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Abstract: Microbiological risk associated with abiotic surfaces is one of the most important issues
worldwide. Surface contaminations by pathogenic bacterial biofilms or adherent cells affect a
number of sectors, including medical services, food industries, human services, and the environment.
There is a need to synthesize or to set up novel biosource-based antimicrobials. Terpenes such
as limonene carvacrol are usually found in essential oils and have potent antimicrobial activities.
However, the direct use of these molecules is often inefficient due to their low water solubility, loss of
volatile compounds, thermal degradation, oxidation, and toxicity. The organic synthesis of stable
metal complexes based on terpene ligands seems to be a promising issue, since it can allow for
and promote the use of terpenes and challenge the drawbacks of these molecules. Spray drying
could be the most suitable method for encapsulating metal complexes based on terpene ligands to
protect and enhance their activity against bacterial biofilms. The goal of this review is to discuss the
microbiological risk associated with pathogenic bacterial biofilm and the organic synthesis of novel
antimicrobial complexes based on terpene ligands. In addition, this review explores how to improve
their bioactivities and characteristics using a formulation based on encapsulation.

Keywords: terpenes; metallic ions; complexes; microencapsulation; biofilm

1. Introduction

Pathogenetic bacteria have been reported as contaminating microorganisms on equip-
ment surfaces commonly used in both the medical and food sectors. These surfaces are
potential reservoirs for the spread of microbial pathogens such as Listeria monocytogenes,
Staphylococcus aureus, and Salmonella spp. [1,2]. If the environmental conditions are suitable
to growth, abiotic surface-adherent bacteria are able to form a complex structure called
biofilm [3]. In the food sector, surface contaminations are involved in foodborne infections
experienced after the consumption of food and drink contaminated with pathogens. In hos-
pitals, contamination of medical equipment is involved in healthcare-associated infections
(HCAIs) [4]. According to the Centers for Disease Control and Prevention, about 1.7 million
hospitalized patients in the United States contract HCAIs each year while being treated for
other health conditions, and more than 98,000 of these patients die as a result of HCAIs [5].

These infections are generally caused by multidrug-resistant bacteria [6]. The most
common microorganisms involved are Escherichia coli found in the intestines and Staphy-
lococcus aureus bacteria found on the skin and mucous membranes in the nose of healthy
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humans. Pseudomonas aeruginosa bacteria thrive in soils and wet environments [7,8]. On the
other hand, there are food safety concerns that arise frequently in agrifood value chains.
Foodborne illness can occur at any stage of food production and distribution. Thus, in
food industries, effective cleaning and disinfection of equipment are required to reduce
the risks of bacterial contamination such as those related to Staphylococcus aureus, Listeria
monocytogenes, and Salmonella spp. [9–11].

Therefore, the control of biofilms remains the most important task for many indus-
tries to reduce the microbiological risk associated with its persistence in these areas. To
reduce the microbiological risk associated with the main bacterial pathogens, the use of
plant extracts as biosourced antimicrobials could be a sustainable and eco-friendly strategy.
Molecules derived from essential oils (EOs) and plant extracts that are known as antimi-
crobials could be the best option, as these antimicrobials are efficient and produced by
available and renewable resources such as Pinus pinaster, Pistacia lentiscus, Calicotome spinosa,
and Thymelaea hirsute, as well as food waste like citrus peels. This is one of the principles
of green chemistry, which, within the developed approach, leads to an innovative and
efficient route for the preparation of high-value-added chemicals with circular economic,
environmental, and ethical goals [12–14].

The composition of essential oils from each plant species is unique, with one to three
terpenes constituting major components and many minor components [15]. However, their
use as antimicrobials is fraught with difficulties due to factors such as their high volatility
and solubility in water, as well as their cytotoxicity [16–18]. Several terpene-based ligands
and their associated metal complexes have superior antibacterial activity compared to free
ligands. Furthermore, some metal complexes have been reported to be water-soluble, as we
demonstrated previously [19–21]. This property makes them more useful as antibacterial
compounds than terpenes.

Bioinorganic and medicinal chemists have paid close attention to the antibacterial prop-
erties of metal ions and their complexes [22]. Metals such as Zn, Fe, Hg, As, Cu, Ag, and
Ru have been used as antimicrobials in various forms for thousands of years [22–25]. The
use of metals for the treatment of many diseases was mentioned in the Ebers papyrus [26].
Silver has biocidal and bactericidal properties, copper reduces inflammation and is used to
treat various Escherichia coli and Pseudomonas spp. infections, and iron is used to treat anemia.
The use of metals as antibacterial agents declined after the discovery of antibiotics in the
twentieth century. Antibiotic resistance was discovered shortly thereafter due to the transfer
of antibiotic resistance genes, also known as resistance transfer factors. Metal complexes
such as {RuCl[(p-cymene)][Aminooxime L3]}+Cl− [21] are promising antimicrobials that have
been reported to exhibit stronger antibacterial activity than uncomplicated ligands [27]. The
goal of this review is to provide a comprehensive overview of existing data on the micro-
biological risk associated with pathogenic bacterial biofilms in healthcare sectors and food
industries. The organic synthesis of novel antimicrobials metal complexes based on terpene
ligands is discussed, demonstrating the potential of this strategy. Their formulation based on
spray-drying encapsulation is also discussed as a strategy to improve their antibacterial and
antibiofilm activities.

2. Healthcare-Associated Infections Related to Adherent Bacteria and Their Biofilms

Healthcare-associated infections (HAIs), also known as nosocomial infections, are a
major source of concern for both patients and healthcare workers [28]. An infection of
this type can occur in a hospital, nursing home [29], outpatient clinic [30], or other clinical
setting. As stated by the Centers for Disease Control and Prevention (CDC), 1 in every
31 hospitalized patients and 1 in every 43 nursing home residents has an HAI [31]. These
infections may be caused by self-contamination, such as infections linked to Staphylococ-
cus spp. bacteria naturally present in the skin. Such colonizing bacteria may become
invasive if natural barriers are broken as a result of surgery or catheter implantation [32].
Cross contamination occurs when one person distributes an infection to another, either
directly or indirectly. For instance Pseudomonas aeruginosa, can spread from one person to
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another through contact and activities such as meetings or sharing rooms, medical equip-
ment, and cutlery [33,34]. Infections propagate through vehicles such as tap water, hospital
foods, and intravenous drugs [35]. Moreover, detached microorganisms from a biofilm are
a major source of bacterial spread and contamination [36]. They cause significant issues in
healthcare sectors and food industries. The National Institutes of Health (NIH) reported
that about 65% of all bacterial infections are associated with bacterial biofilms [37]. In
addition, infections caused by biofilm growth are notoriously challenging to treat. As
reported in Table 1, biofilms frequently form on the inert surfaces of devices like catheters,
prosthetic heart valves, and joint replacements [38,39]. The global production of biomedical
devices and tissue-engineering-related materials is estimated to be worth 180 USD billion
annually, but medical equipment continue to suffer from microbial contamination and
colonization [40,41]. These infections include central line-associated bloodstream infections
(CLABSIs) (Table 1), which occur when bacteria or fungi enter the bloodstream via a central
line; catheter-associated urinary tract infections (CAUTIs); central venous catheter (CVC)
(see Table 1) or hemodialysis catheter infections; transcatheter aortic valve replacement
(TAVR) infection; prosthetic joint infection (PJI); pediatric ventilator-associated events (Ped-
VAEs); and ventilator-associated pneumonia (VAP) (Table 1). Infections can also occur at
surgical sites, which are known as surgical site infections (SSI) [42]. Between 2020 and 2021,
statistically significant increases in methicillin-resistant Staphylococcus aureus MRSA (14%),
VAE (12%), CLABSI (7%), and CAUTI (5%) were observed [43] (see Table 1).

Table 1. Most frequently isolated microorganisms discovered in biofilm-related HACIs.

Healthcare-Associated Infection Types Microorganisms References

Central line-associated bloodstream
infection (CLABSI)

Staphylococcus aureus,
coagulase-negative staphylococci,

Candida spp.,
methicillin-resistant Staphylococci (MRSA),

Enterococci,
Klebsiella,

Enterobacter,
Pseudomonas aeruginosa,

Escherichia coli,
Acinetobacter, and

Candida species

[44–49]

CVC/hemodialysis catheter infection

Enterobacter cloacae complex (ECC),
Candida parapsilosis,

Staphylococcus aureus, and
methicillin-resistant Staphylococcus aureus (MRSA)

[50–52]

Pediatric ventilator-associated events
(PedVAEs)

Candida albicans,
Staphylococcus epidermidis,

Pseudomonas aeruginosa, and
Haemophilus infuenzae

[53–58]

Ventilator-associated pneumonia (VAP)

Pseudomonas aeruginosa,
Staphylococcus aureus,
Escherichia coli, and

Enterobacterales

[59–61]

Catheter-associated urinary tract
infection (CAUTI)

Staphylococcus aureus,
Escherichia coli,

Proteus mirabilis,
Klebsiella pneumoniae,

Pseudomonas aeruginosa,
Enterococcus faecalis, and

Candida

[62–66]
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Table 1. Cont.

Healthcare-Associated Infection Types Microorganisms References

Transcatheter aortic valve replacement
(TAVR) infection

Streptococcus and
Staphylococcus aureus [67–73]

Cardiovascular devices
Staphylococcus aureus,

coagulase-negative Staphylococcus, and
Staphylococcus aureus

[74–82]

Surgical site infection (SSI)

Escherichia coli,
Enterobacter spp.,

Staphylococcus aureus,
Streptococcus spp.,

Klebsiella pneumoniae,
Streptococcus pneumoniae,
Pseudomonas aeruginosa,

Enterococcus faecalis,
Proteus spp., and

methicillin-resistant S. aureus (MRSA) CoNS

[83–90]

Prosthetic joint infection (PJI)

Methicillin-resistant Staphylococcus,
Staphylococcus aureus,

Staphylococcus lugdunensis,
Staphylococcus spp.,

Pseudomonas aeruginosa, and
Streptococcus gordonii

[91–101]

3. Food Poisoning Related to Adherent Bacteria and Their Biofilms

Food poisoning is a prevalent, costly, and occasionally deadly disease. The bacteria
most often involved in foodborne illnesses are Salmonella spp., Staphylococcus aureus, Es-
cherichia coli, and Listeria monocytogens [102]. In the United States, food poisoning causes
9.4 million illnesses, 55,961 hospitalizations, and 1351 fatalities each year [103]. The majority
of pathogens involved in foodborne disease are frequently detected in the intestines of
mammals, reptiles, and birds. These pathogens are transmitted to humans through the
consumption of foods of animal origin, such as eggs, meat, and milk. These bacteria are
able to adhere to abiotic surfaces, and they have the ability to form biofilms on almost
all utensil surfaces and under almost all environmental conditions encountered in food
production plants [104,105]. The cleaning and disinfection of premises and equipment are
among the major measures to control food pathogens in food industries. Furthermore, as
reported, one of the five keys to safer food is keeping clean [106]. When premises and
equipment are contaminated and the conditions of cell growth are suitable, adherent cells
form biofilms [36]. It has been established that bacterial cells in a biofilm state are more
resistant than planktonic cells to cleaning and disinfection procedures. Biofilm cells in a
food processing unit are typically not eliminated by standard cleaning procedures and
therefore may be a source of contamination for foods that come into contact with food
contact surfaces (countertops, rubber, gloves, plastics, etc.) (Table 2) [107,108]. Food in-
dustries use physical, chemical, and biological treatments as biofilm inhibition techniques.
However, traditional cleaning methods usually fail to remove or destroy germs found in
the inner layers of the biofilm. Novel strategies based on hurdle technology using safe
biochemical agents such as enzymes, essential oils, etc., show efficient antibiofilm activities
and are now under development and drawing increasing attention as potentially safe and
environmentally friendly biochemical procedures [10,109–113].
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Table 2. Pathogenic bacterial diversity in the agrifood ecosystem.

Foodborne Pathogen Food Environment
Processes Food Equipment Isolation Food Product References

Listeria spp.

Fine cutting of loin
Apron

Conveyor belt
Loin ripping board Meat [114]

Packaging film
Hooks

Meat cutting Saw
Conveyor belt

Drains
Floors

Freezers
Aprons

Door handles
Taps

Smoked salmon
Raw salmon [115]

Knives
Mincing machine
Deriding machine

Bowl cutter
Vacuum packaging machine

Slicing machine
Scales

Stainless-steel tables
Sticks for hanging the products

Cutting boards
Stainless steel trolley

Pork, beef, chicken, and
sheep meat [116]

Mushroom [117]

Iceberg lettuce [118]

Poultry meat
Raw beef [119]

Chicken cold cuts [120]

Cold storage Pork meat [121]

3D Food Printing
Systems Food ink capsules [122]

Bulk tank milk
Milk filter Raw milk [123]

Fish processing plants [124]

Food service
establishments Enoki mushrooms [125]

Cutting room Meat [126]

Floor
Mixing trough

Separating machines
Cutter

Transport belt
Mixing machine
Dicing machine

Knives

Saucisse
Saucisson

Rosette
Chorizo

[127]
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Table 2. Cont.

Foodborne Pathogen Food Environment
Processes Food Equipment Isolation Food Product References

Escherichia coli

Sliced cooked and
cured ham

Sliced cooked and
cured sausage

Sliced cooked meats
Veal pie and calf

liver pâté

[128]

Refrigerated storage Kale [129]

Fresh beef [130]

Countertop
Draining board Chicken [131]

Staphylococcus spp.

Milk [132,133]

Pastries
Cereals [134]

Quail breast [135]

Kazak cheese [136]

Dairy farms

Hand
Bulk farm milk

Pooled udder milk
Milking container

Bulk container
Teat

Overall

Milk
Water for cleaning teat

and hands
[137]

Dish cloth
Hands

Refrigerator handle
Oven handle
Countertop

Draining board

Chicken [131]

Slaughter hall
cutting room Meat [126]

Dairy staff Hands
Anterior nares

Raw milk
Minas Frescal cheese

Food handlers
[138]

Salmonella spp.

Chicken breeds [139]

Pet food [140]

Plastic (tote)
Plastic (bucket elevator)

Stainless steel
Concrete

Rubber (belt)
Rubber (tire)

[141]

Domestic kitchen
surfaces - Chicken carcasses [142]
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Table 2. Cont.

Foodborne Pathogen Food Environment
Processes Food Equipment Isolation Food Product References

Tomatoes [143]

Individual production
chains

Poultry food
Chicken gizzards [144]

3D food printing
systems Food ink capsules [122]

Bulk tank milk
Milk filter Raw milk [123]

Fresh beef [130]

Dish cloth
Countertop Chicken [131]

4. Biofilm
4.1. Biofilm Formation

A biofilm is a structured community of microbial cells enclosed in a self-produced
extracellular polymeric matrix that are adherent to the a surface, the interface, and each
other [145,146]. Biofilms protect the bacteria and allow them to survive in hostile environ-
mental conditions. Bacterial biofilms can resist the host immune response and are much
more resistant to antibiotics and disinfectant treatments than planktonic bacterial cells [147].
Biofilm formation occurs in several steps according to a well-established pattern, as shown
in Figure 1. First, bacteria adhere to a surface (1) and start to develop an irreversible
attachment (2). The bacteria then group together, multiply, and form microcolonies (3).
During the biofilm maturation phase, bacteria begin to synthesize extracellular polymeric
substances (EPS), which are made up of polysaccharides, proteins, extracellular DNA
(eDNA), and lipids. Within hours of accumulation of EPS, bacteria are trapped in a complex
protective extracellular matrix (Figure 2), forming a mature biofilm that offers a protective
environment against antibacterial agents (4) [148,149]. The final stage in biofilm formation
is the detachment or dispersal of bacterial cells, which can then colonize new surfaces (5)
(Figure 1). Thus, these bacterial cells have the ability to adhere to new surfaces and reform
a biofilm and can contribute to biological dispersion, which plays an important role in the
transmission of bacteria and the spread of cross contamination and infection [111,150].

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 30 
 

 
Figure 1. Different steps of biofilm formation. 

 
Figure 2. Effect of the biofilm’s extracellular matrix on pathogenicity. 

4.2. Biofilm Matrix 
The production of the extracellular matrix (ECM) by bacteria in biofilms provides 

protection against hostile environments such as antimicrobial agents and the host immune 
system. Figure 2 shows a scanning electron micrograph of an Escherichia coli biofilm en-
closed in an extracellular matrix [36]. ECM contributes to pathogenicity by increasing an-
tibiotic tolerance and promoting immune evasion. The production of the extracellular ma-
trix is central to the development of bacterial biofilm architecture [157,158]. 

The matrix is highly hydrated, with up to 97% water content, and is rich in polysac-
charides, proteins, and extracellular microbial DNA. It can be composed of one or more 
microbial species (bacterial or fungal). The matrix is a hydrated mucilaginous layer that 
prevents bacteria from drying out [159]. The ECM is made up of extracellular polymeric 
substances (EPS) that have been identified, highlighting its versatility, with various func-
tions (Table 3) [160,161]. 

EPS promote microbe adhesion to biotic and abiotic surfaces, The stability and func-
tionality of the EPS matrix are critical in the development of a robust and resilient 

Figure 1. Different steps of biofilm formation.



Appl. Sci. 2023, 13, 9854 8 of 29

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 30 
 

 
Figure 1. Different steps of biofilm formation. 

 
Figure 2. Effect of the biofilm’s extracellular matrix on pathogenicity. 

4.2. Biofilm Matrix 
The production of the extracellular matrix (ECM) by bacteria in biofilms provides 

protection against hostile environments such as antimicrobial agents and the host immune 
system. Figure 2 shows a scanning electron micrograph of an Escherichia coli biofilm en-
closed in an extracellular matrix [36]. ECM contributes to pathogenicity by increasing an-
tibiotic tolerance and promoting immune evasion. The production of the extracellular ma-
trix is central to the development of bacterial biofilm architecture [157,158]. 

The matrix is highly hydrated, with up to 97% water content, and is rich in polysac-
charides, proteins, and extracellular microbial DNA. It can be composed of one or more 
microbial species (bacterial or fungal). The matrix is a hydrated mucilaginous layer that 
prevents bacteria from drying out [159]. The ECM is made up of extracellular polymeric 
substances (EPS) that have been identified, highlighting its versatility, with various func-
tions (Table 3) [160,161]. 

EPS promote microbe adhesion to biotic and abiotic surfaces, The stability and func-
tionality of the EPS matrix are critical in the development of a robust and resilient 

Figure 2. Effect of the biofilm’s extracellular matrix on pathogenicity.

Biofilm resistance is linked to a microbial cell-to-cell communication system called
quorum sensing (QS). When a bacterial community reaches a high level, signaling molecules
are synthesized. The expression of QS molecules differs biochemically between Gram-
negative and Gram-positive cells. In Gram-positive bacteria, the main function of the QS
system is to synthesize intracellular molecules called autoinducer peptides (AIPs). However,
in Gram-negative bacteria, autoinducer molecules are secreted from parent molecules
called N-acyl homoserine lactones (AHLs). These molecules can enter the intracellular
environment to regulate gene expression in a manner dependent on the extracellular
environment. This ability helps bacteria to survive environmental stressors [151–153].

Inhibition of QS or quorum quenching [154] is therefore a preferred strategy to fight
against microbial infections. This strategy attenuates the pathogenicity of microbes and
increases the sensitivity of microbial biofilms to antibiotics. This happens by degrading
the communication molecules involved in quorum-sensing or -blocking receptors for the
same molecules [154]. These mechanisms are implemented by certain organisms, such
as plants. In this respect, various bioactive molecules, notably terpenoids, flavonoids,
and phenolic acids, exhibit numerous anti-QS mechanisms via inhibition of autoin-
ducer release, sequestration of QS-mediated molecules, and deregulation of QS gene
expression [151,155,156].

4.2. Biofilm Matrix

The production of the extracellular matrix (ECM) by bacteria in biofilms provides
protection against hostile environments such as antimicrobial agents and the host immune
system. Figure 2 shows a scanning electron micrograph of an Escherichia coli biofilm
enclosed in an extracellular matrix [36]. ECM contributes to pathogenicity by increasing
antibiotic tolerance and promoting immune evasion. The production of the extracellular
matrix is central to the development of bacterial biofilm architecture [157,158].

The matrix is highly hydrated, with up to 97% water content, and is rich in polysac-
charides, proteins, and extracellular microbial DNA. It can be composed of one or more
microbial species (bacterial or fungal). The matrix is a hydrated mucilaginous layer that
prevents bacteria from drying out [159]. The ECM is made up of extracellular polymeric sub-
stances (EPS) that have been identified, highlighting its versatility, with various functions
(Table 3) [160,161].
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Table 3. Main roles of the ECM [160].

EPS Elements Role

Polycarbohydrates, proteins, and DNA Adhesion

Neutral and charged polycarbohydrates, proteins (such
as amyloids and lectins), and DNA Cohesion

Polycarbohydrates and proteins Barrier of defense

Potentially all the components of EPS * Source of nutrients

Hydrophilic polycarbohydrates and eventually proteins Water retention

Extracellular DNA Genetic information exchange
* EPS: extracellular polymeric substances.

EPS promote microbe adhesion to biotic and abiotic surfaces, The stability and function-
ality of the EPS matrix are critical in the development of a robust and resilient microbiome
community, in addition to aiding in the tolerance of these multicellular communities to
various antimicrobial agents (Figure 2). Biofilm bacteria are more resistant to external
aggressions such as pH, temperature, and antimicrobial agents than planktonic bacte-
ria [162,163]. Biofilms can withstand antibiotics at concentrations 10 to 1000 times higher
than planktonic bacteria, and it has been reported that the matrix acts as a diffusion barrier
for toxic molecules [164]. The presence of zones of low or no oxygenation in the biofilm’s
deep layers may also contribute to resistance to some biocides, which may be inactivated
under such conditions or are ineffective against metabolically inactive bacteria. An increas-
ing body of experimental evidence suggests that resistance is linked to the expression of
specific genetic mechanisms. All of these characteristics suggest that biofilm is a favorable
way of life for bacteria, to the point of constituting a default mode of life for certain bacterial
species [165,166].

5. Terpenes and Their Derivatives as Good Candidates to Fight against Adherent
Bacterial Cells and Biofilm (Antimicrobial and Antibiofilm Effect)

Chemical substances or compounds are used as disinfectants to inactivate or to destroy
pathogenic microorganisms on inert surfaces used in healthcare sectors or in food indus-
tries. They are used as antimicrobials in hospitals, dental offices, kitchens, bathrooms, and
food premises, as well as on equipment. The current challenge is to set up new products
and avoid toxic by attempting to use biobased antibacterial agents [167]. Green chemistry
is a branch of chemistry and chemical engineering that focuses on the development of
products and processes that reduce or eliminate the use of hazardous substances [168,169].
Essential oil, which is derived primarily from herbs and citrus fruits, is a commercially
important product with health-promoting properties due to the presence of terpenes and
limonoids, as well as other bioactive components such as flavonoids, carotenoids, and
coumarins [170]. Essential oils reveals are composed primarily of complex mixtures of
two groups of organic compounds: terpenes and phenylpropane derivatives (terpenoids
and phenylpropanoids) [171]. Terpenes are naturally occurring hydrocarbons with cyclic
or acyclic structures that are made up of a multiple of five carbon atoms and with the
general formula (C5H8)n. The basic molecule is isoprene (2-methyl-1,3-butadiene: C5H8).
This family includes monoterpenes (10 carbon atoms), sesquiterpenes (15 carbon atoms),
diterpenes (20 carbon atoms), sesterpenes (25 carbon atoms), triterpenes (30 carbon atoms),
and polyterpenes (5n carbon atoms). Essential oils, on the other hand, only contain the
most volatile terpenes, such as monoterpenes, sesquiterpenes, and (very rarely) diterpenes.
Monoterpenes are primarily responsible for the antibacterial, antioxidant, and insecticidal
properties of essential oils [172], primarily comprising alcohols (carveol, menthol, linalool,
alpha-terpineol, citronellol, nerol, and geraniol), phenol derivatives (carvacrol and thymol),
aldehyde (citral), ketone (carvone), hydrocarbons ((R)- and (S)-limonene, and α-pinene),
and monoterpene ethers [173,174]. The synthesis and properties of coordination com-
pounds with chiral ligands based on terpenes are the subject of considerable attention.
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Terpenes are widely used and exhibit high enantiomeric purity and biological activity,
which has led to their use in medicine. It has been reported that terpenes and their deriva-
tives are active against various microorganisms (Table 4) [175]. The majority of terpenes
have a greater impact on Gram-positive bacteria than on Gram-negative bacteria [176,177].

Due to their capacity to alter the cell envelope and cytoplasmic stability and to lead
to cell damage, they have a harmful effect on microbes [178,179]. Although aromatic
substances like carvacrol, thymol, and eugenol exhibit a stronger inhibitory action, the
antimicrobial activity of monoterpenes has demonstrated that neither the amount of double
bonds in a structure nor the existence of an acyclic structure significantly affects this
activity [180,181]. Terpenes and terpene derivatives have a multitarget impact, which is
one of the reasons that they are a potent antimicrobial agent. Carvacrol is known to have an
adverse effect on the outer membrane by causing the release of lipopolysaccharides (LPS) or
by increasing the permeability of the cytoplasmic membrane. Thymol also causes structural
and functional changes to the inner or outer cytoplasmic membrane, interactions with
membrane proteins, and effects on intracellular targets. Thymol and carvacrol only differ
in terms of the position of their hydroxyl groups [182,183]. As a result of their multitarget
effects, most terpenes and their derivatives are known to be potent antibacterial agents
against multidrug-resistant organisms, particularly bacteria and fungi, like methicillin-
resistant staphylococcus aureus (MRSA), a strain that is resistant to a number of different
antibiotics. Terpene derivatives have several target sites and methods of action; therefore,
no microbial resistance has yet been created in opposition to them [184–186].

Table 4. Main antibacterial constituents of terpene derivatives.

Terpene Derivative Structure Bacteria Reference

Limonene
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6. Metal Complexes Based on Terpene Ligands and Their Biological Activities
6.1. The Reactivity of Terpenes

To address the microbiological risk associated with adherent pathogenic bacteria
and their biofilms in hospital and in food environments, many scientific disciplines have
to be combined: organic chemistry to synthesize new molecules with antibacterial and
antibiofilm effects; microbiology to assess their biological activity; and formulation to set
up the best formula to enhance the antibacterial and antibiofilm activities and to deal with
challenges related to these molecules such as solubility, volatility, and eco- and cytotoxicity.
Coordination chemistry of transition metals and biologically active ligands is an active field
of modern chemistry that incorporates contributions from asymmetric synthesis, metal
complex catalysis, biochemistry, medicinal chemistry, and pharmacology [203,204]. The
current challenge is to set up highly reactive ligands for organic synthesis. Therefore, it
is important to first study the coordination behavior of biologically active chiral ligands
containing N and O donor atoms towards metal ions [205].

The two chiral forms of a molecule, also known as enantiomers, have opposing
spatial geometries and therefore interact with their environment differently. This feature is
extremely important in medicinal chemistry [206,207]. In the case of limonene, which is
abundant in citrus fruit essential oils and has two enantiomers—one with a lemon smell
((S)-(−)limonene) and one with an orange smell ((R)-(+)-limonene)—the two enantiomers
do not necessarily exhibit the same biological activity because they do not react with
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the same receptors [208,209]. An enantiomer of a medical molecule can have beneficial
properties while the other is highly harmful. Nature is a high-level synthetic chemist,
producing a wide range of chiral substrates with high stereochemical purity, particularly
ligands based on natural molecule derivatives. Terpenes are among these molecules and
can induce chirality and reactivity (Figure 3) due to the presence of double bonds in
their structure, in addition to the ability to perform addition [210], rearrangement [211],
cyclization, isomerization (Figure 4), and ozonolysis (O3) (Figure 5). Dehydration reactions
can also occur in compounds derived from terpenes with alcohol functions.
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6.2. Oligodynamic Effect

The oligodynamic effect enables certain metals to self-clean by destroying microor-
ganisms with their metal ions, which would otherwise be toxic to many bacteria [215,216].
This effect can be seen in brass door handles, water tanks on certain aircraft, and silver-
ware. The simple composition of metal surfaces provides protection against bacteria, even
in the absence of a disinfectant. Owing to the changing nature of bacteria, the study of
antimicrobials based on metals and metal ions has been slow and difficult, but it has been
demonstrated after several experiments that mineral compounds disrupt biofilm produc-
tion and synergistically exert antimicrobial effects by inhibiting biofilm production and
enzymatic activity, altering membrane stability and function, damaging DNA, and gener-
ally inhibiting plankton growth [217,218]. Metals have been used as antimicrobial agents
for thousands of years, dating back to the Egyptians’ use of copper salts as an astringent.
Copper and silver were also used by Indians, Egyptians, Persian kings, Phoenicians, Greeks,
and Romans to preserve food and disinfect water [219]. A variety of metal-coated surfaces
have antibacterial capability against Staphylococcus aureus, Escherichia coli, and Listeria mono-
cytogenes, including silver, titanium, copper, iron, molybdenum, zinc, etc. [220]. In fact,
some metal compounds, especially those that do not show substantial metal complexation
might just serve as vehicles for metal ions. Given that metals are used to kill bacteria, it
is not surprising that research has looked at the direct antibacterial applications of these
metals, particularly in the form of nanoparticles. It has been shown that the metal ions
released by these nanoparticles are involved in their antibacterial activity [221–223]. Cop-
per has a high affinity for carboxyl (COOH) and amine groups present on the cell surface.
Released Cu ions can bind to DNA and disrupt the helical structure by cross linking nucleic
acid strands. It also disrupts the biochemical processes of bacterial cells [224]. Silver ions
disrupt the function of membrane-bound enzymes and respiratory enzymes, leading to the
complete destruction of the bacterial cell [225].

6.3. Antimicrobial Activity of Metal Complexes Based on Terpene Ligands

A metal complex, as opposed to freely solvated metal ions or metal nanoparticles,
is a well-defined arrangement of ligands centered on one or more metal centers. These
compounds are distinguished by the fact that their characteristics can be modified in a
manner similar to that used in conventional medication development [226]. Metals have a
wide range of properties and almost infinite combinations of ligands to form complexes,
with the number of coordinations ranging from 1 to 20 [227,228], resulting in a rich and
three-dimensional variety of chiral metal complex structures. In comparison, the geometric
diversity of organic compounds is lower because carbon normally forms no more than
four bonds.

In biology, chirality is particularly significant, since it can change the characteristics
and therapeutic actions of molecules. When a chiral chemical is used in a compound of
medical treatments or antimicrobial agents, one of the enantiomers may be effective on
the organism while the other is ineffective. This potential enables us to create substances
with three-dimensional structures, as the use of chiral centers correlates with higher target
selectivity and lower off-target effects [221,229–231].

Metal ions, as well as terpenes and their derivatives, have well-known antimicrobial
properties. However, terpenes and their derivatives are insoluble in water, necessitating the
use of organic solvents such as ethanol, chloroform, diethyl ether, and DMSO to examine
their activity against living organisms [232]. There is also the issue of volatility, despite
the fact that monoterpenes are relatively stable. Sesquiterpenes and oily diterpenes, on
the other hand, are less stable because they have more oxygen functional groups, making
them biodegradable [233]. Biosourced terpenes might be used to synthesize complexes
with antibacterial and antibiofilm activities, such as the [(p-cymene)] [aminooxime L3]+Cl−

(RuL3) complex based on (R)-limonene, which is miscible in water; therefore, complexation
overcomes the problem of solubility while also making it more stable. We previously
demonstrated that the minimum inhibitory concentration (MIC) values for limonene were
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12.5 mg/mL when tested against Escherichia coli, Staphylococcus aureus, Listeria monocytogenes,
and Enterococcus faecalis. In comparison, the MIC of the RuL3 complex (0.4 mg/mL) was
approximately 30 times lower. Thus, limonene complexation with ruthenium increased its
antibacterial effectiveness and appears to be a promising way to decreasing the amount
of antimicrobial used against bacteria and biofilms [21]. Although there are many metal
complexes based on terpene ligands, little is known about their biological activity [234–236].
Nonetheless, based on existing evidence, transition metal complexes with terpene ligands
or Schiff base ligands are effective antimicrobial, anticancer, antifungal, and antioxidant
agents (Table 5). Complexation protects against environmental variables, improves stability,
avoids terpene component volatilization, and enhances antibacterial activity [237–240].

Table 5. Selected studies describing the various biological activities of metal complexes.

Metal Ligand Activity Reference

Ru (II) Based on limonene Antibacterial
Anticancer [21]

Zn (II)
Fe (III) Monodentate Schiff base

Antifungal
Antioxidant
Antibacterial

[241]

Fe (II)
Co (II)
Zn (II)
Ru (II)

Azo dye Enzyme inhibition
Antioxidant [242]

Zn (II) PhenanthrolineIndomethacin Anti-breast cancer [243]

Zn (II)
Sn (II)
Ce (III)

Gemifloxacin and glycine
Antifungal

Antioxidant
Antibacterial

[244]

Cu (II)
N i(II)
Co (II)
Fe (II)

Bis-pyrazole Antibacterial and antifungal [245]

Co (II)
Fe (II)
Ni (II)

Mn (II)
N-heterocyclic Antitumor [246]

Ru (II) Yriazolopyrimidine in
liposomes Anticancer [247]

Pt (II) Cis-diaminodichloro Anticancer [248]
Co (II)
Cu (II)
Zn (II)

Diimine–glycinate Anticancer [249]

Cu (II)
Zn (II)

Bidentate–morpholine-
based Antibacterial [250]

Co (II)
Ni (II)
Cu (II)
Zr (IV)
Pd (II)
Cd (II)

Combination of metformin
and 1,4-diacetylbenzene

Antifungal
Antibacterial [251]

Cr (III)
Fe (III)
Cu (II)

Multisubstituted aryl
imidazole

Antibacterial
Anticancer [252]

Mn (II)
Co (II)
Ni (II)
Cu (II)
Zn (II)
Cr (III)

Moxifloxacin–imidazole Antifungal
Antibacterial [253]
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7. Encapsulation of Terpene Derivatives to Improve Their Stability and
Antimicrobial Activity

Encapsulation of terpene derivatives is a promising approach to overcome the afore-
mentioned challenges by protecting them from heat, light, and oxygen. It promotes their
solubility and stability, increases bioavailability, masks flavors, and reduces contamination
risk [254]. Microencapsulation is a technique whereby liquid droplets, solid particles, or
gas compounds are entrapped into thin films of food-grade encapsulating agents called
wall material. The retention of the encapsulated compounds depends on their chemical
structure, solubility, polarity, and volatility. Most microcapsules are small particles with
diameters between a few micrometers and a few millimeters. The size and shape of the
microcapsules depend on the materials and processes used to prepare them. Different
types of capsules can be produced from a wide range of wall materials (polysaccharides,
proteins, monomers, etc.) and by a large number of different processes, such as spray
drying (Figure 6), freeze drying, extrusion, coacervation, liposome entrapment, and interfa-
cial polymerization.
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Among these techniques, spray drying is the most common technology used in the
food industry due to the low cost and availability of equipment. Depending on the core
material and the characteristics desired in the final product, wall materials can be selected
from a wide variety of natural and synthetic polymers or monomers. This process can pro-
duce powdered microcapsules from a liquid in a single simple and scalable operation [255].
It is possible to prepare mixtures of natural antimicrobials and biopolymers. The wet
suspensions/emulsions are then be converted to powders by evaporating the majority of
the water using an appropriate dehydration method. The resulting powder is evaluated for
activity, density, flow, size, stability, and redispersion.

Spray drying is the most common method of encapsulating bioactive ingredients.
It can produce powdered microcapsules from a liquid in a single simple and scalable
operation [256]. As represented in Figure 6, spray drying of hydrophobic compounds
comprises four steps: (1) emulsion preparation by high-pressure homogenization, (2) wall
material addition, (3) dispersion in small droplets by atomization, and (4) dehydration
of the atomized particles. This method entails creating an emulsion containing the wall
material and the core, then spraying it into a drying chamber with circulating hot air; when
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the water comes into contact with the hot air, it evaporates immediately, and the core is
entrapped into the wall material matrix [257–259].

Since almost all spray-drying processes in the food industry are carried out with
an aqueous feed formulation, the wall material must be soluble in water and should
possess good emulsification, film-forming, and drying properties, and the concentrated
wall solutions should have low viscosity. Many available wall materials possess these
properties, but the number of materials approved for food uses is limited.

Despite the beneficial effects of terpenes and their derivatives (antimicrobial, anti-
fungal, anticarcinogenic, and pharmacological properties), they are subject to a number
of drawbacks, such as their low miscibility in water (which lowers their bioavailability)
and their degradation by light and temperature, as they are sensitive to environmental
conditions and undergo volatilization. To overcome the chemical instability of certain
terpenes, encapsulation of these compounds has been used to address this issue [233,260].
Antimicrobial activity is typically unaffected by covering the “active” ingredient (which
may include volatile substances) in a protective matrix. The used polymers are basically
inert to the encapsulated material and can offer excellent protection against degradation or
evaporation. On the other hand, nano-sized delivery methods can improve passive cellular
absorption mechanisms because of their subcellular size, which lowers mass transfer resis-
tance and boosts antibacterial action [261–263]. Free carvacrol dissolved in DMSO had a
high MIC of 5 mg·mL−1 against P. aeruginosa. Nevertheless, the results after encapsulation
demonstrated that encapsulated carvacrol suppressed bacterial growth at a concentration
four times lower than that of F-CARV (1.25 mg·mL−1), indicating that encapsulation in-
creases antibacterial action [200]. The enhancement of antibacterial performance may be
primarily attributable to the smaller particle size and higher surface-to-volume ratio, which
make it easier for encapsulated chemicals to diffuse into microbial cells [113]. Encapsulation
is a tool used to control and reduce volatile terpene emissions, overcoming the issue of
immiscibility in water and thereby improving stability, antimicrobial, antibiofilm, antiafla-
toxigenic, and antioxidant activities, protecting enzymes and terpenes and enhancing their
properties, as well as lowering cytotoxicity and ecotoxicity, as shown in Table 6.

Table 6. The use of encapsulation as a tool to enhance the activities and control the release of terpenes
and their derivatives.

Compound Composition Encapsulation Effect Reference

Ginger Essential Oil Gingerol
Curcumene Zingiberene

Controls and reduces the emissions of
terpenes [264]

Sacha Inchi Oil
(Plukenetia

huayllabambana)
- Protects sacha inchi oil against oxidation [265]

Flaxseed Oil - Improves oxidative stability [266]

Sichuan Pepper
Essential Oil

(SPEO)
- Responds to SPEO problems such as poor

stability and low water solubility [267]

Lycopene
(Tetraterpene) - Enhances stability [268]

Gaultheria Procumbens L.
Essential Oil (GPEO) - Improves antimicrobial and antiaflatoxigenic

activity and the stability [269]

{RuCl
[(ParaCymene)]

[Aminooxime L3]}+Cl−

Complex

Ruthenium metal
(R)-limonene-based ligand

Increases antibacterial activity against
biofilms of food-pathogenic bacteria while

decreasing cytotoxicity
[21]

Oregano Oil Thymol
Carvacrol

Preserves the majority of antibacterial action
and enhances the stability of oregano

essential oils
[270,271]
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Table 6. Cont.

Compound Composition Encapsulation Effect Reference

Carvacrol -

Overcomes insolubility and increases
antibacterial activity against pathogenic
bacterial biofilms while minimizing the

amount used

[200]

D-Limonene -

Preserves and possibly improves
antimicrobial activity in order to evaluate the

preservation of juice against inoculated
spoilage microorganisms

[262]

Carvacrol
Thymol -

Improves antibacterial activity against
Salmonella Enteritidis biofilms and reduces

ecotoxicity against Daphnia magna
[10,272]

Peppermint Oil (PO)
Green Tea Oil (GTO)

Enhances thermal stability, as well as
antioxidant and antibacterial activities [273]

Pepsin
Trypsin

Carvacrol
- Protects enzymes and terpenes and boosts

their antibacterial activities [112]

Origanum vulgare -

Overcomes stability-related restrictions,
extending shelf life and maintaining its

antioxidant, antimicrobial, and
sensory-preserving properties

[274]

8. Conclusions

The eradication of pathogenic microorganisms biofilms is a major issue in medical
sectors and food industries. Today, the most important need is to set up biosource-based
antimicrobials to kill bacteria structured under a biofilm state. In this context, the use of
terpene derivatives obtained from essential oils as biosource-based antimicrobial agents
represents a promising strategy, since it is sustainable and innovative. In addition, the
use of biosourced antimicrobials is in accordance with the concept of a circular economy.
The present work shows that the setup of stable metal complexes based on terpene lig-
ands seems to be a good strategy to mitigate the drawbacks of terpenes, such as water
solubility and volatility. In addition, this study shows that encapsulation can be used to
protect and enhance the stability and efficacy of terpenes or complexes against pathogenic
microorganisms and their biofilms.

9. Future Perspectives

The setup of stable metal complexes based on terpene ligands seems to be a promising
issue, that can allow for and promote the use of terpenes. This issue seems to be a source of
novel antimicrobials and could help to challenge the increase in antibiotic resistance among
bacteria. More studies have to be carried out to assess their cytotoxicity and ecotoxicity.
Microencapsulation and nanoencapsulation based on spray drying could be a way to
reduce the amount used and to increase their efficiency against bacterial biofilms. A hurdle
technology-based strategy using metal complexes based on terpene ligands and other
antibiofilm molecules such as enzymes could be an efficient way to fight bacterial biofilms.
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177. Paduch, R.; Kandefer-Szerszeń, M.; Trytek, M.; Fiedurek, J. Terpenes: Substances useful in human healthcare. Arch. Immunol. Ther.
Exp. 2007, 55, 315–327. [CrossRef]

178. Trindade, L.A.; de Araújo Oliveira, J.; de Castro, R.D.; de Oliveira Lima, E. Inhibition of adherence of C. albicans to dental
implants and cover screws by Cymbopogon nardus essential oil and citronellal. Clin. Oral Investig. 2015, 19, 2223–2231. [CrossRef]

179. Sil, A.; Pramanik, K.; Samantaray, P.; Mondal, F.; Yadav, V. Essential oils: A boon towards eco-friendly management of
phytopathogenic fungi. J. Entomol. Zool. Stud. 2020, 8, 1884–1891.

180. Zengin, H.; Baysal, A.H. Antibacterial and Antioxidant Activity of Essential Oil Terpenes against Pathogenic and Spoilage-
Forming Bacteria and Cell Structure-Activity Relationships Evaluated by SEM Microscopy. Molecules 2014, 19, 17773–17798.
[CrossRef] [PubMed]

181. Inoue, Y.; Shiraishi, A.; Hada, T.; Hirose, K.; Hamashima, H.; Shimada, J. The antibacterial effects of terpene alcohols on
Staphylococcus aureus and their mode of action. FEMS Microbiol. Lett. 2004, 237, 325–331. [CrossRef]

182. Wagner, H.; Ulrich-Merzenich, G. Synergy research: Approaching a new generation of phytopharmaceuticals. Phytomedicine Int. J.
Phytother. Phytopharm. 2009, 16, 97–110. [CrossRef]

183. Poli, J.-P. Research into the Mechanisms of Action of Biologically Active Molecules Derived from Natural Products. Ph.D. Thesis,
Université de Corse Pascal Paoli, Corte, France, 2018. Available online: https://www.theses.fr/2018CORT0017 (accessed on 6
June 2023).

184. Bouank, H.; Kerouaz, M.; Bekka, F. (Encadreur) Study of the Antibacterial Activity of Essential Oils from Several Lamiaceae
Species and the Effect of their Association with Antibiotics. Master’s Thesis, University of Jijel, Jijel, Algeria, 2016. Available
online: http://dspace.univ-jijel.dz:8080/xmlui/handle/123456789/8589 (accessed on 6 June 2023).

185. Mahizan, N.A.; Yang, S.-K.; Moo, C.-L.; Song, A.A.-L.; Chong, C.-M.; Chong, C.-W.; Abushelaibi, A.; Lim, S.-H.E.; Lai, K.-S.
Terpene Derivatives as a Potential Agent against Antimicrobial Resistance (AMR) Pathogens. Molecules 2019, 24, 2631. [CrossRef]

186. Adoui, M.; Lahouel, M. Characterization of Methicillin-Resistant Staphylococcus aureus (MRSA) Strains and Assessment of their
Sensitivity to Propolis. Ph.D. Thesis, Université Frères Mentouri—Constantine 1, Constantine, Algeria, 2019. Available online:
http://depot.umc.edu.dz/handle/123456789/5096 (accessed on 6 June 2023).

187. Han, Y.; Sun, Z.; Chen, W. Antimicrobial Susceptibility and Antibacterial Mechanism of Limonene against Listeria monocytogenes.
Molecules 2019, 25, 33. [CrossRef] [PubMed]

188. Gupta, A.; Jeyakumar, E.; Lawrence, R. Strategic approach of multifaceted antibacterial mechanism of limonene traced in
Escherichia coli. Sci. Rep. 2021, 11, 13816. [CrossRef]

189. Gambino, E.; Maione, A.; Guida, M.; Albarano, L.; Carraturo, F.; Galdiero, E.; Di Onofrio, V. Evaluation of the Pathogenic-Mixed
Biofilm Formation of Pseudomonas aeruginosa/Staphylococcus aureus and Treatment with Limonene on Three Different Materials by
a Dynamic Model. Int. J. Environ. Res. Public. Health 2022, 19, 3741. [CrossRef] [PubMed]

190. Seker, I.D.; Alacam, T.; Akca, G.; Yilmaz, A.; Takka, S. The antimicrobial effect of R-limonene and its nanoemulsion on Enterococcus
faecalis—In vitro study. Preprint 2022. [CrossRef]

191. Wang, C.-Y.; Chen, Y.-W.; Hou, C.-Y. Antioxidant and antibacterial activity of seven predominant terpenoids. Int. J. Food Prop.
2019, 22, 230–238. [CrossRef]

192. de Sousa Eduardo, L.; Farias, T.C.; Ferreira, S.B.; Ferreira, P.B.; Lima, Z.N.; Ferreira, S.B. Antibacterial Activity and Time-kill
Kinetics of Positive Enantiomer of α-pinene Against Strains of Staphylococcus aureus and Escherichia coli. Curr. Top. Med. Chem.
2018, 18, 917–924. [CrossRef]

https://doi.org/10.1021/cr078380v
https://doi.org/10.1039/D1GC03662A
https://doi.org/10.3390/antiox11020239
https://doi.org/10.1039/C4CC06147K
https://doi.org/10.5487/TR.2017.33.2.097
https://www.ncbi.nlm.nih.gov/pubmed/28443180
https://doi.org/10.3390/molecules24132471
https://www.ncbi.nlm.nih.gov/pubmed/31284397
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003243700-14/terpenes-source-novel-antimicrobials-applications-recent-advances-nawal-al-musayeib-amina-musarat-farah-maqsood
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003243700-14/terpenes-source-novel-antimicrobials-applications-recent-advances-nawal-al-musayeib-amina-musarat-farah-maqsood
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003243700-14/terpenes-source-novel-antimicrobials-applications-recent-advances-nawal-al-musayeib-amina-musarat-farah-maqsood
https://doi.org/10.1002/ffj.3491
https://doi.org/10.1007/s00005-007-0039-1
https://doi.org/10.1007/s00784-015-1450-3
https://doi.org/10.3390/molecules191117773
https://www.ncbi.nlm.nih.gov/pubmed/25372394
https://doi.org/10.1111/j.1574-6968.2004.tb09714.x
https://doi.org/10.1016/j.phymed.2008.12.018
https://www.theses.fr/2018CORT0017
http://dspace.univ-jijel.dz:8080/xmlui/handle/123456789/8589
https://doi.org/10.3390/molecules24142631
http://depot.umc.edu.dz/handle/123456789/5096
https://doi.org/10.3390/molecules25010033
https://www.ncbi.nlm.nih.gov/pubmed/31861877
https://doi.org/10.1038/s41598-021-92843-3
https://doi.org/10.3390/ijerph19063741
https://www.ncbi.nlm.nih.gov/pubmed/35329426
https://doi.org/10.21203/rs.3.rs-1791102/v1
https://doi.org/10.1080/10942912.2019.1582541
https://doi.org/10.2174/1568026618666180712093914


Appl. Sci. 2023, 13, 9854 26 of 29

193. Leite-Sampaio, N.F.; Gondim, C.N.F.L.; Martins, R.A.A.; Siyadatpanah, A.; Norouzi, R.; Kim, B.; Sobral-Souza, C.E.; Gondim,
G.E.C.; Ribeiro-Filho, J.; Coutinho, H.D.M. Potentiation of the Activity of Antibiotics against ATCC and MDR Bacterial Strains
with (+)-α-Pinene and (−)-Borneol. BioMed Res. Int. 2022, 2022, e8217380. [CrossRef]

194. ProQuest. Antibacterial Efficacy of Thymol, Carvacrol, Eugenol and Menthol as Alternative Agents to Control the Growth of
Nosocomial Infection-Bacteria. Available online: https://www.proquest.com/openview/8dae1af2641433966a2b4dfa1b01570a/1?
pq-origsite=gscholar&cbl=54977 (accessed on 8 November 2022).

195. Jahdkaran, E.; Hosseini, S.E.; Mohammadi Nafchi, A.; Nouri, L. The effects of methylcellulose coating containing carvacrol or
menthol on the physicochemical, mechanical, and antimicrobial activity of polyethylene films. Food Sci. Nutr. 2021, 9, 2768–2778.
[CrossRef]

196. Tian, L.; Wang, X.; Liu, R.; Zhang, D.; Wang, X.; Sun, R.; Guo, W.; Yang, S.; Li, H.; Gong, G. Antibacterial mechanism of thymol
against Enterobacter sakazakii. Food Control 2021, 123, 107716. [CrossRef]

197. Liang, C.; Huang, S.; Geng, Y.; Huang, X.; Chen, D.; Lai, W.; Guo, H.; Deng, H.; Fang, J.; Yin, L.; et al. A Study on the antibacterial
mechanism of thymol against Aeromonas hydrophila in vitro. Aquac. Int. 2022, 30, 115–129. [CrossRef]

198. Valliammai, A.; Selvaraj, A.; Yuvashree, U.; Aravindraja, C.; Karutha Pandian, S. sarA-Dependent Antibiofilm Activity of Thymol
Enhances the Antibacterial Efficacy of Rifampicin Against Staphylococcus aureus. Front. Microbiol. 2020, 11, 1744. [CrossRef]

199. Motta Felício, I.; Limongi de Souza, R.; de Oliveira Melo, C.; Gervázio Lima, K.Y.; Vasconcelos, U.; Olímpio de Moura, R.; Eleamen
Oliveira, E. Development and characterization of a carvacrol nanoemulsion and evaluation of its antimicrobial activity against
selected food-related pathogens. Lett. Appl. Microbiol. 2021, 72, 299–306. [CrossRef]

200. Mechmechani, S.; Gharsallaoui, A.; Fadel, A.; Omari, K.E.; Khelissa, S.; Hamze, M.; Chihib, N.-E. Microencapsulation of carvacrol
as an efficient tool to fight Pseudomonas aeruginosa and Enterococcus faecalis biofilms. PLoS ONE 2022, 17, e0270200. [CrossRef]

201. ALrashidi, A.A.; Noumi, E.; Snoussi, M.; Feo, V.D. Chemical Composition, Antibacterial and Anti-Quorum Sensing Activities of
Pimenta dioica L. Essential Oil and Its Major Compound (Eugenol) against Foodborne Pathogenic Bacteria. Plants 2022, 11, 540.
[CrossRef]

202. Silva, J.C.; Pereira, R.L.S.; de Freitas, T.S.; Rocha, J.E.; Macedo, N.S.; de Fatima Alves Nonato, C.; Linhares, M.L.; Tavares, D.S.A.;
da Cunha, F.A.B.; Coutinho, H.D.M.; et al. Evaluation of antibacterial and toxicological activities of essential oil of Ocimum
gratissimum L. and its major constituent Eugenol. Food Sci. 2022, 50, 102128. [CrossRef]

203. Bousnina, H.; Ghedeir ali, S. Literature Review on the Search for Local Bacterial Strains Producing Antimicrobial Substances
in the Ouargla Region. Master’s Thesis, University of Kasdi Merbah Ouargla, Ouargla, Algeria, 2020. Available online:
http://dspace.univ-ouargla.dz/jspui/handle/123456789/24951 (accessed on 10 November 2022).

204. Jose, J. Bioanalysis in medicinal chemistry: From assay development to evolutionary drug design. Ann. Pharm. Fr. 2009, 67,
399–407. [CrossRef]

205. Castillo-Blum, S.E.; Barba-Behrens, N. Coordination chemistry of some biologically active ligands. Coord. Chem. Rev. 2000, 196,
3–30. [CrossRef]

206. Weinberg, N.; Mislow, K. On chirality measures and chirality properties. Can. J. Chem. 2000, 78, 41–45. [CrossRef]
207. Hentschel, M.; Schäferling, M.; Duan, X.; Giessen, H.; Liu, N. Chiral plasmonics. Sci. Adv. 2017, 3, e1602735. [CrossRef]
208. Alexandrino, T.D.; de Medeiros, T.D.M.; Ruiz, A.L.T.G.; Favaro, D.C.; Pastore, G.M.; Bicas, J.L. Structural properties and evaluation

of the antiproliferative activity of limonene-1,2-diol obtained by the fungal biotransformation of R-(+)- and S-(−)-limonene.
Chirality 2022, 34, 887–893. [CrossRef]

209. Almeida Batista, S.A.; Vandresen, F.; Falzirolli, H.; Britta, E.; de Oliveira, D.N.; Catharino, R.R.; Gonçalves, M.A.; Ramalho, T.C.;
La Porta, F.A.; Nakamura, C.V.; et al. Synthesis and comparison of antileishmanial and cytotoxic activities of S-(−)-limonene
benzaldehyde thiosemicarbazones with their R-(+)-analogues. J. Mol. Struct. 2019, 1179, 252–262. [CrossRef]

210. Matos, J.O.; Kumar, R.P.; Ma, A.C.; Patterson, M.; Krauss, I.J.; Oprian, D.D. Mechanism Underlying Anti-Markovnikov Addition
in the Reaction of Pentalenene Synthase. Biochemistry 2020, 59, 3271–3283. [CrossRef]

211. Löser, P.S.; Rauthe, P.; Meier, M.A.R.; Llevot, A. Sustainable catalytic rearrangement of terpene-derived epoxides: Towards
bio-based biscarbonyl monomers. Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 2020, 378, 20190267. [CrossRef] [PubMed]

212. Malko, M.; Wróblewska, A. The importance of R-(+)-limonene as the raw material for organic syntheses and for organic industry.
CHEMIK 2016, 70, 198–202.

213. Lee, S.; Kamens, R.M. Particle nucleation from the reaction of α-pinene and O3. Atmos. Environ. 2005, 39, 6822–6832. [CrossRef]
214. α-Pinene. Wikipedia. 30 July 2023. Available online: https://en.wikipedia.org/w/index.php?title=%CE%91-Pinene&oldid=1167

931345 (accessed on 25 August 2023).
215. Obafunmi, T.; Ocheme, J.; Gajere, B. Oligodynamic Effect of Precious Metals on Skin Bacteria. FUDMA J. Sci. 2020, 4, 601–608.

[CrossRef]
216. Zhu, B.; Zhang, Y.; Chen, Y.; Yuan, P.; Wang, W.; Duan, H.; Wang, Z. Synthesis, Characterization and Antimicrobial Studies of

Ti-40Nb-10Ag Implant Biomaterials. Metals 2022, 12, 1391. [CrossRef]
217. McLean, R.J.C.; Hussain, A.A.; Sayer, M.; Vincent, P.J.; Hughes, D.J.; Smith, T.J.N. Antibacterial activity of multilayer silver–copper

surface films on catheter material. Can. J. Microbiol. 1993, 39, 895–899. [CrossRef]
218. Gold, K.; Slay, B.; Knackstedt, M.; Gaharwar, A.K. Antimicrobial Activity of Metal and Metal-Oxide Based Nanoparticles. Adv.

Ther. 2018, 1, 1700033. [CrossRef]
219. Duran, A.; Cibik, S. The Evaluation of the Antibacterial Effect of Silver Anode Treatment on Raw Milk. SSRN 2022. [CrossRef]

https://doi.org/10.1155/2022/8217380
https://www.proquest.com/openview/8dae1af2641433966a2b4dfa1b01570a/1?pq-origsite=gscholar&cbl=54977
https://www.proquest.com/openview/8dae1af2641433966a2b4dfa1b01570a/1?pq-origsite=gscholar&cbl=54977
https://doi.org/10.1002/fsn3.2240
https://doi.org/10.1016/j.foodcont.2020.107716
https://doi.org/10.1007/s10499-021-00789-0
https://doi.org/10.3389/fmicb.2020.01744
https://doi.org/10.1111/lam.13411
https://doi.org/10.1371/journal.pone.0270200
https://doi.org/10.3390/plants11040540
https://doi.org/10.1016/j.fbio.2022.102128
http://dspace.univ-ouargla.dz/jspui/handle/123456789/24951
https://doi.org/10.1016/j.pharma.2009.07.002
https://doi.org/10.1016/S0010-8545(99)00153-8
https://doi.org/10.1139/v99-223
https://doi.org/10.1126/sciadv.1602735
https://doi.org/10.1002/chir.23439
https://doi.org/10.1016/j.molstruc.2018.11.017
https://doi.org/10.1021/acs.biochem.0c00518
https://doi.org/10.1098/rsta.2019.0267
https://www.ncbi.nlm.nih.gov/pubmed/32623988
https://doi.org/10.1016/j.atmosenv.2005.07.062
https://en.wikipedia.org/w/index.php?title=%CE%91-Pinene&oldid=1167931345
https://en.wikipedia.org/w/index.php?title=%CE%91-Pinene&oldid=1167931345
https://doi.org/10.33003/fjs-2020-0403-334
https://doi.org/10.3390/met12081391
https://doi.org/10.1139/m93-134
https://doi.org/10.1002/adtp.201700033
https://doi.org/10.2139/ssrn.4218560


Appl. Sci. 2023, 13, 9854 27 of 29

220. Akhidime, I.D.; Saubade, F.; Benson, P.S.; Butler, J.A.; Olivier, S.; Kelly, P.; Verran, J.; Whitehead, K.A. The antimicrobial effect of
metal substrates on food pathogens. Food Bioprod. Process. 2019, 113, 68–76. [CrossRef]

221. Frei, A.; Verderosa, A.D.; Elliott, A.G.; Zuegg, J.; Blaskovich, M.A.T. Metals to combat antimicrobial resistance. Nat. Rev. Chem.
2023, 7, 202–224. [CrossRef] [PubMed]

222. Hobman, J.L.; Crossman, L.C. Bacterial antimicrobial metal ion resistance. J. Med. Microbiol. 2015, 64, 471–497. [CrossRef]
[PubMed]

223. Moustakas, M. The Role of Metal Ions in Biology, Biochemistry and Medicine. Materials 2021, 14, 579. [CrossRef]
224. Aher, Y.; Jain, G.; Patil, G.; Savale, A.; Ghotekar, S.; Pore, D.; Pansambal, S.; Deshmukh, K. Biosynthesis of copper oxide

nanoparticles using leaves extract of Leucaena leucocephala L. and their promising upshot against the selected human pathogens.
Int. J. Mol. Clin. Microbiol. 2017, 7, 776–786.

225. Krishnaraj, C.; Jagan, E.G.; Rajasekar, S.; Selvakumar, P.; Kalaichelvan, P.T.; Mohan, N. Synthesis of silver nanoparticles using
Acalypha indica leaf extracts and its antibacterial activity against water borne pathogens. Colloids Surf. B Biointerfaces 2010, 76,
50–56. [CrossRef]

226. Gasser, G.; Metzler-Nolte, N. The potential of organometallic complexes in medicinal chemistry. Curr. Opin. Chem. Biol. 2012, 16,
84–91. [CrossRef]

227. Daly, S.R.; Piccoli, P.M.B.; Schultz, A.J.; Todorova, T.K.; Gagliardi, L.; Girolami, G.S. Synthesis and Properties of a Fifteen-
Coordinate Complex: The Thorium Aminodiboranate [Th(H3BNMe2BH3)4]. Angew. Chem. Int. Ed. 2010, 49, 3379–3381.
[CrossRef]

228. Lv, K.; Urbank, C.; Patzschke, M.; März, J.; Kaden, P.; Weiss, S.; Schmidt, M. MOFs with 12-Coordinate 5f-Block Metal Centers. J.
Am. Chem. Soc. 2022, 144, 2879–2884. [CrossRef]

229. Bentley, R. Chirality in Biology. In Reviews in Cell Biology and Molecular Medicine; John Wiley & Sons, Ltd.: Hoboken, NJ, USA,
2006; ISBN 978-3-527-60090-8.

230. Wang, F.; Yue, X.; Ding, Q.; Lin, H.; Xu, C.; Li, S. Chiral inorganic nanomaterials for biological applications. Nanoscale 2023, 15,
2541–2552. [CrossRef]

231. Dyakin, V.V. Fundamental Cause of Bio-Chirality: Space-Time Symmetry—Concept Review. Symmetry 2023, 15, 79. [CrossRef]
232. Lima, P.S.S.; Lucchese, A.M.; Araújo-Filho, H.G.; Menezes, P.P.; Araújo, A.A.S.; Quintans-Júnior, L.J.; Quintans, J.S.S. Inclusion of

terpenes in cyclodextrins: Preparation, characterization and pharmacological approaches. Carbohydr. Polym. 2016, 151, 965–987.
[CrossRef] [PubMed]

233. de Matos, S.P.; Teixeira, H.F.; de Lima, Á.A.N.; Veiga-Junior, V.F.; Koester, L.S. Essential Oils and Isolated Terpenes in Nanosystems
Designed for Topical Administration: A Review. Biomolecules 2019, 9, 138. [CrossRef] [PubMed]

234. Zalevskaya, O.; Gur’eva, Y.; Kuchin, A. Terpene ligands in coordination chemistry: Synthesis of metal complexes, stereochemistry,
catalytic properties, biological activity. Russ. Chem. Rev. 2019, 88, 979. [CrossRef]

235. Frei, A.; Zuegg, J.; Elliott, A.G.; Baker, M.; Braese, S.; Brown, C.; Chen, F.; Dowson, C.G.; Dujardin, G.; Jung, N.; et al. Metal
complexes as a promising source for new antibiotics. Chem. Sci. 2020, 11, 2627–2639. [CrossRef]

236. Claudel, M.; Schwarte, J.V.; Fromm, K.M. New Antimicrobial Strategies Based on Metal Complexes. Chemistry 2020, 2, 849–899.
[CrossRef]

237. Dong, H.; Yang, X.; He, J.; Cai, S.; Xiao, K.; Zhu, L. Enhanced antioxidant activity, antibacterial activity and hypoglycemic effect
of luteolin by complexation with manganese(II) and its inhibition kinetics on xanthine oxidase. RSC Adv. 2017, 7, 53385–53395.
[CrossRef]

238. Jeong, D.; Joo, S.-W.; Shinde, V.V.; Cho, E.; Jung, S. Carbohydrate-Based Host-Guest Complexation of Hydrophobic Antibiotics for
the Enhancement of Antibacterial Activity. Molecules 2017, 22, 1311. [CrossRef]

239. Dollo, G.; Corre, P.L.; Chollet, M.; Chevanne, F.; Bertault, M.; Burgot, J.; Verge, R.L. Improvement in solubility and dissolution
rate of 1,2-dithiole-3-thiones upon complexation with β-cyclodextrin and its hydroxypropyl and sulfobutyl ether-7 derivatives. J.
Pharm. Sci. 1999, 88, 889–895. [CrossRef]

240. Möhler, J.S.; Kolmar, T.; Synnatschke, K.; Hergert, M.; Wilson, L.A.; Ramu, S.; Elliott, A.G.; Blaskovich, M.A.T.; Sidjabat, H.E.;
Paterson, D.L.; et al. Enhancement of antibiotic-activity through complexation with metal ions—Combined ITC, NMR, enzymatic
and biological studies. J. Inorg. Biochem. 2017, 167, 134–141. [CrossRef]

241. Naureen, B.; Miana, G.A.; Shahid, K.; Asghar, M.; Tanveer, S.; Sarwar, A. Iron (III) and zinc (II) monodentate Schiff base metal
complexes: Synthesis, characterisation and biological activities. J. Mol. Struct. 2021, 1231, 129946. [CrossRef]

242. Turan, N.; Buldurun, K.; Adiguzel, R.; Aras, A.; Turkan, F.; Bursal, E. Investigation of spectroscopic, thermal, and biological
properties of FeII, CoII, ZnII, and RuII complexes derived from azo dye ligand. J. Mol. Struct. 2021, 1244, 130989. [CrossRef]

243. Rundstadler, T.K.; Eskandari, A.; Norman, S.M.; Suntharalingam, K. Polypyridyl Zinc(II)-Indomethacin Complexes with Potent
Anti-Breast Cancer Stem Cell Activity. Molecules 2018, 23, 2253. [CrossRef]

244. Sakr, S.H.; Elshafie, H.S.; Camele, I.; Sadeek, S.A. Synthesis, Spectroscopic, and Biological Studies of Mixed Ligand Complexes of
Gemifloxacin and Glycine with Zn(II), Sn(II), and Ce(III). Molecules 2018, 23, 1182. [CrossRef]

245. Draoui, Y.; Radi, S.; Tanan, A.; Oulmidi, A.; Miras, H.N.; Benabbes, R.; Ouahhoudo, S.; Mamri, S.; Rotaru, A.; Garcia, Y. Novel
family of bis-pyrazole coordination complexes as potent antibacterial and antifungal agents. RSC Adv. 2022, 12, 17755–17764.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.fbp.2018.09.003
https://doi.org/10.1038/s41570-023-00463-4
https://www.ncbi.nlm.nih.gov/pubmed/37117903
https://doi.org/10.1099/jmm.0.023036-0
https://www.ncbi.nlm.nih.gov/pubmed/25418738
https://doi.org/10.3390/ma14030549
https://doi.org/10.1016/j.colsurfb.2009.10.008
https://doi.org/10.1016/j.cbpa.2012.01.013
https://doi.org/10.1002/anie.200905797
https://doi.org/10.1021/jacs.1c13127
https://doi.org/10.1039/D2NR05689E
https://doi.org/10.3390/sym15010079
https://doi.org/10.1016/j.carbpol.2016.06.040
https://www.ncbi.nlm.nih.gov/pubmed/27474645
https://doi.org/10.3390/biom9040138
https://www.ncbi.nlm.nih.gov/pubmed/30959802
https://doi.org/10.1070/RCR4880
https://doi.org/10.1039/C9SC06460E
https://doi.org/10.3390/chemistry2040056
https://doi.org/10.1039/C7RA11036G
https://doi.org/10.3390/molecules22081311
https://doi.org/10.1021/js990067o
https://doi.org/10.1016/j.jinorgbio.2016.11.028
https://doi.org/10.1016/j.molstruc.2021.129946
https://doi.org/10.1016/j.molstruc.2021.130989
https://doi.org/10.3390/molecules23092253
https://doi.org/10.3390/molecules23051182
https://doi.org/10.1039/D2RA03414J
https://www.ncbi.nlm.nih.gov/pubmed/35765319


Appl. Sci. 2023, 13, 9854 28 of 29

246. Oulmidi, A.; Radi, S.; Idir, A.; Zyad, A.; Kabach, I.; Nhiri, M.; Robeyns, K.; Rotaru, A.; Garcia, Y. Synthesis and cytotoxicity against
tumor cells of pincer N-heterocyclic ligands and their transition metal complexes. RSC Adv. 2021, 11, 34742–34753. [CrossRef]

247. Fandzloch, M.; Jaromin, A.; Zaremba-Czogalla, M.; Wojtczak, A.; Lewińska, A.; Sitkowski, J.; Wiśniewska, J.; Łakomska, I.;
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