbial infections and cancer, suggesting novel treatments [112,114-116].

5. Natural Sonophotodynamic Therapy

Some natural compounds have been investigated for their efficacy in sonophotody-
namic therapy (SPDT) against microbial infections (Table 4). Resveratrol, sourced from
grapes, berries, peanuts, and pines, demonstrated significant antibiofilm properties against
different pathogenic bacteria when applied via the aSPDT approach, with a minimum
biofilm inhibitory concentration (MBIC) of 512 pg/mL. Furthermore, food colorants such
as rhein and E127 cause bacterial inactivation under light or ultrasound exposure (Table 4).
The combination of E127 and rhein enhanced these effects, highlighting their potential for
antibacterial applications in various industries.

Table 4. Natural antimicrobial compounds used in sono-photodynamic therapy (SPDT).

Compounds Origin Microorganism Light and Ultrasound Parameters Effect References
Listeria LED wavelength: 425 nm f.or 30 min, .
monocytogenes 800 W ultrasound, curcumin 4 log drop in CFU [125]
concentration: 3.7 mg/mL for 30 min.
SPDT resulted in a 7.43 log
Frequency: 1 MHz, pL;lse repetition irrigéltit/l:triloﬁ lx;;egf;ll %
S. aureus frequency: 100 Hz, 20 (0 duty cycle, decrease in bacterial adhesion, a  [122]
b . 2 ,
. Curcuma 3W/ cm_ 4 powe.r de.nsny. 35-70/em?, 90% reduction in metabolic
Curcumin longa 15-32 min, UV light: 455 nm activity, and reduced biofilm
biomass
Ultrasound power: 28.7-45.2 mW/ cm?
for 4 min, irradiation ultrasound SDT caused a reduction in and
Acinetobacter frequency: 1 MHz, pulse repetition effectively addressed infections [129]
baumannii frequency: 100 Hz; wavelength: 450 nm;  caused by Acinetobacter
power intensity: 150 Mw / cm?, baumannii bacteria
concentration: 2.5 mg/mL for 5 min.
Concentration: 512 pg/mL, US The MBIC for Resveratrol was
Grapes, Candida albicans, frequency: 30 kHz with a spatial 512 pg/mL. Treatment with
Resveratrol berries, S. aureus, S. average ultrasonic intensity of 3 W/ cm?  aSPDT at this concentration [132]
peanuts, sobrinus, and A. for 1 min. Light wavelength: 450 nm significantly reduced biofilm
pines naeslundii with an output intensity of 1000 + size and effectively suppressed
1400 mW /cm? for 1 min. microbial biofilm growth
Ultrasound Frequency: 38 KHz, field
Rhubarb strength: 4.1 W/cm3 with a sonication
Rhein and aloe casc’ara S. aureus and E. time of 10 or 30 sec, LED illumination Bacterial inactivation under [133]
E127 bucléthorn coli for 5 or 10 min; light intensity and light and ultrasound exposure -

fluence rate: 137 klux and 1.6 mW /cm?2
for 30 min.

6. Approved Preservatives of Natural Origin

There is growing evidence that natural preservatives hold great promise in addressing
various industry problems, and their use is increasing worldwide. However, full approval
of each preservative is a long-term and puzzling process because of restrictions imposed by
regulatory bodies or agencies in every country. This means that preservatives may be put
on the “generally recognized as safe (GRAS)” FDA list [134].

There are various lists of approved food preservatives in different countries. For ex-
ample, since 1962, the European Food Safety Authority (EFSA) has approved the following
preservatives of natural origin: benzoic acid and its salts, 4-hydroxybenzoic acid esters,
nisin, natamyecin, lactic acid, malic acid, and fumaric acid [135]. In addition, essential oils
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and other natural substances are widespread in the food industry instead of synthetic
compounds after the approval by the Food and Drug Administration (FDA) [136].

Interestingly, lactobionic acid seems to be an attractive compound for health care and
the food industry because it has antimicrobial, antioxidant, chelating, moisturizing, and
gelling properties, but only the US Food and Drug Administration approved it for use in
the salt form [137].

The European Food Safety Authority (EU) and FDA approved the extract of Rosmarinus
officinalis and its compounds as preservatives [138]. The laminaria species Himanthalia
elongata, Palmaria palmata, and Undaria pinnatifida seaweeds with antimicrobial properties
have been assessed and approved by the European Food Safety Authority (EFSA) [139].

In fact, many natural products have not yet been approved as food and drug preserva-
tives because of the strict requirements for preservatives, rigid regulations, standards, and
lengthy toxicological evaluations by the FDA and the European Union.

7. Conclusions

To date, an increase in microbial infection has been observed globally. The existing
drugs and preservatives may lack effectiveness and safety. Various components from
natural sources have attracted researchers to combating this issue and advancing the
development of novel natural preservatives. Various plants, animals, and products of
animal origin and microorganisms serve as excellent sources for the isolation of active
antimicrobial agents. In addition, these agents may be altered or enhanced for use as food
preservatives through photodynamic or sonodynamic technologies and delivery techniques
such as encapsulation, nanotechnology, and edible packaging.

Future investigations should focus on the quality control of natural preservatives
because of inconclusive data on their safety and toxicity. Future research on the influence of
antimicrobial agents on different strains and their antibacterial modes of action is needed
for progress in this field. In addition, it is essential to find optimal concentrations and
combinations of various antimicrobial compounds for food preservation to investigate their
possible synergistic effects.

Author Contributions: Conceptualization, EN., A.D. and S.B.-S.; methodology, EN.; validation,
EN., A.D. and S.B.-S.; formal analysis, A.D.; investigation, L.Y., EN., TH., BK,, A.D. and S.B.-S;;
resources, S.B.-S.; data curation, B.K.; writing—original draft preparation, L.Y., EN., TH. and B.K;
writing—review and editing, L.Y., EN., TH., BK,, A.D. and S.B.-S.; visualization, B.K,; supervision,
FN. and S.B.-S.; project administration, S.B-S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
Abbreviations

AMPs  antimicrobial peptides

FDA Food and Drug Administration
PDT photodynamic therapy

PSs photosensitizers

ROS reactive oxygen species

SDT sonodynamic therapy

SPDT  sonophotodynamic therapy

Bondi, M.; Messi, P.; Halami, PM.; Papadopoulou, C.; de Niederhausern, S. Emerging Microbial Concerns in Food Safety and
New Control Measures. Biomed. Res. Int. 2014, 2014, 251512. [CrossRef] [PubMed]
Singh, A.; Singh, A. Microbial Degradation and Value Addition to Food and Agriculture Waste. Curr. Microbiol. 2022, 79, 119.

[CrossRef] [PubMed]


https://doi.org/10.1155/2014/251512
https://www.ncbi.nlm.nih.gov/pubmed/25110665
https://doi.org/10.1007/s00284-022-02809-5
https://www.ncbi.nlm.nih.gov/pubmed/35235053

Molecules 2024, 29, 5830 12 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.
31.

Cissé, G. Food-Borne and Water-Borne Diseases under Climate Change in Low- and Middle-Income Countries: Further Efforts
Needed for Reducing Environmental Health Exposure Risks. Acta Trop. 2019, 194, 181-188. [CrossRef] [PubMed]

Scallan, E.; Hoekstra, R-M.; Angulo, EJ.; Tauxe, R.V.; Widdowson, M.-A_; Roy, S.L.; Jones, J.L.; Griffin, PM. Foodborne Illness
Acquired in the United States—Major Pathogens. Emerg. Infect. Dis. 2011, 17, 7-15. [CrossRef]

Peck, M.W.; Stringer, S.C.; Carter, A.T. Clostridium Botulinum in the Post-Genomic Era. Food Microbiol. 2011, 28, 183-191. [CrossRef]
Varzakas, T.; Tsarouhas, P. Advances in Food Processing (Food Preservation, Food Safety, Quality and Manufacturing Processes).
Appl. Sci. 2021, 11, 5417. [CrossRef]

Yadav, A.; Kumar, A.; Das, M.; Tripathi, A. Sodium Benzoate, a Food Preservative, Affects the Functional and Activation Status of
Splenocytes at Non Cytotoxic Dose. Food Chem. Toxicol. 2016, 88, 40-47. [CrossRef]

Davidson, P.M.; Taylor, T.M.; David, ].R.D. Antimicrobials in Food; CRC Press: Boca Raton, FL, USA, 2020. [CrossRef]

Ren, L.; Meng, M.; Wang, P.; Xu, Z.; Eremin, S.A.; Zhao, J.; Yin, Y.; Xi, R. Determination of Sodium Benzoate in Food Products by
Fluorescence Polarization Immunoassay. Talanta 2014, 121, 136-143. [CrossRef]

Nair, B. Final Report on the Safety Assessment of Benzyl Alcohol, Benzoic Acid, and Sodium Benzoate. Int. J. Toxicol. 2001, 20
(Suppl. S3), 23-50. [CrossRef]

Walczak-Nowicka, L.].; Herbet, M. Sodium Benzoate-Harmfulness and Potential Use in Therapies for Disorders Related to the
Nervous System: A Review. Nutrients 2022, 14, 1497. [CrossRef]

Kumar, M.; Chopra, S.; Mandal, U.K.; Bhatia, A. Preservatives in Pharmaceuticals: Are They Really Safe? Curr. Drug Saf. 2023, 18,
440-447. [CrossRef] [PubMed]

Kizhedath, A.; Wilkinson, S.; Glassey, J. Assessment of Hepatotoxicity and Dermal Toxicity of Butyl Paraben and Methyl Paraben
Using HepG2 and HDFn in Vitro Models. Toxicol. Vitr. 2019, 55, 108-115. [CrossRef]

Nowak, K.; Jabtoriska, E.; Radziwon, P; Ratajczak-Wrona, W. Identification of a Novel Target for the Action of Endocrine
Disrupting Chemicals: Inhibitory Effect of Methylparaben on Human Neutrophil Functions. Environ. Sci. Pollut. Res. Int. 2020, 27,
6540-6548. [CrossRef]

Hochma, E.; Yarmolinsky, L.; Khalfin, B.; Nisnevitch, M.; Ben-Shabat, S.; Nakonechny, F. Antimicrobial Effect of Phytochemicals
from Edible Plants. Processes 2021, 9, 2089. [CrossRef]

Yu, HH.; Chin, Y.-W.,; Paik, H.-D. Application of Natural Preservatives for Meat and Meat Products against Food-Borne Pathogens
and Spoilage Bacteria: A Review. Foods 2021, 10, 2418. [CrossRef] [PubMed]

Gomes, ].; Barbosa, J.; Teixeira, P. The Inhibitory Concentration of Natural Food Preservatives May Be Biased by the Determination
Methods. Foods 2021, 10, 1009. [CrossRef] [PubMed]

Yarmolinsky, L.; Budovsky, A.; Khalfin, B.; Yarmolinsky, L.; Ben-Shabat, S. Medicinal Properties of Anchusa Strigosa and Its Active
Compounds. Molecules 2022, 27, 8239. [CrossRef]

Yarmolinsky, L.; Nakonechny, E; Budovsky, A.; Zeigerman, H.; Khalfin, B.; Sharon, E.; Yarmolinsky, L.; Ben-Shabat, S.; Nisnevitch,
M. Antimicrobial and Antiviral Compounds of Phlomis Viscosa Poiret. Biomedicines 2023, 11, 441. [CrossRef]

Yarmolinsky, L.L.; Budovsky, A.; Yarmolinsky, L.L.; Khalfin, B.; Glukhman, V.; Ben-Shabat, S. Effect of Bioactive Phytochemicals
from Phlomis Viscosa Poiret on Wound Healing. Plants 2019, 8, 4-15. [CrossRef]

Ben-Shabat, S.; Yarmolinsky, L.; Porat, D.; Dahan, A. Antiviral Effect of Phytochemicals from Medicinal Plants: Applications and
Drug Delivery Strategies. Drug Deliv. Transl. Res. 2020, 10, 354-367. [CrossRef]

Maleki, S.J.; Crespo, J.E.; Cabanillas, B. Anti-Inflammatory Effects of Flavonoids. Food Chem. 2019, 299, 125124. [CrossRef]
Yarmolinsky, L.; Budovsky, A.; Ben-Shabat, S.; Khalfin, B.; Gorelick, J.; Bishitz, Y.; Miloslavski, R.; Yarmolinsky, L. Recent Updates
on the Phytochemistry and Pharmacological Properties of Phlomis Viscosa Poiret. Rejuvenation Res. 2019, 22, 282-288. [CrossRef]
Zaccai, M.; Yarmolinsky, L.; Khalfin, B.; Budovsky, A.; Gorelick, J.; Dahan, A.; Ben-Shabat, S. Medicinal Properties of Lilium
Candidum L. and Its Phytochemicals. Plants 2020, 9, 959. [CrossRef]

Chimento, A.; De Luca, A.; D’Amico, M.; De Amicis, F.; Pezzi, V. The Involvement of Natural Polyphenols in Molecular
Mechanisms Inducing Apoptosis in Tumor Cells: A Promising Adjuvant in Cancer Therapy. Int. ]. Mol. Sci. 2023, 24, 1680.
[CrossRef]

Gorelick, J.; Yarmolinsky, L.; Budovsky, A.; Khalfin, B.; Klein, ].D.; Pinchasov, Y.; Bushuev, M.A.; Rudchenko, T.; Ben-Shabat,
S. The Impact of Diet Wheat Source on the Onset of Type 1 Diabetes Mellitus—Lessons Learned from the Non-Obese Diabetic
(NOD) Mouse Model. Nutrients 2017, 9, 482. [CrossRef]

Kim, H.-G.; Cho, ].-H.; Yoo, S.-R.; Lee, ].-S.; Han, ].-M.; Lee, N.-H.; Ahn, Y.-C.; Son, C.-G. Antifatigue Effects of Panax Ginseng C.A.
Meyer: A Randomised, Double-Blind, Placebo-Controlled Trial. PLoS ONE 2013, 8, e61271. [CrossRef]

Wang, Y,; Liu, X.-].; Chen, J.-B.; Cao, J.-P,; Li, X,; Sun, C.-D. Citrus Flavonoids and Their Antioxidant Evaluation. Crit. Rev. Food
Sci. Nutr. 2022, 62, 3833-3854. [CrossRef] [PubMed]

Anwar, F; Latif, S.; Ashraf, M.; Gilani, A.H. Moringa Oleifera: A Food Plant with Multiple Medicinal Uses. Phytother. Res. 2007,
21, 17-25. [CrossRef] [PubMed]

Rose, P.; Moore, PK.; Zhu, Y.-Z. Garlic and Gaseous Mediators. Trends Pharmacol. Sci. 2018, 39, 624-634. [CrossRef]

Olas, B. Cardioprotective Potential of Berries of Schisandra Chinensis Turcz. (Baill.), Their Components and Food Products.
Nutrients 2023, 15, 592. [CrossRef] [PubMed]


https://doi.org/10.1016/j.actatropica.2019.03.012
https://www.ncbi.nlm.nih.gov/pubmed/30946811
https://doi.org/10.3201/eid1701.P11101
https://doi.org/10.1016/j.fm.2010.03.005
https://doi.org/10.3390/app11125417
https://doi.org/10.1016/j.fct.2015.12.016
https://doi.org/10.1201/9780429058196
https://doi.org/10.1016/j.talanta.2013.12.035
https://doi.org/10.1080/10915810152630729
https://doi.org/10.3390/nu14071497
https://doi.org/10.2174/1574886317666220919121532
https://www.ncbi.nlm.nih.gov/pubmed/36121087
https://doi.org/10.1016/j.tiv.2018.12.007
https://doi.org/10.1007/s11356-019-07388-w
https://doi.org/10.3390/pr9112089
https://doi.org/10.3390/foods10102418
https://www.ncbi.nlm.nih.gov/pubmed/34681466
https://doi.org/10.3390/foods10051009
https://www.ncbi.nlm.nih.gov/pubmed/34066353
https://doi.org/10.3390/molecules27238239
https://doi.org/10.3390/biomedicines11020441
https://doi.org/10.3390/plants8120609
https://doi.org/10.1007/s13346-019-00691-6
https://doi.org/10.1016/j.foodchem.2019.125124
https://doi.org/10.1089/rej.2018.2093
https://doi.org/10.3390/plants9080959
https://doi.org/10.3390/ijms24021680
https://doi.org/10.3390/nu9050482
https://doi.org/10.1371/journal.pone.0061271
https://doi.org/10.1080/10408398.2020.1870035
https://www.ncbi.nlm.nih.gov/pubmed/33435726
https://doi.org/10.1002/ptr.2023
https://www.ncbi.nlm.nih.gov/pubmed/17089328
https://doi.org/10.1016/j.tips.2018.03.009
https://doi.org/10.3390/nu15030592
https://www.ncbi.nlm.nih.gov/pubmed/36771299

Molecules 2024, 29, 5830 13 of 17

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Madrigal-Santillan, E.; Madrigal-Bujaidar, E.; Alvarez-Gonzalez, 1.; Sumaya-Martinez, M.T.; Gutiérrez-Salinas, ].; Bautista, M.;
Morales-Gonzélez, A.; Garcia-Luna y Gonzalez-Rubio, M.; Aguilar-Faisal, ].L.; Morales-Gonzélez, ].A. Review of Natural Products
with Hepatoprotective Effects. World ]. Gastroenterol. 2014, 20, 14787-14804. [CrossRef] [PubMed]

Tsai, E-S.; Lin, L.-W.; Wu, C.-R. Lupeol and Its Role in Chronic Diseases. Adv. Exp. Med. Biol. 2016, 929, 145-175. [CrossRef]
[PubMed]

Tsao, R. Chemistry and Biochemistry of Dietary Polyphenols. Nutrients 2010, 2, 1231-1246. [CrossRef] [PubMed]

de Miera, L.S.; Raa, ]J.; Del Pilar Del Valle, M.; Sanz, J.; Armesto, M.R.G. Synergistic Antimicrobial Effect of a Lippia Citriodora
Natural Extract with Vanillin against Verotoxigenic Escherichia coli in Refrigerated Piel de Sapo Melon Juice. ]. Food Prot. 2022, 85,
1506-1514. [CrossRef] [PubMed]

Vestergaard, M.; Ingmer, H. Antibacterial and Antifungal Properties of Resveratrol. Int. J. Antimicrob. Agents 2019, 53, 716-723.
[CrossRef]

Nehr-Meldgaard, K.; Ovsepian, A.; Ingmer, H.; Vestergaard, M. Resveratrol Enhances the Efficacy of Aminoglycosides against
Staphylococcus Aureus. Int. J. Antimicrob. Agents 2018, 52, 390-396. [CrossRef]

Cebrian, R; Li, Q.; Pefalver, P.; Belmonte-Reche, E.; Andrés-Bilbao, M.; Lucas, R.; de Paz, M.V.; Kuipers, O.P.; Morales, ]J.C.
Chemically Tuning Resveratrol for the Effective Killing of Gram-Positive Pathogens. J. Nat. Prod. 2022, 85, 1459-1473. [CrossRef]
Navarro, G.; Cheng, A.T.; Peach, K.C.; Bray, WM.; Bernan, V.S, Yildiz, EH.; Linington, R.G. Image-Based 384-Well High-
Throughput Screening Method for the Discovery of Skyllamycins A to C as Biofilm Inhibitors and Inducers of Biofilm Detachment
in Pseudomonas Aeruginosa. Antimicrob. Agents Chemother. 2014, 58, 1092-1099. [CrossRef]

Kamal, I; Ashfaq, U.A.; Hayat, S.; Aslam, B.; Sarfraz, M.H.; Yaseen, H.; Rajoka, M.S.R.; Shah, A.A_; Khurshid, M. Prospects of
Antimicrobial Peptides as an Alternative to Chemical Preservatives for Food Safety. Biotechnol. Lett. 2023, 45, 137-162. [CrossRef]
Sotoudeh-Anvari, A. The Applications of MCDM Methods in COVID-19 Pandemic: A State of the Art Review. Appl. Soft Comput.
2022, 126, 109238. [CrossRef]

Aleksic, V.; Mimica-Dukic, N.; Simin, N.; Nedeljkovic, N.S.; Knezevic, P. Synergistic Effect of Myrtus Communis L. Essential
Oils and Conventional Antibiotics against Multi-Drug Resistant Acinetobacter Baumannii Wound Isolates. Phytomedicine 2014, 21,
1666-1674. [CrossRef]

Knezevic, P; Aleksic, V.; Simin, N.; Svircev, E.; Petrovic, A.; Mimica-Dukic, N. Antimicrobial Activity of Eucalyptus Camaldulensis
Essential Oils and Their Interactions with Conventional Antimicrobial Agents against Multi-Drug Resistant Acinetobacter
Baumannii. J. Ethnopharmacol. 2016, 178, 125-136. [CrossRef]

Kafa, A.H.T,; Aslan, R.; Celik, C.; Hasbek, M. Antimicrobial Synergism and Antibiofilm Activities of Pelargonium Graveolens,
Rosemary Officinalis, and Mentha Piperita Essential Oils against Extreme Drug-Resistant Acinetobacter Baumannii Clinical Isolates. Z.
Naturforsch C J. Biosci. 2022, 77, 95-104. [CrossRef] [PubMed]

de Souza Silveira Valente, J.; de Oliveira da Silva Fonseca, A.; Denardi, L.B.; Dal Ben, V.S.; de Souza Maia Filho, E; Baptista, C.T.;
Braga, C.Q.; Zambrano, C.G.; Alves, S.H.; de Avila Botton, S.; et al. In Vitro Susceptibility of Pythium Insidiosum to Melaleuca
Alternifolia, Mentha Piperita and Origanum Vulgare Essential Oils Combinations. Mycopathologia 2016, 181, 617—-622. [CrossRef]
[PubMed]

Rapper, S.L.; Viljoen, A.; van Vuuren, S. Optimizing the Antimicrobial Synergism of Melaleuca Alternifolia (Tea Tree) Essential Oil
Combinations for Application against Respiratory Related Pathogens. Planta Med. 2023, 89, 454-463. [CrossRef] [PubMed]
Choo, S.; Chin, VK.; Wong, E.H.; Madhavan, P;; Tay, S.T.; Yong, P.V.C.; Chong, P.P. Review: Antimicrobial Properties of Allicin
Used Alone or in Combination with Other Medications. Folia Microbiol. 2020, 65, 451-465. [CrossRef]

Baindara, P.; Mandal, S.M. Plant-Derived Antimicrobial Peptides: Novel Preservatives for the Food Industry. Foods 2022, 11, 2415.
[CrossRef]

Baindara, P.; Kapoor, A.; Korpole, S.; Grover, V. Cysteine-Rich Low Molecular Weight Antimicrobial Peptides from Brevibacillus
and Related Genera for Biotechnological Applications. World ]. Microbiol. Biotechnol. 2017, 33, 124. [CrossRef]

Sathoff, A.E.; Velivelli, S.; Shah, D.M.; Samac, D.A. Plant Defensin Peptides Have Antifungal and Antibacterial Activity Against
Human and Plant Pathogens. Phytopathology 2019, 109, 402—408. [CrossRef]

Payne, J.A.E.; Bleackley, M.R.; Lee, T.-H.; Shafee, TM.A.; Poon, LK.H.; Hulett, M.D.; Aguilar, M.-I.; van der Weerden, N.L.;
Anderson, M.A. The Plant Defensin NaD1 Introduces Membrane Disorder through a Specific Interaction with the Lipid,
Phosphatidylinositol 4,5 Bisphosphate. Biochim. Biophys. Acta 2016, 1858, 1099-1109. [CrossRef]

Parisi, K.; Shafee, TM.A.; Quimbar, P.; van der Weerden, N.L.; Bleackley, M.R.; Anderson, M.A. The Evolution, Function and
Mechanisms of Action for Plant Defensins. Semin. Cell Dev. Biol. 2019, 88, 107-118. [CrossRef] [PubMed]

Wilmes, M.; Cammue, B.P.A.; Sahl, H.-G.; Thevissen, K. Antibiotic Activities of Host Defense Peptides: More to It than Lipid
Bilayer Perturbation. Nat. Prod. Rep. 2011, 28, 1350-1358. [CrossRef] [PubMed]

Magana, M.; Pushpanathan, M.; Santos, A.L.; Leanse, L.; Fernandez, M.; Ioannidis, A.; Giulianotti, M.A.; Apidianakis, Y.; Bradfute,
S.; Ferguson, A.L.; et al. The Value of Antimicrobial Peptides in the Age of Resistance. Lancet Infect. Dis. 2020, 20, e216—e230.
[CrossRef]

Zhang, S.; Luo, L.; Sun, X.; Ma, A. Bioactive Peptides: A Promising Alternative to Chemical Preservatives for Food Preservation.
J. Agric. Food Chem. 2021, 69, 12369-12384. [CrossRef]

Borlinghaus, J.; Albrecht, F.; Gruhlke, M.C.H.; Nwachukwu, I.D.; Slusarenko, A.]. Allicin: Chemistry and Biological Properties.
Molecules 2014, 19, 12591-12618. [CrossRef]


https://doi.org/10.3748/wjg.v20.i40.14787
https://www.ncbi.nlm.nih.gov/pubmed/25356040
https://doi.org/10.1007/978-3-319-41342-6_7
https://www.ncbi.nlm.nih.gov/pubmed/27771924
https://doi.org/10.3390/nu2121231
https://www.ncbi.nlm.nih.gov/pubmed/22254006
https://doi.org/10.4315/JFP-22-033
https://www.ncbi.nlm.nih.gov/pubmed/35894663
https://doi.org/10.1016/j.ijantimicag.2019.02.015
https://doi.org/10.1016/j.ijantimicag.2018.06.005
https://doi.org/10.1021/acs.jnatprod.1c01107
https://doi.org/10.1128/AAC.01781-13
https://doi.org/10.1007/s10529-022-03328-w
https://doi.org/10.1016/j.asoc.2022.109238
https://doi.org/10.1016/j.phymed.2014.08.013
https://doi.org/10.1016/j.jep.2015.12.008
https://doi.org/10.1515/znc-2021-0079
https://www.ncbi.nlm.nih.gov/pubmed/34142518
https://doi.org/10.1007/s11046-016-0019-2
https://www.ncbi.nlm.nih.gov/pubmed/27209011
https://doi.org/10.1055/a-1947-5680
https://www.ncbi.nlm.nih.gov/pubmed/36626923
https://doi.org/10.1007/s12223-020-00786-5
https://doi.org/10.3390/foods11162415
https://doi.org/10.1007/s11274-017-2291-9
https://doi.org/10.1094/PHYTO-09-18-0331-R
https://doi.org/10.1016/j.bbamem.2016.02.016
https://doi.org/10.1016/j.semcdb.2018.02.004
https://www.ncbi.nlm.nih.gov/pubmed/29432955
https://doi.org/10.1039/c1np00022e
https://www.ncbi.nlm.nih.gov/pubmed/21617811
https://doi.org/10.1016/S1473-3099(20)30327-3
https://doi.org/10.1021/acs.jafc.1c04020
https://doi.org/10.3390/molecules190812591

Molecules 2024, 29, 5830 14 of 17

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Xiang, H.; Cao, F,; Ming, D.; Zheng, Y.; Dong, X.; Zhong, X.; Mu, D.; Li, B.; Zhong, L.; Cao, J.; et al. Aloe-Emodin Inhibits
Staphylococcus Aureus Biofilms and Extracellular Protein Production at the Initial Adhesion Stage of Biofilm Development. Appl.
Microbiol. Biotechnol. 2017, 101, 6671-6681. [CrossRef]

Munoz-Camargo, C.; Salazar, V.A.; Barrero-Guevara, L.; Camargo, S.; Mosquera, A.; Groot, H.; Boix, E. Unveiling the Multifaceted
Mechanisms of Antibacterial Activity of Buforin II and Frenatin 2.3S Peptides from Skin Micro-Organs of the Orinoco Lime
Treefrog (Sphaenorhynchus lacteus). Int. J. Mol. Sci. 2018, 19, 2170. [CrossRef]

Amarowicz, R.;; Dykes, G.A.; Pegg, R.B. Antibacterial Activity of Tannin Constituents from Phaseolus Vulgaris, Fagoypyrum
Esculentum, Corylus Avellana and Juglans Nigra. Fitoterapia 2008, 79, 217-219. [CrossRef] [PubMed]

Silva, T.; Claro, B.; Silva, B.E.B.; Vale, N.; Gomes, P.; Gomes, M.S.; Funari, S.S.; Teixeira, J.; Uhrikov4, D.; Bastos, M. Unravelling a
Mechanism of Action for a Cecropin A-Melittin Hybrid Antimicrobial Peptide: The Induced Formation of Multilamellar Lipid
Stacks. Langmuir 2018, 34, 2158-2170. [CrossRef]

Matica, M.A.; Aachmann, FEL.; Tendervik, A.; Sletta, H.; Ostafe, V. Chitosan as a Wound Dressing Starting Material: Antimicrobial
Properties and Mode of Action. Int. J. Mol. Sci. 2019, 20, 5889. [CrossRef] [PubMed]

Lou, Z.; Wang, H.; Zhu, S.; Ma, C.; Wang, Z. Antibacterial Activity and Mechanism of Action of Chlorogenic Acid. J. Food Sci.
2011, 76, M398-M403. [CrossRef] [PubMed]

Qian, W.; Liu, M,; Fu, Y;; Wang, T; Zhang, J.; Yang, M.; Sun, Z.; Li, X,; Li, Y. Antimicrobial and Antibiofilm Activities of Citral
Against Carbapenem-Resistant Enterobacter Cloacae. Foodborne Pathog. Dis. 2020, 17, 459-465. [CrossRef] [PubMed]

Russo, P.,; Del Bufalo, A.; Cesario, A. Flavonoids Acting on DNA Topoisomerases: Recent Advances and Future Perspectives in
Cancer Therapy. Curr. Med. Chem. 2012, 19, 5287-5293. [CrossRef]

Oh, J.M,; Kim, YJ.; Gang, H.-S.; Han, J.; Ha, H.-H.; Kim, H. Antimicrobial Activity of Divaricatic Acid Isolated from the Lichen
Evernia Mesomorpha against Methicillin-Resistant Staphylococcus Aureus. Molecules 2018, 23, 3068. [CrossRef]

Perumal, S.; Mahmud, R.; Ismail, S. Mechanism of Action of Isolated Caffeic Acid and Epicatechin 3-Gallate from Euphorbia Hirta
against Pseudomonas Aeruginosa. Pharmacogn. Mag. 2017, 13, S311-S315. [CrossRef] [PubMed]

Lee, S.; AlRazqgan, G.S.; Kwon, D.H. Antibacterial Activity of Epigallocatechin-3-Gallate (EGCG) and Its Synergism with (3-Lactam
Antibiotics Sensitizing Carbapenem-Associated Multidrug Resistant Clinical Isolates of Acinetobacter baumannii. Phytomedicine
2017, 24, 49-55. [CrossRef]

Qian, W.; Sun, Z.; Wang, T.; Yang, M.; Liu, M.; Zhang, ].; Li, Y. Antimicrobial Activity of Eugenol against Carbapenem-Resistant
Klebsiella Pneumoniae and Its Effect on Biofilms. Microb. Pathog. 2020, 139, 103924. [CrossRef]

Ouyang, J.; Sun, E; Feng, W.; Sun, Y.; Qiu, X,; Xiong, L.; Liu, Y.; Chen, Y. Quercetin Is an Effective Inhibitor of Quorum Sensing,
Biofilm Formation and Virulence Factors in Pseudomonas Aeruginosa. J. Appl. Microbiol. 2016, 120, 966-974. [CrossRef]

Singh, S.; Fatima, Z.; Hameed, S. Insights into the Mode of Action of Anticandidal Herbal Monoterpenoid Geraniol Reveal
Disruption of Multiple MDR Mechanisms and Virulence Attributes in Candida Albicans. Arch. Microbiol. 2016, 198, 459-472.
[CrossRef]

Wu, S.-C.; Yang, Z.-Q.; Liu, E; Peng, W.-].; Qu, S.-Q.; Li, Q.; Song, X.-B.; Zhu, K ; Shen, J.-Z. Antibacterial Effect and Mode of
Action of Flavonoids From Licorice Against Methicillin-Resistant Staphylococcus Aureus. Front. Microbiol. 2019, 10, 2489. [CrossRef]
Li, A-P; He, Y.-H.; Zhang, S.-Y; Shi, Y.-P. Antibacterial Activity and Action Mechanism of Flavonoids against Phytopathogenic
Bacteria. Pestic. Biochem. Physiol. 2022, 188, 105221. [CrossRef] [PubMed]

Cao, J.; Fu, H.; Gao, L.; Zheng, Y. Antibacterial Activity and Mechanism of Lactobionic Acid against Staphylococcus Aureus. Folia
Microbiol. 2019, 64, 899-906. [CrossRef]

Kang, S.; Shi, C.; Chang, J.; Kong, E; Li, M.; Guan, B.; Zhang, Z.; Shi, X.; Zhao, H.; Peng, Y.; et al. Label Free-Based Proteomic
Analysis of the Food Spoiler Pseudomonas Fluorescens Response to Lactobionic Acid by SWATH-MS. Food Control 2021, 123,
107834. [CrossRef]

Haraguchi, H.; Tanimoto, K.; Tamura, Y.; Mizutani, K.; Kinoshita, T. Mode of Antibacterial Action of Retrochalcones from
Glycyrrhiza Inflata. Phytochemistry 1998, 48, 125-129. [CrossRef]

Yang, S.-K.; Yusoff, K.; Ajat, M.; Wee, C.-Y,; Yap, P-S.-X,; Lim, S.-H.-E.; Lai, K.-S. Combinatorial Antimicrobial Efficacy and
Mechanism of Linalool Against Clinically Relevant Klebsiella Pneumoniae. Front. Microbiol. 2021, 12, 635016. [CrossRef]

Zhang, T.; Qiu, Y.; Luo, Q.; Zhao, L.; Yan, X;; Ding, Q.; Jiang, H.; Yang, H. The Mechanism by Which Luteolin Disrupts the
Cytoplasmic Membrane of Methicillin-Resistant Staphylococcus Aureus. J. Phys. Chem. B 2018, 122, 1427-1438. [CrossRef]
Brogden, K.A. Antimicrobial Peptides: Pore Formers or Metabolic Inhibitors in Bacteria? Nat. Rev. Microbiol. 2005, 3, 238-250.
[CrossRef]

Jamasbi, E.; Mularski, A.; Separovic, E. Model Membrane and Cell Studies of Antimicrobial Activity of Melittin Analogues. Curr.
Top. Med. Chem. 2016, 16, 40-45. [CrossRef]

Yang, J.-Y.Y.; Lee, H.-S.S. Evaluation of Antioxidant and Antibacterial Activities of Morin Isolated from Mulberry Fruits (Morus
alba L.). . Korean Soc. Appl. Biol. Chem. 2012, 55, 485-489. [CrossRef]

Li, G.; Wang, G.; Si, X.; Zhang, X.; Liu, W,; Li, L.; Wang, J. Inhibition of Suilysin Activity and Inflammation by Myricetin Attenuates
Streptococcus Suis Virulence. Life Sci. 2019, 223, 62—68. [CrossRef] [PubMed]

Lou, Z.; Wang, H; Rao, S.; Sun, J.; Ma, C.; Li, ]. P-Coumaric Acid Kills Bacteria through Dual Damage Mechanisms. Food Control
2012, 25, 550-554. [CrossRef]


https://doi.org/10.1007/s00253-017-8403-5
https://doi.org/10.3390/ijms19082170
https://doi.org/10.1016/j.fitote.2007.11.019
https://www.ncbi.nlm.nih.gov/pubmed/18325686
https://doi.org/10.1021/acs.langmuir.7b03639
https://doi.org/10.3390/ijms20235889
https://www.ncbi.nlm.nih.gov/pubmed/31771245
https://doi.org/10.1111/j.1750-3841.2011.02213.x
https://www.ncbi.nlm.nih.gov/pubmed/22417510
https://doi.org/10.1089/fpd.2019.2751
https://www.ncbi.nlm.nih.gov/pubmed/31985261
https://doi.org/10.2174/092986712803833272
https://doi.org/10.3390/molecules23123068
https://doi.org/10.4103/pm.pm_309_15
https://www.ncbi.nlm.nih.gov/pubmed/28808398
https://doi.org/10.1016/j.phymed.2016.11.007
https://doi.org/10.1016/j.micpath.2019.103924
https://doi.org/10.1111/jam.13073
https://doi.org/10.1007/s00203-016-1205-9
https://doi.org/10.3389/fmicb.2019.02489
https://doi.org/10.1016/j.pestbp.2022.105221
https://www.ncbi.nlm.nih.gov/pubmed/36464329
https://doi.org/10.1007/s12223-019-00705-3
https://doi.org/10.1016/j.foodcont.2020.107834
https://doi.org/10.1016/S0031-9422(97)01105-9
https://doi.org/10.3389/fmicb.2021.635016
https://doi.org/10.1021/acs.jpcb.7b05766
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.2174/1568026615666150703115919
https://doi.org/10.1007/s13765-012-2110-9
https://doi.org/10.1016/j.lfs.2019.03.024
https://www.ncbi.nlm.nih.gov/pubmed/30872178
https://doi.org/10.1016/j.foodcont.2011.11.022

Molecules 2024, 29, 5830 15 o0f 17

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Powers, ].-P.S.; Martin, M.M.; Goosney, D.L.; Hancock, R.E.W. The Antimicrobial Peptide Polyphemusin Localizes to the
Cytoplasm of Escherichia coli Following Treatment. Antimicrob. Agents Chemother. 2006, 50, 1522-1524. [CrossRef]

Lam, K.L.H,; Ishitsuka, Y.; Cheng, Y.; Chien, K.; Waring, A.].; Lehrer, R.I.; Lee, K.Y.C. Mechanism of Supported Membrane
Disruption by Antimicrobial Peptide Protegrin-1. |. Phys. Chem. B 2006, 110, 21282-21286. [CrossRef]

Nguyen, T.L.A.; Bhattacharya, D. Antimicrobial Activity of Quercetin: An Approach to Its Mechanistic Principle. Molecules 2022,
27,2494. [CrossRef]

Hwang, D.; Lim, Y.-H. Resveratrol Antibacterial Activity against Escherichia Coli Is Mediated by Z-Ring Formation Inhibition via
Suppression of FtsZ Expression. Sci. Rep. 2015, 5, 10029. [CrossRef] [PubMed]

Zhao, L.-Y,; Liu, H.-X.; Wang, L.; Xu, Z.-F; Tan, H.-B.; Qiu, S5.-X. Rhodomyrtosone B, a Membrane-Targeting Anti-MRSA Natural
Acylgphloroglucinol from Rhodomyrtus Tomentosa. J. Ethnopharmacol. 2019, 228, 50-57. [CrossRef] [PubMed]

Amalaradjou, M.A.R; Venkitanarayanan, K. Effect of Trans-Cinnamaldehyde on Reducing Resistance to Environmental Stresses
in Cronobacter Sakazakii. Foodborne Pathog. Dis. 2011, 8, 403—409. [CrossRef] [PubMed]

Mariewskaya, K.A.; Tyurin, A.P; Chistov, A.A.; Korshun, V.A,; Alferova, V.A.; Ustinov, A.V. Photosensitizing Antivirals. Molecules
2021, 26, 3971. [CrossRef]

Garcez, A.S.; Kaplan, M,; Jensen, G.J.; Scheidt, FER.; Oliveira, E.M.; Suzuki, S.S. Effects of Antimicrobial Photodynamic Therapy
on Antibiotic-Resistant Escherichia coli. Photodiagnosis Photodyn. Ther. 2020, 32, 102029. [CrossRef]

Zhu, S.; Song, Y.; Pei, J.; Xue, F; Cui, X,; Xiong, X.; Li, C. The Application of Photodynamic Inactivation to Microorganisms in
Food. Food Chem. X 2021, 12, 100150. [CrossRef]

Liu, D.; Gu, W.,; Wang, L.; Sun, J. Photodynamic Inactivation and Its Application in Food Preservation. Crit. Rev. Food Sci. Nutr.
2023, 63, 2042-2056. [CrossRef]

Buchovec, I; Gricajeva, A.; Kalédiené, L.; Vitta, P. Antimicrobial Photoinactivation Approach Based on Natural Agents for Control
of Bacteria Biofilms in Spacecraft. Int. . Mol. Sci. 2020, 21, 6932. [CrossRef]

Polat, E.; Kang, K. Natural Photosensitizers in Antimicrobial Photodynamic Therapy. Biomedicines 2021, 9, 584. [CrossRef]
Afrasiabi, S.; Partoazar, A.; Chiniforush, N.; Goudarzi, R. The Potential Application of Natural Photosensitizers Used in
Antimicrobial Photodynamic Therapy against Oral Infections. Pharmaceuticals 2022, 15, 767. [CrossRef]

Siewert, B.; Stuppner, H. The Photoactivity of Natural Products—An Overlooked Potential of Phytomedicines? Phytomedicine
2019, 60, 152985. [CrossRef] [PubMed]

Nisnevitch, M.; Nakonechny, F.; Nitzan, Y. Photodynamic Antimicrobial Chemotherapy by Liposome-Encapsulated Water-Soluble
Photosensitizers. Russ. J. Bioorg Chem. 2010, 36, 363-369. [CrossRef]

Nakonechny, F; Firer, M. A ; Nitzan, Y.; Nisnevitch, M. Intracellular Antimicrobial Photodynamic Therapy: A Novel Technique
for Efficient Eradication of Pathogenic Bacteria. Photochem. Photobiol. 2010, 86, 1350-1355. [CrossRef] [PubMed]

Al-Asmari, F.; Mereddy, R.; Sultanbawa, Y. A Novel Photosensitization Treatment for the Inactivation of Fungal Spores and Cells
Mediated by Curcumin. J. Photochem. Photobiol. B 2017, 173, 301-306. [CrossRef]

Valkov, A.; Zinigrad, M.; Nisnevitch, M. Photodynamic Eradication of Trichophyton Rubrum and Candida Albicans. Pathogens 2021,
10, 263. [CrossRef]

Xie, Y.; Li, J.; Liu, C.; Zhang, X.; Zhang, X.; Wang, Q.; Zhang, L.; Yang, S. Antimicrobial Efficacy of Aloe-Emodin Mediated
Photodynamic Therapy against Antibiotic-Resistant Pseudomonas Aeruginosa in Vitro. Biochem. Biophys. Res. Commun. 2024, 690,
149285. [CrossRef] [PubMed]

Wu, J.; Pang, Y,; Liu, D.; Sun, J.; Bai, W. Photodynamic Inactivation of Staphylococcus Aureus Using Aloe-Emodin as Photosensitizer.
Food Res. Int. 2024, 178, 113959. [CrossRef]

Park, M.-Y.; Kang, D.-H. Antibacterial Activity of Caffeic Acid Combined with UV-A Light against Escherichia Coli O157:H7,
Salmonella Enterica Serovar Typhimurium, and Listeria Monocytogenes. Appl. Environ. Microbiol. 2021, 87, €00631-21. [CrossRef]
[PubMed]

Hwang, H.R,; Lee, E.S.; Kang, S.M.; Chung, K.H.; Kim, B. Il Effect of Antimicrobial Photodynamic Therapy with Chlorella and
Curcuma Extract on Streptococcus Mutans Biofilms. Photodiagnosis Photodyn. Ther. 2021, 35, 102411. [CrossRef]

Suvorov, N.; Pogorilyy, V.; Diachkova, E.; Vasil’ev, Y.; Mironov, A.; Grin, M. Derivatives of Natural Chlorophylls as Agents for
Antimicrobial Photodynamic Therapy. Int. J. Mol. Sci. 2021, 22, 6392. [CrossRef] [PubMed]

Yu, X.; Zou, Y.; Zhang, Z.; Wei, T.; Ye, Z.; Yuk, H.G.; Zheng, Q. Recent Advances in Antimicrobial Applications of Curcumin-
Mediated Photodynamic Inactivation in Foods. Food Control 2022, 138, 108986. [CrossRef]

Chrubasik-Hausmann, S.; Hellwig, E.; Miiller, M.; Al-Ahmad, A. Antimicrobial Photodynamic Treatment with Mother Juices and
Their Single Compounds as Photosensitizers. Nutrients 2021, 13, 710. [CrossRef]

Akyuz, S.; Chousein (Ntemir), O.M.; Sacan, O.; Yanardag, R.; Kalayc, S.; Yarat, A.; Sahin, F. Antibacterial and Photodynamic
Effects of Some Plant Extracts for Cavity Disinfection. Photodiagnosis Photodyn. Ther. 2019, 26, 48-52. [CrossRef] [PubMed]
Pourhajibagher, M.; Alaeddini, M.; Etemad-Moghadam, S.; Rahimi Esboei, B.; Bahrami, R.; Miri Mousavi, R.S.; Bahador, A.
Quorum Quenching of Streptococcus Mutans via the Nano-Quercetin-Based Antimicrobial Photodynamic Therapy as a Potential
Target for Cariogenic Biofilm. BMC Microbiol. 2022, 22, 125. [CrossRef]

Lee, LH.; Kim, S.H.; Kang, D.H. Quercetin Mediated Antimicrobial Photodynamic Treatment Using Blue Light on Escherichia Coli
0157:H7 and Listeria Monocytogenes. Curr. Res. Food Sci. 2023, 6, 100428. [CrossRef]


https://doi.org/10.1128/AAC.50.4.1522-1524.2006
https://doi.org/10.1021/jp0630065
https://doi.org/10.3390/molecules27082494
https://doi.org/10.1038/srep10029
https://www.ncbi.nlm.nih.gov/pubmed/25942564
https://doi.org/10.1016/j.jep.2018.09.011
https://www.ncbi.nlm.nih.gov/pubmed/30195566
https://doi.org/10.1089/fpd.2010.0691
https://www.ncbi.nlm.nih.gov/pubmed/21114424
https://doi.org/10.3390/molecules26133971
https://doi.org/10.1016/j.pdpdt.2020.102029
https://doi.org/10.1016/j.fochx.2021.100150
https://doi.org/10.1080/10408398.2021.1969892
https://doi.org/10.3390/ijms21186932
https://doi.org/10.3390/biomedicines9060584
https://doi.org/10.3390/ph15060767
https://doi.org/10.1016/j.phymed.2019.152985
https://www.ncbi.nlm.nih.gov/pubmed/31257117
https://doi.org/10.1134/S106816201003012X
https://doi.org/10.1111/j.1751-1097.2010.00804.x
https://www.ncbi.nlm.nih.gov/pubmed/20880227
https://doi.org/10.1016/j.jphotobiol.2017.06.009
https://doi.org/10.3390/pathogens10030263
https://doi.org/10.1016/j.bbrc.2023.149285
https://www.ncbi.nlm.nih.gov/pubmed/37995454
https://doi.org/10.1016/j.foodres.2024.113959
https://doi.org/10.1128/AEM.00631-21
https://www.ncbi.nlm.nih.gov/pubmed/33990307
https://doi.org/10.1016/j.pdpdt.2021.102411
https://doi.org/10.3390/ijms22126392
https://www.ncbi.nlm.nih.gov/pubmed/34203767
https://doi.org/10.1016/j.foodcont.2022.108986
https://doi.org/10.3390/nu13030710
https://doi.org/10.1016/j.pdpdt.2019.02.025
https://www.ncbi.nlm.nih.gov/pubmed/30822566
https://doi.org/10.1186/s12866-022-02544-8
https://doi.org/10.1016/j.crfs.2022.100428

Molecules 2024, 29, 5830 16 of 17

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

dos Santos, D.P.;; Soares Lopes, D.P.; de Moraes, R.C.; Vieira Gongalves, C.; Pereira Rosa, L.; da Silva Rosa, F.C.; da Silva, R.A.A.
Photoactivated Resveratrol against Staphylococcus Aureus Infection in Mice. Photodiagnosis Photodyn. Ther. 2019, 25, 227-236.
[CrossRef]

Fan, L.; Idris Muhammad, A.; Bilyaminu Ismail, B.; Liu, D. Sonodynamic Antimicrobial Chemotherapy: An Emerging Alternative
Strategy for Microbial Inactivation. Ultrason. Sonochem. 2021, 75, 105591. [CrossRef]

Tachibana, M.; Matsumura, Y.; Fukuda, M.; Kimura, H.; Shinkai, Y. G9a/GLP Complexes Independently Mediate H3K9 and DNA
Methylation to Silence Transcription. EMBO ]. 2008, 27, 2681-2690. [CrossRef]

Pang, X.; Xu, C,; Jiang, Y.; Xiao, Q.; Leung, A.W. Natural Products in the Discovery of Novel Sonosensitizers. Pharmacol. Ther.
2016, 162, 144-151. [CrossRef]

Roy, J.; Pandey, V.; Gupta, I.; Shekhar, H. Antibacterial Sonodynamic Therapy: Current Status and Future Perspectives. ACS
Biomater. Sci. Eng. 2021, 7, 5326-5338. [CrossRef]

Wang, R.; Liu, Q.; Gao, A.; Tang, N.; Zhang, Q.; Zhang, A.; Cui, D. Recent Developments of Sonodynamic Therapy in Antibacterial
Application. Nanoscale 2022, 14, 12999-13017. [CrossRef] [PubMed]

Wang, X; Ip, M,; Leung, A\W,; Yang, Z.; Wang, P; Zhang, B; Ip, S.; Xu, C. Sonodynamic Action of Curcumin on Foodborne
Bacteria Bacillus Cereus and Escherichia coli. Ultrasonics 2015, 62, 75-79. [CrossRef] [PubMed]

Bhavya, M.L.; Umesh Hebbar, H. Efficacy of Blue LED in Microbial Inactivation: Effect of Photosensitization and Process
Parameters. Int. J. Food Microbiol. 2019, 290, 296-304. [CrossRef] [PubMed]

Wang, C.-M.; Jhan, Y.-L.; Tsai, S.-J.; Chou, C.-H. The Pleiotropic Antibacterial Mechanisms of Ursolic Acid against Methicillin-
Resistant Staphylococcus Aureus (MRSA). Molecules 2016, 21, 884. [CrossRef]

Benfield, A.H.; Henriques, S.T. Mode-of-Action of Antimicrobial Peptides: Membrane Disruption vs. Intracellular Mechanisms.
Front. Med. Technol. 2020, 2, 610997. [CrossRef]

Huang, W.; Hu, B.; Yuan, Y.; Fang, H.; Jiang, J.; Li, Q.; Zhuo, Y.; Yang, X.; Wei, ].; Wang, X. Visible Light-Responsive Selenium
Nanoparticles Combined with Sonodynamic Therapy to Promote Wound Healing. ACS Biomater. Sci. Eng. 2023, 9, 1341-1351.
[CrossRef]

Alves, F,; Pratavieira, S.; Inada, N.M.; Barrera Patifio, C.P.; Kurachi, C. Effects on Colonization Factors and Mechanisms Involved
in Antimicrobial Sonophotodynamic Inactivation Mediated by Curcumin. Pharmaceutics 2023, 15, 2407. [CrossRef] [PubMed]
Pourhajibagher, M.; Bahrami, R.; Bahador, A. Application of Antimicrobial Sonodynamic Therapy as a Potential Treatment
Modality in Dentistry: A Literature Review. J. Dent. Sci. 2024, 19, 787-794. [CrossRef] [PubMed]

Pourhajibagher, M.; Rahimi Esboei, B.; Hodjat, M.; Bahador, A. Sonodynamic Excitation of Nanomicelle Curcumin for Eradication
of Streptococcus Mutans under Sonodynamic Antimicrobial Chemotherapy: Enhanced Anti-Caries Activity of Nanomicelle
Curcumin. Photodiagnosis Photodyn. Ther. 2020, 30, 101780. [CrossRef]

Zhang, ].; Zheng, P; Li, J.; Yang, Y.; Zeng, S.; Qiu, J.; Lin, S. Curcumin-Mediated Sono-Photodynamic Treatment Inactivates Listeria
Monocytogenes via ROS-Induced Physical Disruption and Oxidative Damage. Foods 2022, 11, 808. [CrossRef]

Alves-Silva, E.G.; Arruda-Vasconcelos, R.; Louzada, L.M.; de-Jesus-Soares, A.; Ferraz, C.C.R.; Almeida, J.E.A.; Marciano, M.A.;
Steiner-Oliveira, C.; Santos, ] M.M.; Gomes, B.P. Effect of Antimicrobial Photodynamic Therapy on the Reduction of Bacteria and
Virulence Factors in Teeth with Primary Endodontic Infection. Photodiagnosis Photodyn. Ther. 2023, 41, 103292. [CrossRef]

Su, Y.; Wang, C.; Zhang, H.; Guo, L.; Liang, Y.; Xiong, M.; Feng, X.; Chen, D.; Ke, Z.; Wen, L.; et al. Sonodynamic Therapy Exciting
the Herbal Nanocomposite with Spider-Web-like Effect to Combat Otitis Media. Int. |. Pharm. 2022, 621, 121820. [CrossRef]
Yasini, Z.; Roghanizad, N.; Fazlyab, M.; Pourhajibagher, M. Ex Vivo Efficacy of Sonodynamic Antimicrobial Chemotherapy
for Inhibition of Enterococcus Faecalis and Candida Albicans Biofilm. Photodiagnosis Photodyn. Ther. 2022, 40, 103113. [CrossRef]
[PubMed]

Pourhajibagher, M.; Talaei, N.; Bahador, A. Evaluation of Antimicrobial Effects of Photo-Sonodynamic Antimicrobial Chemother-
apy Based on Nano-Micelle Curcumin on Virulence Gene Expression Patterns in Acinetobacter Baumannii. Infect. Disord. Drug
Targets 2022, 22, 44-51. [CrossRef]

Pourhajibagher, M.; Rahimi-esboei, B.; Ahmadi, H.; Bahador, A. The Anti-Biofilm Capability of Nano-Emodin-Mediated
Sonodynamic Therapy on Multi-Species Biofilms Produced by Burn Wound Bacterial Strains. Photodiagnosis Photodyn. Ther. 2021,
34,102288. [CrossRef]

Pourhajibagher, M.; Parker, S.; Pourakbari, B.; Valian, N.K.; Raoofian, R.; Bahador, A. Enhancement of Hypericin Nanoparticle-
Mediated Sonoinduced Disruption of Biofilm and Persister Cells of Streptococcus Mutans by Dermcidin-Derived Peptide DCD-1L.
Photodiagnosis Photodyn. Ther. 2023, 41, 103308. [CrossRef]

Pourhajibagher, M.; Bahrami, R.; Bazarjani, F; Bahador, A. Anti-Multispecies Microbial Biofilms and Anti-Inflammatory Effects of
Antimicrobial Photo-Sonodynamic Therapy Based on Acrylic Resin Containing Nano-Resveratrol. Photodiagnosis Photodyn. Ther.
2023, 43, 103669. [CrossRef] [PubMed]

Hochma, E.; Hovor, I.; Nakonechny, F.; Nisnevitch, M. Photo- and Sono-Active Food Colorants Inactivating Bacteria. Int. . Mol.
Sci. 2023, 24, 15126. [CrossRef] [PubMed]

Rathee, P; Sehrawat, R.; Rathee, P.; Khatkar, A.; Akkol, E.K.; Khatkar, S.; Redhu, N.; Tiirkcanoglu, G.; Sobarzo-Sanchez, E.
Polyphenols: Natural Preservatives with Promising Applications in Food, Cosmetics and Pharma Industries; Problems and
Toxicity Associated with Synthetic Preservatives; Impact of Misleading Advertisements; Recent Trends in Preservation and
Legislation. Materials 2023, 16, 4793. [CrossRef]


https://doi.org/10.1016/j.pdpdt.2019.01.005
https://doi.org/10.1016/j.ultsonch.2021.105591
https://doi.org/10.1038/emboj.2008.192
https://doi.org/10.1016/j.pharmthera.2015.12.004
https://doi.org/10.1021/acsbiomaterials.1c00587
https://doi.org/10.1039/D2NR01847K
https://www.ncbi.nlm.nih.gov/pubmed/36052726
https://doi.org/10.1016/j.ultras.2015.05.003
https://www.ncbi.nlm.nih.gov/pubmed/26026869
https://doi.org/10.1016/j.ijfoodmicro.2018.10.021
https://www.ncbi.nlm.nih.gov/pubmed/30414562
https://doi.org/10.3390/molecules21070884
https://doi.org/10.3389/fmedt.2020.610997
https://doi.org/10.1021/acsbiomaterials.2c01119
https://doi.org/10.3390/pharmaceutics15102407
https://www.ncbi.nlm.nih.gov/pubmed/37896167
https://doi.org/10.1016/j.jds.2023.11.006
https://www.ncbi.nlm.nih.gov/pubmed/38618114
https://doi.org/10.1016/j.pdpdt.2020.101780
https://doi.org/10.3390/foods11060808
https://doi.org/10.1016/j.pdpdt.2023.103292
https://doi.org/10.1016/j.ijpharm.2022.121820
https://doi.org/10.1016/j.pdpdt.2022.103113
https://www.ncbi.nlm.nih.gov/pubmed/36096436
https://doi.org/10.2174/1871526522666211220121725
https://doi.org/10.1016/j.pdpdt.2021.102288
https://doi.org/10.1016/j.pdpdt.2023.103308
https://doi.org/10.1016/j.pdpdt.2023.103669
https://www.ncbi.nlm.nih.gov/pubmed/37356699
https://doi.org/10.3390/ijms242015126
https://www.ncbi.nlm.nih.gov/pubmed/37894807
https://doi.org/10.3390/ma16134793

Molecules 2024, 29, 5830 17 of 17

135.

136.

137.

138.

139.

Kallscheuer, N. Engineered Microorganisms for the Production of Food Additives Approved by the European Union-A Systematic
Analysis. Front. Microbiol. 2018, 9, 1746. [CrossRef] [PubMed]

Dong, H.; Xu, Y.; Zhang, Q.; Li, H.; Chen, L. Activity and Safety Evaluation of Natural Preservatives. Food Res. Int. 2024, 190,
114548. [CrossRef] [PubMed]

Séez-Orviz, S.; Marcet, I.; Rendueles, M.; Diaz, M. The Antimicrobial and Bioactive Properties of Lactobionic Acid. J. Sci. Food
Agric. 2022, 102, 3495-3502. [CrossRef]

Petiwala, S.M.; Johnson, ].J. Diterpenes from Rosemary (Rosmarinus Officinalis): Defining Their Potential for Anti-Cancer Activity.
Cancer Lett. 2015, 367, 93-102. [CrossRef]

Martelli, E,; Cirlini, M.; Lazzi, C.; Neviani, E.; Bernini, V. Edible Seaweeds and Spirulina Extracts for Food Application: In Vitro
and in Situ Evaluation of Antimicrobial Activity towards Foodborne Pathogenic Bacteria. Foods 2020, 9, 1442. [CrossRef]

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


https://doi.org/10.3389/fmicb.2018.01746
https://www.ncbi.nlm.nih.gov/pubmed/30123195
https://doi.org/10.1016/j.foodres.2024.114548
https://www.ncbi.nlm.nih.gov/pubmed/38945593
https://doi.org/10.1002/jsfa.11823
https://doi.org/10.1016/j.canlet.2015.07.005
https://doi.org/10.3390/foods9101442

	Introduction 
	Antimicrobial Compounds of Natural Origin and Their Mechanisms of Action 
	Natural Compounds in Antimicrobial Photodynamic Therapy 
	Natural Sonodynamic Antimicrobials 
	Natural Sonophotodynamic Therapy 
	Approved Preservatives of Natural Origin 
	Conclusions 
	References

