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ABSTRACT

ARTICLE HISTORY

Carvacrol (5-isopropyl-2-methyl phenol) is a natural compound that occurs in the leaves of a
number of plants and herbs including wild bergamot, thyme and pepperwort, but which is
most abundant in oregano. The aim of this review is to analyse the scientific data from the last
five years (2012-2017) on the antimicrobial and anti-biofilm activities of carvacrol, targeting different bacteria and fungi responsible for human infectious diseases. The antimicrobial and antibiofilm mechanisms of carvacrol and its synergies with antibiotics are illustrated. The potential
of carvacrol-loaded anti-infective nanomaterials is underlined. Carvacrol shows excellent antimicrobial and anti-biofilm activities, and is a very interesting bioactive compound against fungi
and a wide range of Gram-positive and Gram-negative bacteria, and being active against both
planktonic and sessile human pathogens. Moreover, carvacrol lends itself to being combined
with nanomaterials, thus providing an opportunity for preventing biofilm-associated infections
by new bio-inspired, anti-infective materials.
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Introduction
Infectious diseases still pose a serious threat to public
health, in spite of tremendous progress in human
medicine. Although infectious diseases are no longer
the leading cause of death, due to the use of vaccines
and antibiotics, improved nutrition and water and
food safety, they still remain a major problem in
many countries and are responsible for more than
20% of all deaths worldwide (http://www.who.int/
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mediacentre/factsheets/fs310/en/index2.html; accessed
October 2016). Antibiotic misuse has led to the selection of drug-resistant pathogens. Antimicrobial resistance has become an ever-increasing multi-national
public health problem causing hospitalization, especially for elderly patients, patients with diabetes or
other chronic diseases, and oncology or AIDS
patients, where immune-depression and the peculiar
conditions of proneness to infection require new
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strategies and advanced technologies, without turning
exclusively to antibiotics (http://www.who.int/mediacentre/factsheets/fs194/en) (Nolte 2014).
In particular, with the advent of artificial organs,
implants and other medical devices, biomaterial-associated infections, mainly caused by biofilm-producing
bacteria have emerged as a crucial clinical problem as
they are often recalcitrant to antibiotic therapies and
are able to circumvent immune defences. Biofilmassociated infections have a great impact on patient
morbidity and health system costs, often causing
implant failure, osteomyelitis, sepsis, and even fatal
events (Montanaro et al. 2011; Arciola et al. 2012).
Over the last decades, significant improvements have
been made in the operating room environment and
in surgical procedures. Nonetheless, medical deviceassociated infections still occur at an unacceptable
rate. Thus, in many clinical fields, anti-infective and
anti-biofouling materials are used as a means for preventing medical device-related infections and reducing
their rate, especially when the risk of intra-operative
contamination is high (Arciola et al. 2015). However,
antibiotic-loaded biomaterials can in time release subinhibitory doses of antibiotics, thus favoring the selection of resistant mutants and the formation of biofilm
(Campoccia et al. 2010). This circumstance is especially worrisome for antibiotics, such as vancomycin,
that represents the last chance against multi-resistant
strains. Today, some strains of bacteria are resistant
to all but a single drug, and other bacteria are resistant to all antibiotics (Casadevall 2010). Aggravating
the phenomenon of antimicrobial resistance, is the
fact that antimicrobials have also been widely adopted
for non-human applications (i.e. livestock feed additives and growth-promoting agents) (Brown et al.
2017). Antimicrobial resistance has become an urgent
global challenge and smart alternative solutions are
needed to counteract bacterial infections.
Various approaches have been reported to convert
the surfaces of biomedical devices into antimicrobial
surfaces (Simchi et al. 2011; Campoccia et al. 2013).
The most common strategy is the chemical modification of the implant surface with biofunctional molecules. The bactericidal efficiency of nanostructured
silicon, nanostructured titania, nanostructured polymer surfaces has already been tested against different
pathogenic bacteria (Tripathy et al. 2017).
Nanocoatings have been accomplished by plasma
etching, nanoimprint lithography, laser interference
lithography, anodization or hydrothermal synthesis.
The bactericidal activity of a nanocoating depends on
its size, shape and density of the nanostructures, as
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well as its chemical nature. It has been suggested that
allowing bacteria to adhere to a nanostructured
surface and killing them physically could be a more
effective strategy than repelling them from the surface
(Tripathy et al. 2017).
Thus, much effort is required to discover new effective antimicrobial agents (Thabit et al. 2015). The most
widely used antibiotics derive from microorganisms,
which produce antimicrobial substances able to kill or
inhibit the growth of other microorganisms. In other
words, some current antibiotics are produced by microorganisms for their defence (Aminov 2017). Some plant
secondary metabolites play a crucial role in plant
defence. In fact, they protect plants against microbial
pathogens. Over the last decade, a large body of evidence has shown that some plant metabolites also exert
in vitro antimicrobial activity against human pathogens.
Phenols and polyphenols are the plant metabolites,
which have been studied most widely (Daglia 2012;
Erdem et al. 2015; Nabavi, Di Lorenzo, et al. 2015;
Nabavi, Marchese 2015; Marchese et al. 2016).
Among phenolic compounds, carvacrol (5-isopropyl-2-methyl phenol, CAR) is an antimicrobial compound that occurs naturally in the leaves of a nuarciola
mber of plants and herbs such as wild bergamot,
thyme and pepperwort, but which is most abundant
in oregano.
This review aims to analyse scientific publications
from the last five years, focusing on the antimicrobial
effects of CAR against microorganisms responsible for
infectious disease in humans. In addition, an overview
on the antimicrobial mechanisms of action, and the
influence of CAR on microbial virulence factors and
biofilms is provided. Published data on the synergistic
antimicrobial activity of CAR in combination with
other natural compounds and anti-infective drugs are
illustrated, as well as the pioneer studies on CARbased bio-inspired anti-infective materials.

Chemistry of carvacrol
Phenols are organic compounds characterized by the
presence of at least one hydroxyl group (OH)
attached to a benzene ring (Rappoport 2004). They are
represented by the general formula Ar—OH (Figure 1).
Depending upon the number of hydroxyl groups, they
are classified as monohydric (one—OH group), dihydric (two—OH groups), trihydric (three—OH groups)
and polyhydric (more than three—OH groups) phenols.
CAR (2-methyl-5-(1-methylethyl)-phenol) (C10H14O) is
a monoterpenic phenol, isomeric with thymol (Figure 2).
The biologically active isomer, carvone, is a monoterpene
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Figure 1. Generic structure of phenols.

Figure 2. Chemical structures of carvacrol and thymol.

ketone, traditionally isolated by fractional distillation of
caraway or spearmint oils. S-(þ)-carvone is the main component of caraway oil and dill, with an odor resembling
that of these herbs. The other isomer, R-()-carvone,
occurs at high concentrations (70-80%) in spearmint oil
and is also the major component responsible for its aroma.
While thymol is crystalline at room temperature, CAR and
carvone are liquid. Carvone is practically insoluble in water
but easily soluble in ethanol and ether (Rappoport 2004).
In CAR the -OH group is placed in -ortho with respect to
the methyl group present in the ring. The position and the
presence of the substituents are essential for its chemical
properties and biological activities.

Biosynthesis of carvacrol
In general, cyclic monoterpenes are all derived
through the same electrophilic reaction mechanism:
ionization leading to a geranyl carbocation and subsequent rearrangement including the migration of a
diphosphate group and isomerization.
This ionization-isomerization step leads (depending
on the stereo-specificity of the enzyme) to the (-) 3R or (þ) - 3S-LPP (diphosphate linalyl) (Savage and
Croteau 1993).

The LPP then undergoes a C2-C3 rotation followed
by ionization, giving rise to a linalyl cation. This
regenerates after cyclization on C1-C6 of its corresponding monocyclic; the carbocation (4R) or (4S)
-a-terpenyl, which is a terpenyl-8 cation, a very
important cation in the biogenesis of cyclic monoterpenes (Davisson et al 1993).
Indeed, this molecule is the origin of limonene,
terpinolene and a-terpineol (Arigoni et al. 1993;
Davisson et al. 1993). It can also yield the cation terpenyl-4, a common precursor of a- and c-terpinene
and terpinene-4-ol (terpinene-4-ol can also yield the
a- or c-terpinene by single dehydrogenation).
The metabolic pathway for the biosynthesis of CAR
is achieved through the aromatization of c-terpinene
in p-cymene. This reaction is followed by the enzymatic C2 hydroxylation of p-cymene in CAR (Russo
et al. 1998).
Carvacrol acts as a scavenger of free radicals, likely
donating hydrogen atoms with an unpaired electron
(H). After this reaction, the carvacrol radical is stabilized by resonance with electron delocalization over the
entire molecule (Guimar~aes et al. 2010; Tsimogiannis
et al. 2017) (see Figure 3).
Indeed, the importance of a delocalized electron
system is supported by the low antimicrobial effects
observed for other aromatic compounds: menthol,
eugenol and some CAR derivatives (carvacryl acetate and
carvacrol methyl ether) (Ultee et al. 2002; Veldhuizen
et al. 2006).

Sources of carvacrol
CAR is the predominant monoterpenic phenol in
many aromatic plants (Table 1), dominating their
essential oils, including species from the family
Labiatae: Satureja, Thymbra, Thymus, Origanum and
Corydothymus, which have been used through the
ages as a flavouring in food (D’Antuono et al. 2000;
Kintzios 2002; De Vincenzi et al. 2004; S€
okmen et al.
2004). The most common organic source is Origanum
in which it can reach levels of 75% (D’Antuono
et al. 2000; Kintzios 2002; De Vincenzi et al. 2004;
S€
okmen et al. 2004).

Bioavailability of carvacrol and its toxicity
Bioavailability and metabolism
CAR shows a very fast metabolism, which ends during
the same day of its administration. From in vivo studies
in experimental animal models, it has been observed
that a portion of CAR is absorbed, about 45% in
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Figure 3. Schematic representation of carvacrol radical and its stabilization for resonance.
Table 1. Occurrence of carvacrol in essential oils of aromatic plants.
Plants

Carvacrol (%) in EO

References

12.7–>80
45.5
12–36.9
4.8–25
60
50–70
50–70
12–44
30–40
58.8–82.3
48.7–74
51–81
42–86.1
63–66
47–86
86
85
60
25
25
18

(Eftekhar et al. 2009)
(Fachini-Queiroz et al. 2012)
(De Vincenzi et al. 2004)
(De Vincenzi et al. 2004)
(Belaqziz et al. 2013)
(Eftekhar et al. 2009)
(Eftekhar et al. 2009)
(De Vincenzi et al. 2004)
(De Vincenzi et al. 2004)
(De Vincenzi et al. 2004)
(De Vincenzi et al. 2004)
(De Vincenzi et al. 2004)
(De Vincenzi et al. 2004)
(S€
okmen et al. 2004)
(Panuccio et al. 2016)
(Economou et al. 2014)
(Kirimer et al. 1995)
(Kirimer et al. 1995)
(Kirimer et al. 1995)
(Kirimer et al. 1995)
(Kirimer et al. 1995)

Thymus capitatus
Thymus vulgaris
Thymus serpyllum
Thymus zygis
Thymus maroccanus
Thymus caramanicus
Thymus fallax
Satureja hortensis
Satureja montana
Origanum dictammus
Origanum majorana
Origanum onites
Origanum munitiflorum
Origanum acutidens
Lavandula multifida
Coridothymus capitatus
Anabasis setifera (Chenopodiaceae)
Carom carvi (Umbelliferae)
Lippia graveolens (Verbenaceae)
Lippia sidoides (Verbenaceae)
Plantago asiatica (Plantaginaceae)

rabbits (Opdyke 1979). In fact, a part of CAR remains
in the gastrointestinal tract, where it is degraded by the
microbiota activity or excreted in the faeces. A study by
Michielis et al. (2008) on pigs showed that 29% of
CAR degradation occurred in the cecum. A significant
amount of CAR was eliminated in the urine within
24 h of administration. In urine, CAR was excreted
mostly without modifications or as glucuronide and
sulfate conjugates by esterification of the phenolic
group, with a lower amount as benzyl alcohol and
2-phenylpropanol derivatives and their carboxylic acids
by transformation of the end methyl groups (Austgulen
et al. 1987). CAR was absorbed in the duodenum and
in the stomach, reaching the maximum plasma concentration within 1.39 h of oral administration in pigs
(Michielis et al. 2008). CAR introduced by gavage principally arrives at the stomach, intestine and kidneys,
and in a smaller amount, reaches the liver, muscle and
lung tissues (Schroder and Vollmer 1932).

Toxicity
In the scientific literature a few studies on the toxic
potential of CAR have been reported. Acute toxicity
studies have been conducted on rats, mice, dogs and
rabbits, using different administration routes. A
median Lethal Dose (LD50) of CAR of 810 mg kg1
body weight has been observed in rats treated by oral
gavage (Hagan et al. 1967). In mice LD50 values of
80 mg kg1, 73.30 mg kg1, and 680 mg kg1, have
been reported for intravenous, intraperitoneal and subcutaneous administration respectively (Andersen 2006).
A dermal treatment of CAR on rabbits resulted in a
LD50 of 2700 mg kg1 (McOmie et al. 1949). Dogs
treated with an intravenous administration of CAR
showed a LD50 of 310 mg kg1 (Andersen 2006).
Also genotoxic studies are limited. However, considering the poor evidence found in the scientific literature, CAR have been shown to exert a weak genotoxic
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potential at non-toxic doses (CAR IC50 was 200 mM in
HepG2 cells) (Stammati et al. 1999). It is important to
observe that in many studies it has been found that
CAR protects cells against DNA damage, and has antigenotoxic activity, at non-toxic concentration, in different cell lines, such as lymphocytes (Aydin et al. 2005)
and Caco-2 (Horvathova et al. 2007). The research on
the antiproliferative effects of CAR underlined the
toxic activity of CAR on the mitochondria, inhibiting
complex I (NADH ubiquinone oxidoreductase) at the
electron transport chain level (Monzote et al. 2009).
CAR was included in the list of chemical flavourings
by the Council of Europe and has been approved by
the Food and Drug Administration (FDA) for use in
food (http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/
cfcfr/CFRSearch.cfm?FR ¼172.515). Its use as a flavouring agent in beverages, sweets, chewing gum, condiment relish, frozen dairy has been reported (Ultee et al.
1999; De Vincenzi et al. 2004; Burdock 2009). CAR is
classified among the ‘Generally Recognized As Safe
(GRAS) substances’ by FDA (2016).

Antibacterial activity of carvacrol targeting
microorganisms responsible for infectious
diseases in humans
Mechanism of action of carvacrol against bacteria
CAR is a phenolic compound with a hydroxyl group
on an aromatic ring. The hydroxyl group of CAR
plays a crucial role in the antibacterial activity of this
phytochemical; indeed, CAR interacts with the lipid
bilayer of the bacterial cytoplasmic membrane due to
its hydrophobic nature, and aligns itself between fatty
acid chains causing the expansion and destabilization
of the membrane structure by increasing its fluidity
and permeability for protons and ions. The loss of the
ion gradient leads to bacterial cell death (Ciandrini
et al. 2014). Unsaturated fatty acids have a crucial
role in response to several different stresses, such as
low or high temperature and oxidative stress among
others. Siroli et al. (2015) investigated the modification of the fatty acid composition of cell membranes
in Listeria monocytogenes, Salmonella enteritidis and
Escherichia coli, grown in the presence of different
sub-inhibitory concentrations of thyme and oregano
essential oils (EOs) as well as CAR, thymol (THY),
trans-2-hexenal and citral (CIT). The addition of
CAR at sub-inhibitory concentrations [/2, 1/3 and 1/5
Minimum Inhibitory Concentration (MIC)] induced a
decrease in the content of branched chain fatty acids
(C17iso and C17ante) into membrane lipids, causing an
increase in the unsaturation level. Specific information

on the effects of CAR on the membrane fatty acids of
Staphylococcus aureus cells were investigated by Wang
et al. (2016). The authors observed that the ratio of
unbranched fatty acids to branched-chain fatty acids
increased with increasing CAR concentration (from
0.26 to 0.77 mM).
Ben Arfa et al. (2006) showed that, in addition to
the hydrophobic characteristic favouring the compound accumulation in the membrane, the free
hydroxyl function is essential for the antibacterial
effect of CAR. This study evaluated the antimicrobial
activity of selected aroma compounds such as CAR,
eugenol (EUG) and menthol and two synthesized
CAR derivative molecules, carvacrol methyl ether and
carvacryl acetate, against bacteria (E. coli, P. fluorescens, S. aureus, Lactobacillus plantarum and Bacillus
subtilis) and fungi (S. cerevisiae and B. cinerea). CAR
turned out to be the most efficient compound,
followed by EUG and menthol. CAR derivative molecules were unable to inhibit the growth of microorganisms. As previously reported by Lanciotti et al.
(2003), the mechanism of action of aroma compounds
against bacteria was related to its hydrophobicity,
which was correlated to the logP (partitioning behaviour of the lipophilic compounds in octanol/water)
and their partition in the cytoplasmic microbial membranes. Accordingly, CAR (logP 3.52) was the most
active compound; carvacrol methyl ether (logP 4.08),
as previously reported by Ultee et al. (2002), and
carvacryl acetate (logP 3.59) did not show any antibacterial activity. The main difference between CAR
and the derivative molecules was the binding of the
hydroxyl group. As hypothesized by Ultee et al.
(2002), the presence of a system of delocalized electrons is important for the antimicrobial effect of
CAR. The system of delocalized electrons allows the
compound to act as proton exchanger reducing the
gradient across the cytoplasmic membrane with a
consequent collapse of the proton motive force. Ben
Arfa et al. (2006) confirmed that in addition to the
hydrophobicity of CAR, the hydroxyl group is able to
exchange its proton thanks to the presence of a delocalized electron system.
In addition, Kortman et al. (2014) suggested that
the antibacterial effects of CAR could be explained by
its interference with bacterial iron uptake. To test this
hypothesis, they studied the effect of CAR on the
growth and adhesion of S. typhimurium on intestinal
cells under moderate iron concentrations and iron
rich conditions. The findings demonstrated that CAR
inhibits iron-induced adhesion of S. typhimurium on
epithelial intestinal cells at high iron concentrations,

BIOFOULING

suggesting that CAR has potential in preventing pathogenic overgrowth and colonization in the large intestine during oral iron therapy. Recently, Wang et al.
(2016) evaluated the possible interaction between CAR
and genomic DNA of S. aureus using fluorescence and
circular dichroism techniques and concluded that the
antibacterial activities of CAR may be related to its
ability to bind to DNA in the minor groove, and
hydrogen bonds may play an important role in this
interaction. Finally, it is important to note that several
reports have shown that the antibacterial effects of
CAR are enhanced at low pH (Rivas et al. 2010;
Ait-Ouazzou et al. 2011; Nostro et al. 2012). Indeed, at
lower pH levels, CAR is less dissociated and hence
more hydrophobic. In this connection, carvacrol is also
more prone to bind to the hydrophobic regions of the
membrane proteins, which results in a better partition
into the lipid phase of the bacterial membrane. Thus,
the anti-bacterial effect of CAR is increased.
Mechanism of action of carvacrol against fungi
The mechanisms of action of CAR against Candida
have been investigated in several studies. CAR seems
to exert its antifungal activity by inducing envelope
damage (Chami et al. 2005; Ahmad et al. 2011), disrupting membrane integrity and blocking ergosterol
biosynthesis. A recent study conducted by N
obrega
et al. (2016) investigated the antifungal activity and
mechanism of action of CAR against Cryptococcus
neoformans strains. The MIC of CAR ranged from
25 lg ml1 to 81 lg ml1 (Minimum Fungicidal
Concentration (MFC) range: 25-102 lg ml1). The
MIC assay was performed using the microdilution
method, in the presence and absence of ergosterol
and cholesterol in concentrations of 100, 200 and
400 lg ml1. The authors observed that the MIC values of CAR increased proportionally to the concentration of ergosterol in the medium, these results
suggesting that CAR may act by binding to exogenous
ergosterol. The CAR-ergosterol link could increase
the permeability of the fungal cell membrane, causing
an output of Ca2þ, and Kþ ions, radicals, and proteins, thus destabilizing the membrane and inhibiting
fungal growth. CAR also interacts with cholesterol
with a higher MIC value than ergosterol, suggesting
that CAR might be toxic to human cells. Other studies (Rao et al. 2010; Zhang et al. 2012) confirmed that
CAR exerts its antifungal activity by perturbating the
homeostasis of Caþ or Hþ ions. In these studies, a
model yeast Saccharomyces cerevisiae was exposed to
CAR, and changes in metabolic activity, cytosolic and
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vacuolar pH, and Ca2þ transients were registered.
Another possible mode of action of CAR was
described by Chaillot et al. (2015), who demonstrated
that CAR causes endoplasmic reticulum stress and
perturbs the protein folding capacity in C. albicans
cells treated with CAR. In 2015, Khan and colleagues
(Khan et al. 2015) investigated the effects of CAR and
THY on the antioxidant defence system in C. albicans, focusing on the changes in the activity of several
enzymes involved in the cellular antioxidant system
(superoxide dismutase, catalase, glutathione peroxidase, glutathione S-transferase, glutathione reductase
and glucose 6-phosphate dehydrogenase) following
exposure to CAR, as well as investigating the lipid
peroxidation induced by the ROS.CAR induced an
increase in the activities of superoxide dismutase
(1.5–2.1 fold) and catalase (1.64–3.3 fold) at all tested
concentrations (2 lg ml1, 5 lg ml1 and 10 lg ml1)
in comparison to the control cells, as well as increasing the lipid peroxidation (3.47–5.13 fold). CAR also
induced an initial increase in the activity of glutathione peroxidase (2.99 fold at 2 lg ml1) followed by a
decrease with increasing CAR concentrations. The
activities of glutathione reductase, glutathione S-transferase and glucose 6-phosphate dehydrogenase were
found to be significantly decreased at all tested CAR
concentrations.
Inhibition of human pathogenic bacteria and fungi
CAR has been shown to have a broad-spectrum antibiotic effect against microorganisms responsible for
human infectious diseases (Tables 2 and 3). This section presents a brief overview of reported studies on
the inhibition of growth of a variety of human pathogenic bacteria and fungi that can cause human illness.
The pathogens are listed below in alphabetical order.
Enterobacteriaceae
In recent years several authors have evaluated the
anti-Enterobacteriaceae activity of CAR, with many
works focusing on the activity against E. coli and
Klebsiella pneumoniae in particular. In 2013, AlMariri et al. (2013) studied the antibacterial activity
of Thymus syriacus Boiss EO (containing 36.73% of
CAR) and its major components against some Gramnegative isolates. CAR showed a good inhibitory effect
against Enterobacteriaceae with MIC90 ranging from
<0.375 ml ml1 (Proteus spp., Salmonella spp.) to
3.125 ml ml1 (K. pneumoniae). Du et al. (2015)
studied the in vitro antimicrobial effect of an EO containing 25% of CAR and 25% THY, as well as its
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Table 2. Antibacterial activity of carvacrol against human pathogenic bacteria.
Bacteria
GRAM- NEGATIVE BACTERIA
Enterobacteriaceae
E. coli MG1655
E. coli CVCC1553 and CVCC1490 (serotype O78)
E. coli ATCC 25922
E.coli clinical strains (#2) (human)
E. coli ATCC 8739
E. coli O157:H7 ATCC 35150
E.
E.
E.
E.

coli
coli
coli
coli

O157:H7 ATCC 35150
O157:H7 ATCC 43894
O157:H7
O157:H7 (animal)

E. coli O157:H7
E. coli O104:H4 From the E. coli
Reference Center at the Penn
State University
E. coli O42 (serotype O44:H18)
K. pneumoniae ATCC 700603
K. pneumoniae clinical isolates (#3)
K. pneumoniae
K. oxytoca ATCC 700324
Proteus spp.
S. typhimurium ATCC 14028
S. typhimurium
S. typhimurium CVCC 541
S. typhimurium (animal)
S. enteritidis CVCC2184
S. pullorum C79-13
Y. enterocolitica O9
Non-fermenting Gram-negative bacteria
P. aeruginosa ATCC 9027
P.
P.
P.
P.

aeruginosa ATCC 27853
aeruginosa ATCC 10145
aeruginosa
aeruginosa clinical isolates
(#2) (human)
P. fluorescens ATCC 13525

A. (cephalosporinase-over- producing
and expanded spectrum b-lactamase producer strain, and b-lactams, aminoglycosides and fluoroquinolones resistant)
Other Gram-negative bacteria
H. pylori clinical strains (#10)
P. gingivalis ATCC 33277
F. nucleatum ATCC 25586
B. melitensis
GRAM POSITIVE BACTERIA
Staphylococcus spp.
S. aureus ATCC 25923
S. aureus ATCC 29213

In vitro activity

Method

References

200 ll l1
MIC: 0.375 mg ml1 MBC:
0.75 mg ml1
MIC: 0.1 mg ml1; MBC: 0.1 mg ml1
MIC: 0.2 mg ml1; MBC: 0.2 mg ml1
MIC: 0.6 mg ml1; MBC: 1.25 mg ml1
BIC: 40 mg ml1; BEC: 40 mg ml1
DD: 22.4 ± 0.3 mm MIC: 0.125 ll ml1;
MBC: 0.250 ll ml1
MIC: 0.2 mg ml1 MBC: 0.2 mg ml1
MBC: 0.08 ± 0.02 mg ml1
< 0.375 ll ml1
DD: 23.9 ± 0.4 mm MIC: 0.250 ll ml1;
MBC: 0.375 ll ml1
DD: 33.8 ± 2.6 mm sMIC: 0.2 mg ml1;
MBC: 0.2 mg ml1
MBC: 0.08 ± 0.03 mg ml1

TD
BD

(Chueca et al. 2016)
(Du et al. 2015)

BmD
BmD
BmD

(AL-Ani et al. 2015)
(AL-Ani et al. 2015)
(Cacciatore et al. 2015)

DD BD

(Mith et al. 2014)

BmD
Bmd
BmD
Dd BD

(AL-Ani et al. 2015)
(Garcıa-Heredia et al. 2016)
(Al-Mariri et al. 2013)
(Mith et al. 2014)

DD TD

(Ait-Ouazzou et al. 2011)

BmD

(Garcıa-Heredia et al. 2016)

MBC: 0.1 ± 0.04 mg ml1
MIC: 0.2 mg ml1; MBC: 0.3 mg ml1
MIC range: 0.2–0.3 mg ml1; MBC:
0.3 mg ml1
3.125 ll ml1
MIC: 200 lg ml1; MBC: 200 lg ml1
<0.375 ll ml1
DD: 21.7 ± 0.2 mm MIC: 0.125 ll ml1;
MBC: 0.375 ll ml1
<0.375 ll ml1
MIC: 0.375 mg ml1; MBC:
0.75 mg ml1

BmD
BmD
BmD

(Garcıa-Heredia et al. 2016)
(AL-Ani et al. 2015)
(AL-Ani et al. 2015)

BmD
BmD
BmD
DD BD

(Al-Mariri et al. 2013)
(AL-Ani et al. 2015)
(Al-Mariri et al. 2013)
(Mith et al. 2014)

BmD
BD

(Al-Mariri et al. 2013)
(Du et al. 2015)

DD: 30.4 ± 0.9 mm MIC: 0.188 ll ml1;
MBC: 0.250 ll ml1
MIC: 0.187 mg ml1; MBC:
0.75 mg ml1
MIC: 0.375 mg ml1; MBC:
0.75 mg ml1
0.75 ll ml1

DD BD

(Mith et al. 2014)

BD

(Du et al. 2015)

BD

(Du et al. 2015)

BmD

(Al-Mariri et al. 2013)

MIC: 5 mg ml1; MBC: 10 mg ml1
BIC: 5 mg ml1; BEC: 10 mg ml1
MIC: 0.3 mg ml1; MBC: 0.3 mg ml1
12.9 ± 0.4 mm
6.25 ll ml1
MIC: 0.3 mg ml1; MBC: 0.30.6 mg ml1
DD: 15.1 ± 0.7 mm MIC: 1 ll ml1;
MBC: >1.5 ll ml1
0.16 mg ml1

BmD

(Cacciatore et al. 2015)

BmD
DD
BmD
BmD

(AL-Ani et al. 2015)
(Ait-Ouazzou et al. 2011)
(Al-Mariri et al. 2013)
(AL-Ani et al. 2015)

DD BD

(Mith et al. 2014)

BmD

(Montagu et al. 2016)

DD AD

(Falsafi et al. 2015)

BmD

(Ciandrini et al. 2014)

BmD

(Ciandrini et al. 2014)

BmD

(Al-Mariri et al. 2013)

BmD

(AL-Ani et al. 2015)

BmD

(Cacciatore et al. 2015)

DD: 29.1 ± 3.4 mm MIC:
0.0181 ± 0.029 ll ml1
MIC: 0.25% v/v; MBC: 0.50% v/v BIC:
0.5% v/v
MIC: 0.25% v/v; MBC: 0.50% v/v BIC:
1% v/v
<0.375 ll ml1
MIC: 0.04 mg ml1; MBC:
0.08 mg ml1
MIC: 0.6 mg ml1; MBC: 1.25 mg ml1
BIC: 1.2 mg ml1 BEC: 2.5 mg ml1

(continued)
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Table 2. Continued.
Bacteria
S. aureus ATCC 29213
S. aureus ATCC 29213
S. aureus ATCC 6538
S. aureus ATCC 43300 (MRSA)
MRSA (#4) (human)
CA-MRSA (#2) (USA300 and SC-01
strains) (human)
MSSA (#2) (Newman and UAMS-1
strains) (human)
S. aureus effluxing strains (#3)
S. aureus clinical strain (selected for
previously well characterized biofilm related properties)
S. epidermidis ATCC 35984
S. epidermidis ATCC 35984
S. epidermidis ATCC 14990
S. saprophyticus ATCC 15305
Streptococcus spp.
S. pyogenes ery-R clinical isolates
(#32 (human))
S. mutans ATCC 25175
Enterococcus spp.
E. faecalis VanB ATCC 51299
E. faecalis ATCC 29212
E. faecium ATCC 19434
VRE clinical isolates (#3) (human)
Listeria spp.
L. monocytogenes NCTC 11994
L. monocytogenes (animal)
L. monocytogenes ATCC 13932
L. monocytogenes
L. monocytogenes isolates (#3) (ATCC
19115, Scott A and Presque-598)
L. innocula ATCC 51742
Other Gram-positive bacteria
C. perfringens CVCC2027
and CVCC2030
MYCOBACTERIUM
M. tubercolosis
M. smegmatis ATCC 19420
M. fortuitum ATCC 6841
M. phlei ATCC 11758

In vitro activity
MIC: 0.04 mg v; MBC: 0.08 mg ml1
MIC: 0.04 mg ml1; MBC:
0.08 mg ml1
59.5 ± 3.3 mm
2.06 M
MIC: 0.3 mg ml1; MBC range:
0.3–0.6 mg ml1
200 ll l1

Method
BmD
BmD

References
(AL-Ani et al. 2015)
(AL-Ani et al. 2015)

DD

(Ait-Ouazzou et al. 2011)
(Wang et al. 2016)
(AL-Ani et al. 2015)

–
BmD
–

(Espina et al. 2015)

–

(Espina et al. 2015)

0.0312%
MIC: 0.015 v/v; MBC: 0.062% v/v

AD
BmD

(Cirino et al. 2014)
(Nostro et al. 2012)

MIC: 0.015 v/v; MBC: 0.062% v/v
MIC: 0.3 mg ml1; MBC: 1.25 mg ml1
BIC: 0.3 mg ml1; BEC: 0.6 mg ml1
MIC: 0.04 mg ml1; MBC:
0.08 mg ml1
MIC: 0.02 mg ml1; MBC:
0.04 mg ml1

BmD
BmD

(Nostro et al. 2012)
(Cacciatore et al. 2015)

BmD

(AL-Ani et al. 2015)

BmD

(AL-Ani et al. 2015)

MIC range: 8! 256 lg ml1

AD

(Magi et al. 2015)

MIC: 0.25% v/v; MBC: 0.50% v/v BIC:
0.5% v/v

BmD

(Ciandrini et al. 2014)

MIC: 0.3 mg ml1; MBC: 0.6 mg ml1
MIC: 0.1 mg ml1; MBC: 0.3 mg ml1
36.5 ± 0.3 mm
MIC range: 0.3–0.6 mg ml1; MBC:
0.6mg ml1

BmD
BmD
DD
BmD

(AL-Ani et al. 2015)
(AL-Ani et al. 2015)
(Ait-Ouazzou et al. 2011)
(AL-Ani et al. 2015)

DD: 27.3 ± 03 mm MIC: 0.125 ll ml1;
MBC: 0.250 ll ml1
DD: 30.0 ± 0.8 mm MIC: 0.125 ll ml1
; MBC: 0.250 ll ml1
48.1 ± 3.6 mm
DD: 49.2 ± 1.1 mm MIC: <0.2 mg
ml1; MBC: <0.2 mg ml1
0.75 mM

DD BD

(Mith et al. 2014)

DD BD

(Mith et al. 2014)

DD
DD TD

(Ait-Ouazzou et al. 2011)
(Ait-Ouazzou et al. 2011)

–

(Upadhyaya et al. 2012)

200 ll l1

1

150 mg kg

LMS

(Garcıa-Garcıa et al. 2011)

MIC: 0.375 mg ml1; MBC:
0.75 mg ml1

BD

(Du et al. 2015)

MIC: 41.60 lM
MIC: 0.08 mg ml1; MBC:
0.08 mg ml1
MIC: 0.1 mg ml1; MBC: 0.1mg ml1
MIC: 0.08 mg ml1; MBC:
0.08 mg ml1

BmD
BmD

(Alokam et al. 2014)
(AL-Ani et al. 2015)

BmD
BmD

(AL-Ani et al. 2015)
(AL-Ani et al. 2015)

TD: tube dilution; BmD: broth micro-dilution; BD: broth dilution; AD: agar dilution; LMS: liquid model system; ATCC: American Type Culture Collection;
CVCC: China Veterinary Culture Collection.

pure components, using a broth dilution method. E.
coli was more sensitive to THY (MIC and Minimum
Bactericidal Concentration (MBC), 187.5 and 375 lg
ml1, respectively) than CAR (MIC and MBC, 375
and 750 lg/ml, respectively). In the same year,
Cacciatore et al. (2015) showed that CAR was active
against E. coli ATCC (American Type Culture
Collection) 87398739 with MIC and MBC values of
0.6 and 1.25 mg ml1, respectively. In the same work,
the authors synthesized ten CAR co-drugs, obtained

by linking the CAR hydroxyl group to the carboxyl
moiety of sulphur-containing amino acids via an ester
bond, to obtain new compounds endowed with antimicrobial and anti-biofilm properties and to simultaneously minimize the potential toxic effects of CAR.
The best antimicrobial co-drug was found to be NAc-Cys(Allyl)-CAR, a derivative which, like CAR
itself, has low solubility in water, suggesting that its
hydrophobic nature could allow this co-drug to interact with the bacterial membrane in a similar manner
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Table 3. Antifungal activity of CAR against human pathogenic fungi.
Fungi
Aspergillus niger PTCC 5154
A. fumigatus PTCC 5009
A. flavus PTCC 5004
A. ochraceus PTCC 5017
Aspergillus strains (human)
A. niger (human)
A. carbonarius
Cladosporium spp. PTCC 5202
Penicillium citrinum PTCC 5304
P. chrysogenum PTCC 5271
Fusarium oxysporum PTCC 5115
Rhizopus oryzae PTCC 5174
Pythium insidiosum (animal)
P. roqueforti (food)
P. verrucosum
Botrytis cinerea ATCC 12481
Alternaria alternata PTCC 5224
Yeasts
Candida albicans ATCC 10261 and ATCC 90028
C. albicans FLC-S (human)
C. glabrata ATCC 90030
C. glabrata FLC-S (human)
C. tropicalis ATCC 750
C. tropicalis FLC-S (human)
C. albicans FLC-R (human)
C. glabrata FLC-R (human)
C. tropicalis FLC-R (human)
C. krusei FLC-R (human)
C. parapsilosis FLC-R (human)
C. albicans Ire1, mkc1 and bck1 mutants
C. albicans ATCC 90028
C. albicans (human)
C. glabrata (human)
C. tropicalis (human)
C. guilliermondii (human)
C. parapsilosis (human)
C. dubliniensis (human)
C. krusei (human)
Candida spp. (human)
Candida spp. FLC-R (human)
C. albicans ATCC 10231 (human)
C. albicans (human)
C. glabrata (human)
C. tropicalis (human)
S. cerevisiae
Cryptococcus neoformans
C. neoformans
Dermathophytes
Dermathophyte strains

In vitro activity

Method used

References

MIC: 0.05 mg ml1
MIC: 0.1 mg ml1
MIC: 0.1 mg ml1
MIC: 0.1 mg ml1
MIC range: 0.16–0.32 ll ml1
MIC: 225 ppm
MIC: 500 ppm
MIC: 0.1 mg ml1
MIC: 0.15 mg ml1
MIC: 0.125 mg ml1
MIC: 0.125 mg ml1
MIC: 0.2 mg ml1
MIC range: 0.08–0.32 mg ml1
MIC: 250 ppm
MIC: 0.3906 ll ml1
MIC: 0.3 mg ml1
MIC: 0.35 mg ml1

BmD
BmD
BmD
BmD
BD
AD
BD
BmD
BmD
BmD
BmD
BmD
BmD
BD
BmD
BmD
BmD

(Abbaszadeh et al. 2014)
(Abbaszadeh et al. 2014)
(Abbaszadeh et al. 2014)
(Abbaszadeh et al. 2014)
(Vale-Silva et al. 2012; Zuzarte et al. 2012)
(Guarda et al. 2011)
(Simovic et al. 2014)
(Abbaszadeh et al. 2014)
(Abbaszadeh et al. 2014)
(Abbaszadeh et al. 2014)
(Abbaszadeh et al. 2014)
(Abbaszadeh et al. 2014)
(Jesus et al. 2015)
(Simovic et al. 2014)
(Jersek et al. 2014)
(Abbaszadeh et al. 2014)
(Abbaszadeh et al. 2014)

MIC range: 0.06-0.08 mg ml1
MIC range: 0.05-0.085 mg ml1
MIC: 0.075 mg ml1
MIC range: 0.075-0.085 mg ml1
MIC: 0.07 mg ml1
MIC range: 0.05-0.09 mg ml1
MIC range: 0.085-0.09 mg ml1
MIC range: 0.95-0.1 mg ml1
MIC range: 0.08-0.85 mg ml1
MIC range: 0.1 mg ml1
MIC range: 0.09 mg ml1
MIC: 0.2 mM
MIC: 0.25 mg ml1
MIC range: 0.12-0.5%
MIC range: 0.12-0.25%
MIC range: 0.06-0.25%
MIC: 0.25%
MIC: 0.03%
MIC: 0.12%
MIC: 0.12%
MIC range: 0.08-0.16 ll ml1
MIC range: 0.1-0.25 mg ml1
MIC range: 0.15-5 mg ml1
MIC range: 0.06-0.5% v/v
MIC range: 0.0038% v/v
MIC range: 0.06-0.25% v/v
MIC range: <0.0019% v/v
MIC range: 0.25-0.5% v/v
MIC range: <0.0019-0.0038% v/v
MIC: 75 ppm
MIC range: 0.025-0.081 mg ml1
MIC: 0.16 ll ml1

BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BmD
BD
BmD
BmD
BmD
VP
BmD
VP
BmD
VP
AD
BmD
BD

(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Chaillot et al. 2015)
(Doke et al. 2014)
(Marcos-Arias et al. 2011)
(Marcos-Arias et al. 2011)
(Marcos-Arias et al. 2011)
(Marcos-Arias et al. 2011)
(Marcos-Arias et al. 2011)
(Marcos-Arias et al. 2011)
(Marcos-Arias et al. 2011)
(Vale-Silva et al. 2012; Zuzarte et al. 2012)
(Gallucci et al. 2014)
(Cacciatore et al. 2015)
(Mandras et al. 2016)

(Guarda et al. 2011)
(N
obrega et al. 2016)
(Vale-Silva et al. 2012; Zuzarte et al. 2012)

MIC range: 0.04-0.16 ll ml1

BD

(Vale-Silva et al. 2012; Zuzarte et al. 2012)

(Mandras et al. 2016)
(Mandras et al. 2016)

BmD: broth micro-dilution; BD: broth dilution; AD: agar dilution; VP: vapour contact method PTCC: Persian Type Culture Collection; ATCC: American Type
Culture Collection.

to CAR. However, against E. coli, Ac-Cys(Allyl)-CAR
showed a MIC and MBC higher than CAR (2.5 mg/ml).
Al-Ani et al. (2015), assessed the antimicrobial activity
of CAR against several Gram-positive and Gramnegative isolates. In their study the most susceptible
member of the Enterobacteriaceae was found to be
E. coli ATCC 25922 (MIC and MBC: 100 lg ml1)
followed by E. coli clinical isolates and K. oxytoca
ATCC 700324 (MIC and MBC: 200 lg ml1),
while CAR showed the lowest activity against K.
pneumoniae reference and clinical isolates (MIC

ranging from 200 lg ml1 to 300 lg ml1 and MBC
300 lg ml1).
For the in vitro activity of CAR against E. coli
O157:H7 and Salmonella spp. see the section
‘Inhibition of food-borne pathogenic bacteria’.
Enterococcus spp. and Streptococcus spp.
CAR shows bactericidal activity against Enterococcus
spp. including Vancomycin-Resistant Enterococci (VRE)
(AL-Ani 2015). CAR had the best anti-Enterococci
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activity against E. faecalis ATCC 29212 (MIC: 100 mg
ml1 and MBC: 300 mg ml1), followed by vancomycin-resistant E. faecalis VanB ATCC 51299 (MIC:
300 mg ml1; MBC: 600 mg ml1), and against three
VRE clinical isolates (MIC values between 300 and
600 mg ml1 and a MBC of 600 mg ml1).
Over the last five years, few works have focused on
the antibacterial activity of CAR against pathogenic
streptococci. Magi et al. (2015) reported high activity
of CAR against 32 clinical erythromycin resistant
Group A Streptococci (S. pyogenes). These isolates
were genotypically and phenotypically heterogeneous
and included: six erm(TR)/iMLS; six erm(B)/iMLS;
eight erm(B)/cMLS and twelve mef(A)/M. S. pyogenes
harbouring the erm(TR) gene, which were the most
susceptible to CAR (MIC ranged from 8 mg ml1
to 32 mg ml1) followed by the erm(B) strains
(MIC ranged from 64 mg ml1 to 128 mg ml1) and
mefA/M producing S. pyogenes (MIC ranged from
64 mg ml1 to 256 mg ml1). The authors concluded
that CAR acts against erythromycin-resistant S. pyogenes
and could potentially serve as a novel therapeutic tool.
Helicobacter pylori
H. pylori colonizes gastric mucosa to cause chronic
active gastritis which may eventually progress to
severe complications such as gastric ulcers and cancer,
and even extra gastric manifestations (Schulz et al.
2016). Falsafi et al. (2015) evaluated the antibacterial
activity of CAR in comparison to THY and to the EO
of Satureja bachtiarica (containing 45.5% of CAR and
27.9% of THY), against 10 clinical strains of H. pylori.
In their study, the anti-H. pylori effect of CAR only
(MIC ± SD: 0.0181 ± 0.029 ll ml1) was higher than
the S. bachtiarica EO (MIC ± SD: 0.035 ± 0.13 ll ml1)
or THY only (MIC ± SD: 0.043 ± 0.24 ll ml1).
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that the natural compounds studied (MIC: 0.66 lM,
0.23 lM and 15.31 lM, respectively). Furthermore,
AL-Ani et al. (2015) studied the effects of CAR
against three non-tuberculosis, fast-growing mycobacteria reference strains (M. smegmatis ATCC 19420,
M. fortuitum ATCC 6841 and M. phlei ATCC 11758),
which have a similar cell wall structure as the pathogen M. tuberculosis. These strains exhibited a MIC of
CAR ranging from 80 lg ml1 (M. smegmatis and M.
phlei) to 100 lg ml1 (M. fortuitum).
Non-fermenting Gram-negative
Non-fermenting Gram-negative bacteria are ubiquitous in nature, particularly in soil and water, but in
recent years have emerged as important healthcareassociated pathogens. Most recent studies have
focused on the anti-Pseudomonas activity of CAR,
obtaining rather contradictory results. MIC values
against P. aeruginosa were found to range from
300 mg ml1 to 5 mg ml1 (Ait-Ouazzou et al. 2011;
Al-Mariri et al. 2013; Mith et al. 2014; AL-Ani et al.
2015; Garcıa-Heredia et al. 2016)
Montagu et al. (2016) evaluated the antibacterial activity
of CAR and CAR-loaded lipid nanocapsules (LNCs)
against a cephalosporinase-overproducing and extended
spectrum b-lactamase producing Acinetobacter baumannii
resistant to most b-lactams, aminoglycosides and fluoroquinolones. LNCs have been demonstrated to be suitable
for the encapsulation of lipophilic compounds (such as
EOs), enhancing antibacterial efficacy and promoting contact with bacterial cells. CAR showed an anti-Acinetobacter
activity with a MIC of 0.16 mg ml1, while CAR-LNCs
exhibited a slightly lower activity with a MIC of 0.55 mg
ml1, probably because the non-encapsulated CAR was
deposited directly onto the membrane, causing better
bacterial interactions than CAR-LNCs, which presented
a delayed release in comparison.

Mycobacterium spp.
M. tuberculosis is a thin, slightly curved bacillus which
is the etiologic agent in the majority of tuberculosis
cases. Alokam et al. (2014) studied the in vitro antitubercular activity of some naturally occurring phenols (CAR, THY, menthol, (±) neo-isopulegol, EUG
and vanillin) and various CAR derivatives. CAR
exhibited excellent M. tuberculosis inhibition with an
IC of 1.6 ± 0.4 lM and an MIC of 60 lM, while the
other natural compounds and CAR derivatives were
found to be less potent (IC50 ranged from
13.63 ± 1.4 lM to 28.28 ± 1.7 lM). It is important to
note that the first line anti-tubercular drugs (isoniazid, rifampicin and ethambutol) were more potent

Staphylococcus spp.
In the last five years there have been several studies
on the ability of CAR to inhibit the growth of S. aureus, both sensitive (MSSA) and resistant (MRSA) to
methicillin
strains,
and
Coagulase-Negative
Staphylococci (CoNS). Ait-Ouazzou et al. (2011) evaluated the activity of CAR and other EO constituents
(p-cymene, linalool (LIN), terpineol-4-ol and a-terpinyl acetate) against S. aureus ATCC 6538 using a
disk diffusion assay. In this study CAR showed the
best inhibitory capacity compared to the other hydrocarbons and oxygenated monoterpenes, with an inhibition zone (IZ) of 59.5 ± 3.3 mm. Nostro et al. (2012)
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evaluated the MIC and MBC against S. epidermidis
ATCC 35984 and S. aureus clinical isolate in an acid
environment. The results showed that with an acidic pH,
the MIC-MBC values were 0.015 and 0.062% (v/v) for
S. aureus and S. epidermidis respectively. Cirino et al.
(2014) used three S. aureus strains, possessing efflux
mechanisms of resistance to norfloxacin, erythromycin
and tetracycline, to determine the inhibitory activity of
CAR, THY and Origanum vulgare L. EO. The isomers
CAR and THY presented the same efficacy in inhibiting
the tested S. aureus strains (MIC: 0.0312%), while the O.
vulgare EO (containing 71% of CAR and 3% of THY)
showed the highest MIC (0.125%). While CAR and THY
possess structural differences in the position of the
hydroxyl group, the authors suggest that this variation
had no influence on the susceptibility of the tested strains
due to their same anti-S. aureus efficacy. AL Ani et al.
(2015) evaluated the inhibitory activity of CAR against
several Staphylococci including S. aureus ATCC 25923,
S. aureus ATCC 29213, S. aureus MRSA NCTC 10442,
three clinical isolates of MRSA, S. epidermidis ATCC
14990 and S. saprophyticus ATCC 15305. The most susceptible strains were the CoNS (MIC: 20 lg ml1 and
MBC: 40 lg ml1) followed by the S. aureus ATCCs
(MIC: 40 lg ml1 and MBC: 80 lg ml1), while the
MRSA reference and clinical strains showed a MIC one
fold higher than the MSSA strains (MIC: 300 lg ml1
and MBC ranged from 300 lg ml1 to 600 lg ml1).
Interestingly, in the same year, another study (Espina
et al. 2015) showed that both clinical MSSA and community-associated MRSA (including USA300, a major
source of community-associated outbreaks of S. aureus
in America and Europe) exhibited the same MIC values
(200 ll l1).
Cacciatore et al. (2015) evaluated the MIC and
MBC of CAR and other co-drugs against S. aureus
ATCC 29213 and S. epidermidis ATCC 35984. CAR
was more active against S. epidermidis (MIC: 0.3 mg
ml1 and MBC: 1.25 mg ml1) than S. aureus (MIC:
0.6 mg ml1 and MBC: 1.25 mg ml1). All ten CAR
co-drugs were less active than CAR against both S.
aureus and S. epidermidis (MICs ranging from 2.5 to
10 mg ml1 and MBCs ranging from 2.5 to 20 mg
ml1). Finally, Wang et al. (2016) evaluated the MIC
of CAR against S. aureus ATCC 43300, a MRSA
strain. In this study the MIC value was found to be
2.06 M (0.31 g l1), a higher result than those
obtained in previous years.
Fungi
The antifungal activity of CAR has been extensively
examined in the past. Zuzarte et al. (2012) and

Vale-Silva et al. (2012) determined the effects of CAR
against several pathogenic fungi responsible for dermathophytosis, candidosis, meningitis and aspergillosis. The authors also investigated the influence of
CAR on the dimorphic transition in C. albicans cells,
the metabolic activity and lesion of the cytoplasmic
membrane. CAR exhibited MIC values ranging from
0.04 ll ml1 to 0.32 ll ml1 for all tested strains.
Dermatophytes were the most susceptible fungi (MIC:
0.04–0.16 ll ml1). CAR was found to inhibit filamentation in C. albicans strains at a concentration of
0.08 ll ml1 (1/4 MIC) and flow cytometry data
showed a dose-dependent inhibition of cell metabolism
after incubation for 30 min with CAR (2.5 ll ml1 of
CAR resulting in metabolic arrest in over 80% of the
cells). CAR was effective against both susceptible (MIC
range 50–90 lg ml1) and fluconazole-resistant (MIC
range 80–100 lg ml1) Candida isolates (Ahmad et al.
2013) and against Pythium insidiosum (MIC range:
80–320 lg ml1) (Jesus et al. 2015).

Inhibition of food-borne pathogens
Food contamination is one of the major problems in
food storage and transportation. In addition to food
spoilage bacteria, food-borne pathogens, which consist
of a variety of bacteria, viruses, and parasites, responsible of many different human infections, are a serious public health problem. Many natural compounds
have beenexplored over recent years to control microbial contamination in foods. In this regard, many
studies have demonstrated that CAR possesses strong
antimicrobial activity against spoilage bacteria and
food-related pathogenic bacteria and fungi. CAR antimicrobial activity expressed as MIC has been found
to be 0.2 ll ml1 against enterohaemorrhagic E. coli
(EHEC) O157:H7 by Ait-Ouazzou et al. (2011) and
<0.375 ll ml1 against E. coli O:157, B. melitensis,
Proteus spp., and S. typhimurium by Al-Mariri et al.
(2013). The essential oils of cinnamon, oregano, and
thyme showed good antimicrobial activities with MIC
ranging from 0.125 to 1 ll ml1 against four strains
of food-borne pathogenic bacteria (Listeria monocytogenes, Salmonella typhimurium, and E. coli O157:H7)
and two food spoilage bacteria (Brochothrix thermosphacta and P. fluorescens). P. fluorescens was the most
resistant to essential oils. The activity of essential oils
depended on carvacrol, cinnamaldehyde, thymol, and
eugenol components, which exhibited similar activities
against all the tested bacteria (Mith et al. 2014). By
way of background, it should be also recalled that
AL-Ani et al. (2015) reported for CAR a MIC of
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100–300 lg ml1 against Gram-negative bacteria and
of 40–600 lg ml1 against Gram-positive bacteria.
Garcıa-Heredia et al. (2016) studied the effects of
CAR and other natural plant extracts against EHEC
O157:H7 and enteroaggregative E. coli (EAEC) strain
O42 and a strain of the O104:H4 serotype. CAR was
the most inhibitory natural compound against these
three enteropathogenic serotypes of E. coli, with E.
coli O157:H7 and E. coli O104:H4, in particular,
showing MBC values (0.08 ± 0.002 and 0.08 ± 0.003 mg
ml1) that were similar to the positive control, rifaximin. E. coli belonging to serotype O42 was slightly
more resistant than the other two serotypes, showing
a MBC value of 0.1 ± 0.04 mg ml1. Salmonellosis is
one of the most common and widely distributed
foodborne disease. S. enterica, with its Typhi, Sendai,
and Paratyphi A, B, or C serovars, is highly adapted
to the human host and responsible for human disease
in most countries. These typhoidal Salmonella serovars are the causative agents of enteric fever (also
known as typhoid or paratyphoid fever if caused by
serovar Typhi or Paratyphi, respectively) (Gal-Mor
et al. 2014). CAR has shown good anti-Salmonella
activity, with MICs ranging from 0.125 ll to 375 lg
ml1. In a study conducted by Mith et al. (2014) S.
typhimurium ATCC 14028 and S. typhimurium S0584
(isolated from pig) were inhibited by 0.125 and
0.188 ll ml1 of CAR respectively, and the MBC was
found to be 0.375 and 0.25 ll ml1, respectively. In
this study the anti-Salmonella activity of CAR was
superior to that of other the EO components (transcinnamaldehyde, EUG, LIN and THY). Du et al.
(2015) evaluated the antibacterial activities of an EO
containing 25% CAR and 25% THY, and its major
components (CAR and THY) against selected pathogenic Salmonella strains (S. typhimurium, S. enteritidis
and S. pullorum). The most susceptible strain was S.
enteritidis (MIC and MBC: 187.5 and 750 lg ml1,
respectively) followed by S. typhimurium and S. pullorum (MIC and MBC: 375 and 750 lg ml1, respectively). Interestingly, this study found that CAR only
showed the best inhibitory activity against Salmonella
compared to THY only (MIC ranging from
375 lg ml1 to 750 lg ml1) and to the EO (MIC:
750 lg ml1). Listeriosis is a serious infection usually
caused by eating food contaminated with the bacterium L. monocytogenes, a ubiquitous, intracellular
pathogen which has been implicated as the causative
organism in several outbreaks of food-borne disease
within the past decade (Zhu et al. 2017). A group led
by Ait-Ouazzou et al. (2011) evaluated the antiListeria effects of CAR using disk diffusion and tube
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dilution methods. The preliminary screening using
the disk diffusion assay showed that CAR exhibited
good anti-Listeria activity with an IZ ranging from
48.1 ± 3.6 mm to 49.2 ± 1.1 mm. More precise data on
the antimicrobial properties of CAR were obtained
through the determination of bacteriostatic and bactericidal concentrations. CAR has the greatest bactericidal properties, together with THY and LIN, with
MIC and MBC 0.2 mg ml1. Since 2011, other
authors have evaluated the anti-Listeria activity of a
variety of natural compounds including CAR (GarcıaGarcıa et al. 2011; Upadhyaya et al. 2012; Mith et al.
2014). The best results were obtained in the work of
Mith et al. (2014) against L. monocytogenes NCTC
11994 and L. monocytogenes isolated from raw pork
meat. The MIC and MBC of CAR were 0.125 and
0.250 ll ml1, respectively. In this study CAR was
found to be the most active EO component out of the
compounds tested (trans-cinnamaldehyde, THY, EUG
and LIN). Clostridium perfringens is a Gram-positive,
anaerobic spore-forming bacterium that is found in
many environmental sources as well as in the intestines of humans and animals (Shimizu et al. 2002). In
the past, the antimicrobial activity of CAR and other
EO components against this food-borne bacteria have
been reported (Si et al. 2009; Timbermont et al. 2010)
and more recently Du et al. (2015) confirmed that C.
perfringens type A, associated with one of the most
common forms of food-borne illness, is inhibited
effectively by CAR and THY with MICs similar to
previous reports (MIC and MBC 375 and 750 lg
ml1, respectively). The efficacy of CAR and seven
other pure phenolic compounds (THY, hydroquinone,
butylated hydroxyanisole, gallic acid and octyl gallate)
were evaluated against several strains of S. aureus isolated from dairy and meat products (R
ua et al. 2011).
Octyl gallate and hydroquinone were the most effective against S. aureus (mean MIC values of 20.89 and
103.05 lg ml1, respectively), while CAR and THY
were the least efficacious (mean MIC values about
413 lg ml1). The antimicrobial activity of CAR was
also evaluated against other human food-borne pathogens such as Yersinia enterocolitica serotype O9 (MIC:
0.75 ll ml1) and Brucella melitensis (MIC: <0.375 ll
ml1) (Al-Mariri et al. 2013) and food-spoilage bacteria such as Pseudomonas fluorescens (MIC: 1 ll ml1
and MBC: >1.5 ll ml1) (Mith et al. 2014). Recently,
Chueca et al. (2016) evaluated the MIC of some
individual EO constituents used as alternatives to
help control spoiling and pathogenic microorganisms
in the food industry, such as CAR, CIT and (þ)limonene oxide. These authors also evaluated the
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possible development of phenotypic and genotypic
resistance after exposure to sub-inhibitory concentrations of the studied compounds. CAR showed the
highest activity against E. coli MG1655 (MIC: 200 ll
l1), while CIT was the least active compound with a
MIC of 1000 ll l1. Pre-exposure of CAR and other
constituents at sub-inhibitory concentrations did not
increase phenotypic resistance in E. coli cells, but after
a 10-day selection with sub-MIC concentrations of
CAR some derivative strains became more resistant to
CAR (MIC: 600 ll l1), proving that the development
of genotypic resistance to CAR may occur, which has
important consequences for the practical use of these
antimicrobial compounds in food preservation.
Another important use of CAR could be as an antifungal agent against food-decaying fungi. Guarda
et al. (2011) studied the antimicrobial activity of free
and microencapsulated CAR and THY against S. cerevisiae, Aspergillus niger and some bacteria, to evaluate
the possibility for their use in a polymer matrix for
fresh food preservation. The MIC values were 75 ppm
for yeast and 225 ppm for mould. The antimicrobial
effects of CAR were not altered by encapsulation but
the release rate of antimicrobial agents was found to
be lower and more controlled than for films with
antimicrobial agents incorporated directly into the
matrix. The results of this study suggested CAR could
be used in films for preventing the growth of foodborne pathogens and spoilage organisms. The MIC
values were 1,000 lg ml1 for CAR and 1250 lg for T
ml1 HY. The antifungal effects of CAR and other
compounds (THY, EUG and menthol) against eleven
food-decaying fungi were examined by Abbaszadeh
et al. (2014). The study was performed to investigate
the application of these compounds as possible natural alternatives for controlling the growth of foodrelevant fungi and to reduce the use of synthetic and
toxic fungicides. The antifungal effect was evaluated
using the microdilution method against A. niger, A.
fumigatus, A. flavus, A. ochraceus, Alternaria alternata, Botrytis cinerea, Cladosporium spp., Penicillium
citrinum, P. chrysogenum, Fusarium oxysporum, and
Rhizopus oryzae. The results indicated that the most
CAR-affected fungal strains were A. niger (MIC: 50 lg
ml1 and MFC: 75 lg ml1), A. ochraceus, A. fumigatus, A. flavus and Cladosporium spp., (MIC: 100 lg
ml1 and MFC: 125 lg ml1. A. alternata was the
least affected species, inhibited by 350 lg ml1 (MFC:
400 lg ml1). The MIC values of THY were ranged
from 100 mg ml1 to 500 mg ml1 for different fungal
isolates. The most potent inhibitory activity of thymol
was found against Cladosporium spp. (MIC: 100 lg

ml1), Aspergillus spp. (MIC: 100 lg ml1), A. flavus
(MIC: 100 lg ml1), A. ochraceus (MIC: 100 lg
ml1), A. fumigatus (MIC: 150 lg ml1); the fungal
species most affected by EUG were A. ochraceus,
Cladosporium spp., P. citrinum and Rhizopus oryzae
(MIC: 350 lg ml1). A. alternata was the least
affected species, inhibited by 500 lg ml1. Finally,
menthol was active against all tested fungal strains
(MIC ranged from 100 lg ml1 to 450 lg) ml1; the
most affected strains were Cladosporium spp., and
Aspergillus spp. (MIC: 125 lg ml1).
Another study (Simovic et al. 2014) focused on the
in vitro antifungal activity of CAR against food-borne
pathogenic fungi such as A. carbonarius and P. roqueforti using the macro-broth method, with slices of
Citrullus lanatus L. Sorento watermelon used to for
the in situ antifungal assays. The MIC values of CAR
against A. carbonarius and P. roqueforti were 500 ppm
and 250 ppm respectively. The assays in the real food
system provided by the watermelon slices showed that
the inhibitory effect of CAR was concentration
dependent against both fungal species. The authors
concluded that CAR could provide a natural alternative for the preservation of food, improving the safety
and quality of ready-cut fruit. Gallucci et al. (2014)
evaluated the antifungal activity of CAR and eleven
other natural phenolic compounds against fluconazole-resistant Candida species (C. albicans, C. krusei,
C. tropicalis, C. dubliniensis). CAR was the most
active compound with MIC values ranging from
0.1 mg ml1 to 0.25 mg ml1, preceded only by guaiacol (MIC: 0.01 mg ml1 for all Candida species
tested). C. albicans was the yeast most inhibited by
CAR (MIC: 0.1 mg ml1). Aznar et al. (2015) studied
the effects of different concentrations of nisin, cymene, THY and CAR on the growth of C. lusitanae, a
pH-tolerant yeast frequently isolated from fruit juices.
The results of this research suggested that CAR could
be used for the preservation of minimally processed
foods, inhibiting fungal growth at concentrations over
1 mM. Bernardos et al. (2015) studied the in vitro
antifungal activity of some EOs, including CAR,
against A. niger when encapsulated into silica mesoporous supports. The results showed that CAR encapsulated in mesoporous scaffolds maintained its
antifungal activity and inhibited fungal growth for 30
days, suggesting that this could be a possible method
in overcoming the high volatility limits of EOs.
Recently, Mandras et al. (2016) investigated the antiCandida activity of CAR and other natural products
using both the broth dilution method and the vapour
contact assay. The results of this study showed that
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CAR was active against all Candida species tested
(C. albicans, C. glabrata and C. tropicalis) with MIC
values ranging from 0.06% (v/v) to 0.5% (v/v) and
from <0.0019% (v/v) to 0.0038% (v/v) using the
microdilution method and vapour contact assay
respectively. It is important to underline that EOs
possess high antifungal activity in the vapour phase
and the authors suggested that they could easily be
used in the liquid phase in environmental applications
such as hospitals and schools.
In conclusion, oregano EO and its main active component CAR could be potential candidates for use as
natural alternatives for further applications in food
preservation, to retard or inhibit microbial growth, for
safety and to extend the shelf life of food products.

Inhibition of oral bacteria
Some authors recently confirmed that CAR be useful
for the prevention and treatment of periodontal disease by reducing bacterial growth in vitro and on
titanium implant surfaces (Ciandrini et al. 2014).
CAR showed inhibitory activity [MIC: 0.25% (v/v)
and MBC: 0.5% (v/v)] against the oral pathogens
Streptococcus mutans ATCC 25175, Porphyromonas
gingivalis ATCC 33277 and Fusobacterium nucleatum
ATCC 25586, suggesting that CAR may be useful in
daily hygiene formulations or as an alternative agent
supporting traditional antimicrobial protocols to prevent periodontal diseases in implanted patients.
Lauritano et al. (2016) evaluated the efficacy of a new
oral gel containing a mixture of CAR and THY on
periodontal pathogens using a polymerase chain reaction method. After home treatment for 15 days,
microbial analysis showed an absolute reduction in
the number of the tested bacteria and total bacterial
loading but this was not statistically significant
indicating that this gel containing CAR and THY had
little impact on the oral biofilms. CAR was also proposed as an alternative for the treatment of Candida
spp. infections in denture-wearing patients, and its in
vitro activity was investigated (Marcos-Arias et al.
2011). Marcos-Arias et al. (2011) evaluated the antifungal activity of eight terpenic derivatives including
CAR against thirty-eight Candida isolates from denture-wearers, finding MIC ranges of 0.03%–0.5% (v/v)
suggesting that CAR could potentially be a remedy
for denture stomatitis and oral candidiasis. In the
same year, Obaidat et al. (2011) developed a system
for preparing mucoadhesive patches containing tetracycline hydrochloride and CAR, in an attempt to
develop a novel oral drug delivery system for the
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treatment of both oral candidiasis and bacterial infections. Antimicrobial activity was assessed using the
disk diffusion method and mean IZ diameters were
recorded. The results showed that disks containing
CAR (0.50–2 mg/cm2) showed excellent activity
against C. albicans at a concentration 0.80 mg cm2
(mean IZ diameters: 20 mm), while disks containing
tetracycline (0.01–0.06 g cm2) did not show any
activity against this yeast (mean IZ diameters: 0 mm).
The formulations containing tetracycline þ CAR were
all effective against all tested microbes.

Influence of carvacrol on microbial
virulence factors
In recent years, many studies have shown the ability of
CAR, at sub-inhibitory concentrations, to reduce the
virulence factors of several human pathogenic bacteria
such as L. monocytogenes (Upadhyaya et al. 2012), S.
enteritidis (Upadhyaya et al. 2013), E. coli O157:H7
(Mith et al. 2015), C. difficile (Mooyottu et al. 2014), S.
aureus (Souza et al. 2013), and Campylobacter jejuni
(Van Alphen et al. 2012) in vitro. Upadhyaya et al.
(2012) evaluated the effects of sub-lethal concentrations
of CAR and other phytochemicals (THY and trans-cinnamaldehyde) on some virulence factors of L. monocytogenes. In this study CAR at 0.50 mM and 0.65 mM
(MIC: 0.75 mM) reduced the zone of motility of L.
monocytogenes to less than 2.5 cm, while the control
sample had a zone of nearly 6 cm after incubation for
12h. CAR also reduced the adhesion of this microorganism to Caco-2 and human brain microvascular
endothelial cells by 20 to 30% compared to control values. Furthermore, CAR (65 mM) significantly down
regulated the expression of several virulence factors, in
particular the maximum inhibitory effect was found on
the transcription of lmo1666 coding for Listeria adhesion protein B. The same group (Upadhyay and
Venkitanarayanan 2016) investigated the in vivo efficacy of CAR and other phytochemicals (THY and
trans-cinnamaldehyde) in reducing the virulence of L.
monocytogenes in the Galleria mellonella, a powerful
infection model for investigating bacterial pathogenesis
(Ramarao et al. 2012). The authors demonstrated, with
in vivo models, that all the phytochemicals tested,
including CAR, were effective in reducing the virulence
of L. monocytogenes, thereby enhancing the survival of
G. mellonella larvae challenged with lethal doses of the
pathogen. Mooyottu et al. (2014) found that a subinhibitory concentration (0.6 mM) of CAR was able to
reduce A and B toxin production in three C. difficile
isolates (ATCC BAA 1870, ATCC BAA 1053 and
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ATCC BAA 1805); in particular, CAR down regulated
the expression of the major encoded toxin genes tcdA
and tcdB 2.5 fold. Furthermore, after 48h CAR
reduced the ability of C. difficile culture sovranatant to
produce cytotoxicity on Vero cells by 90%. The effect
of CAR on the gene transcription in EHEC serotype
O157:H7 was investigated recently by Mith et al.
(2015). In this study E. coli O157:H7, grown in the
presence of CAR at 0.005% (v/v) and 0.008% (v/v)
with a MIC of 0.013% (v/v), was shown to strongly
down-regulate genes involved in its virulence expression. In particular, the transcription of luxS [gene
responsible for Quorum Sensing (QS) regulation] was
the most affected, followed by the expression of the
genes ler, sxt2B and fliC. The ability of pathogenic E.
coli to cause infections is enhanced by swarming motility and biofilm formation. Garcıa-Heredia et al. (2016)
studied the effects of some plant products, including
CAR, on the swarming motility, biofilm formation and
virulence gene expression in enterohemorrhagic E. coli
(EHEC) O157: H7, enteroaggregative E. coli (EAEC)
O42 and E. coli belonging to the serotype O104:H4.
Furthermore, CAR at 75% of MBC reduced biofilm
formation in the EHEC O157:H7 and EAEC O42
strains, however at low concentrations (25% of MBC)
it increased biofilm formation. In addition, at a subinhibitory concentration (0.3 ll ml1) CAR was able to
influence some physiological characteristics and modulate the secretion of some staphylococcal virulence factors such as coagulase and enterotoxin (Souza et al.
2013). In particular, CAR inhibited more than 50% of
lipase activity in all S. aureus isolated from unripened
cheese samples, also leading to a large reduction in
coagulase activity. These findings could represent a
means for controlling the virulence of bacteria that
have the potential to contaminate foods.
C. jejuni is a Gram-negative, microaerophilic bacterium shaped as a motile rod with a single polar flagellum, well known to be essential for C. jejuni
virulence, invasion into eukaryotic cells and intestinal
colonization. Van Alphen et al. (2012) studied the
effects of CAR on C. jejuni motility and infection of
epithelial cells. The authors demonstrated, for the first
time, that CAR at sub-MIC (0.2 mM) inhibited flagellar motility of C. jejuni without depleting bacterial
ATP levels. Furthermore, the C. jejuni cell invasion
level was reduced when CAR was added at sub-MIC
during infection (reduction of 5.6%±1.9%) and during
the C. jejuni growth and subsequent infection (reduction of 0.38% ± 1.9%). Similar results were obtained
by Inamuco et al. (2012), who evaluated the effects of
CAR, at sub-MIC, on the motility of S. typhimurium.

In their study, CAR at 0.4 mM and 1 mM (with a
MIC of 2 mM) respectively reduced the motility of
Salmonella slightly or completely, respectively. The
reduced motility was neither due to the loss of the
flagellum, nor related to intracellular ATP levels.
Furthermore, the presence of 0.5 mM CAR resulted in
a significant reduction in invasion of IPEC-J2 and
Caco-2 cells by S. typhimurium, without having a significant effect on cell adhesion.
CAR can also influence virulence factors in fungi.
Dambolena et al. (2011) investigated the effects of
natural phenolic compounds including CAR as antifumonisin agents. Fumonisin is a Fusarium toxin that
shows immunotoxic, hepatotoxic, nephrotoxic, neurotoxic and carcinogenic properties in animals, and the
consumption of maize contaminated with this mycotoxin has been found to correlate with a high incidence of human esophageal cancer. The authors
concluded that phenolic compounds (including CAR)
were active in inhibiting fumonisin production. CAR
was able to inhibit the growth of P. verrucosum at a
concentration of 0.3906 ll ml1, while 21 days of
incubation with CAR at 1=2 MIC (0.1953 ll/ml)
decreased the production of ochratoxin A (this toxin
has teratogenic, embryotoxic, genotoxic, neurotoxic,
immunosuppressive and nephrotoxic effects) to 13.9%
(Jersek et al. 2014). More recently, Bound et al.
(2016) evaluated the antifungal activity and the efficacy in reducing the mycotoxin formation of novel
2,3-unsaturated and 2,3-dideoxy 1-O-glucosides of
CAR, THY and perillyl alcohol against A. flavus, A.
ochraceus, F. oxysporum, S. cerevisiae and C. albicans
in order to evaluate their possible use as antifungal
agents and condiments in foods. The results showed
that the 2,3-unsaturated and 2,3-dideoxy 1-O-glucosides of CAR and THY exhibited more fungicidal
activity than the other compounds. Moreover, the
2,3-unsaturated 1-O-glucosides of CAR demonstrated
a better inhibitory activity than CAR alone at concentrations of 300 and 450 lg ml1 with lower ochratoxin (a secondary metabolite produced by several
moulds, in particular by A. ochraceus and P. verrucosum) production. At a concentration of 600 lg ml1,
CAR and 2,3-unsaturated 1-O-glucosides of CAR
demonstrated a complete inhibition of ochratoxin
production. At concentrations of 450 and 600 lg
ml1, CAR and 2,3-unsaturated 1-O-glucosides of
CAR demonstrated a complete inhibition of aflatoxin
B2 (mycotoxins mainly produced by A. flavus and A.
parasiticus and linked to carcinogenic, mutagenic and
teratogenic effects) production. In conclusion, the 2,3deoxyglucoside derivatives of terpene compounds are
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promising, due to their antifungal activity and antimycotoxin properties.

Influence of carvacrol on microbial biofilms
A biofilm is an assemblage of surface-associated
microbial cells enclosed in an extracellular polymeric
substance matrix. Biofilm formation can be subdivided into four main stages: (1) bacterial attachment
to the surface, (2) formation of microcolonies, (3)
maturation of biofilm, and (4) detachment of bacteria
which can migrate off the biofilm to colonize new
areas (Rabin et al. 2015). Biofilms are difficult to
eradicate due to their poor susceptibility to conventional antimicrobial drugs. The presence of biofilms
causes serious problem in biomedical, food and
industrial settings (Venkatesan et al. 2015; Arciola
et al. 2015). There are two models for studying in
vitro antibiofilm substances: static and flow methods.
Static assays are used to study early stages of biofilm
formation. Flow systems, where biofilms grow in the
presence of a continuous flow of fresh medium, are
considered the gold standard for assessing the developmental processes associated with biofilm formation
(Bueno 2014). In this review, the authors selected and
reported only on papers that used standard methods.
Several authors have recently suggested that CAR
could be used to control the development of biofilms.
The effects of CAR on the ability of three bacterial
pathogens (S. typhimurium, S. aureus and P. aeruginosa) and Chromobacter violaceum ATCC 12472 to
form biofilms was evaluated by Burt et al. (2014). In
this study S. aureus, S. typhimurium and C. violaceum
showed a significant reduction in biofilm formation
when treated with CAR at different sub-MIC concentrations, but CAR had no effect on the biofilm formation of P. aeruginosa. The effects of a wide range of
CAR concentrations (2-8 mM) on the thickness of a
pre-formed (24 hours) biofilm were also determined;
the results showed that for C. violaceum, S. typhimurium, and S. aureus the treatment with up to 8 mM
CAR over 24 hours yielded a small and nonsignificant reduction in pre-existing biofilm. Nostro
et al. (2012) evaluated the anti-biofilm activity of
CAR on well characterized biofilm producing S. aureus clinical strains and S. epidermidis ATCC 35984, in
an acidic environment (pH 5.5). In this study the
Biofilm Inhibitory Concentration (BIC) and the
Biofilm Eradication Concentration (BEC) values were
0.062 and 0.125% (v/v) and 0.125 and 0.250% (v/v)
for S. aureus and S. epidermidis respectively. CAR at
1/4 and 1/8 of MIC slightly reduced planktonic
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growth, though at 1=2 MIC it greatly reduced biofilm
formation. Furthermore, CAR activity under acidic
pH was also effective against established biofilm.
Another research group (Espina et al. 2015) studied
the effects of different concentrations of CAR and
other compounds [CIT and (þ)-limonene] on the
ability of clinical isolates of S. aureus (two MRSA and
two MSSA) to form biofilms in vitro, the effects of
these phytochemicals on planktonic cells, and their
implication in the inhibition of biofilm production.
CAR was the best inhibitor of biofilm biomass production, decreasing it by more than 30% for all
strains tested, including multi-drug resistant strains
(MRSA). Soni et al. (2013) studied the ability of CAR
and the EO of thyme and oregano to inhibit biofilm
formation and disrupt preformed Salmonella biofilms.
At sub-lethal concentrations (from 0.006% to
0.012%), CAR suppressed S. typhimurium biofilm formation 2- to 4-fold, but could not completely eliminate it. In addition, a minimum concentration of
0.05% to 0.1% of CAR was needed to reduce the biofilm mass to a non-detectable level on polystyrene
and stainless steel surfaces within 1 hour of exposure
time. The results of a study by Upadhyaya et al.
(2013) also suggests that CAR and other plant-derived
antimicrobials (EUG and THY) could potentially be
used to control L. monocytogenes biofilms in food
processing environments. The persistence of bacterial
biofilms within food processing environments is an
important source of bacterial contamination in the
food chain. The anti-biofilm properties of CAR suggest that this compound could have great potential
for fighting bacterial biofilms in the food industry.
Recently, Ciandrini et al. (2014) studied the in vitro
activity of CAR against titanium-adherent oral biofilms and planktonic cultures. CAR was able to
remove bacteria organized in biofilms from titanium
disks, in addition, this natural compound demonstrated a greater inhibitory effect than chlorhexidine,
which is extensively used to control biofilms on
teeth. In a 16.5 h preformed single-species biofilm, the
number of bacterial colonies of S. mutans and
F. nucleatum decreased after CAR treatment, while a
significant decrease was not detected in P. gingivalis
colonies compared to an untreated control. Moreover,
for 40.5 h and 64.5 h old biofilms, the inhibitory effect
of CAR emerged after exposure for 1 min, with the
decrease being significant for anaerobic bacteria (P.
gingivalis and F. nucleatum).
Raei et al. (2017) have demonstrated the antimicrobial and anti-biofilm effects of CAR and THY on carbapenemase-producing multi-drug resistant Gram-negative
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bacteria. CAR (and THY) displayed antibacterial effects
ranging from 62–250 lg ml1 and 200–1600 lg ml1,
respectively, and anti-biofilm effect from 400–1600 lg
ml1 and 125–500 lg ml1, respectively. These findings
fit with the interest in developing herbal drugs for
replacing antibiotics and to inhibit biofilm formation by
multi-drug resistant bacteria.
Nostro et al. (2017) studied the effects of the adaptation to CAR on four S. aureus strains in the planktonic and biofilm phases. The exposure to sub-MIC
of CAR resulted in a direct protection (vs CAR), but
not in a cross-protection (vs cinnamaldehyde, EUG,
antibiotics). The biofilms of the adapted strains were
less susceptible to CAR subMICs compared to those
of non-adapted strains, although the susceptibility of
mature biofilms was similar. The authors also
observed that the exposure of S. aureus to CAR at
concentrations above the MIC result in a very low
mutation frequency.
The antimicrobial and anti-biofilm activities of
CAR and THY from Origanum vulgare L. along with
chlorhexidine digluconate against S. mutans were
investigated by Khan et al. (2017), using various
assays. Biofilm formation was assayed in multiwell
plates using crystal violet staining. Moreover, changes
in the expression of six genes, namely autolysin like
genes AtlE (N-acetylmuramoyl-l-alanine amidase
type), and AtlA like genes, Polyribonucleotide nucleotidyl transferase as a marker of general stress (PnpA),
superoxide dismutase gene (SOD), ymcA and gtfB
genes were studied to assess cell death, general stress
and biofilm formation. The results of this study
strongly suggest that THY and CAR exhibit significant antimicrobial and anti-biofilm activities against
S. mutans.
It is known that the biofilm formation is regulated
by Quorum Sensing (QS), a communication system
that bacteria use to control group behaviors in
response to the population density. Burt et al. (2014)
first demonstrated that CAR is able to inhibit the production of N-acyl-L-homoserine lactone (a QS communication system that regulates a wide range of
target genes in Gram-negative bacteria) at the level of
the expression of its synthase gene. These authors
concluded that the anti-biofilm activity of CAR is the
result of its interference with the bacterial QS. They
also considered that other QS-induced phenomena,
such as chitinase production and violacein production
in C. violaceum, were affected by CAR.
The efficacy of CAR against fungal biofilms has
also been investigated. Doke et al. (2014) evaluated
the efficacy of CAR against planktonic cells, biofilm

development and mature C. albicans biofilm. To test
the susceptibility of biofilm development and
determine the concentration required to prevent the
formation of biofilm, different dilutions of the compounds were added to the media immediately after
the adhesion phase. The plates were then incubated
for 48 h at 37  C. To analyze the effects of the different test compounds on mature (24-h old) biofilms,
various concentrations were added to the biofilms,
and the microtitre plates were then incubated at 37  C
for an additional 48 h. The effects of the terpenoids
on the biofilms were determined through a XTT
reduction assay. The concentration of CAR that
yielded a decrease in relative metabolic activity of at
least 50% was the MIC for biofilm. CAR was active at
0.25 mg/ml against planktonic cells and fungicidal
at 1 mg ml1. Fluconazole was not effective against
either biofilm development or mature biofilms. The
addition of CAR at a concentration of 0.25 mg ml1
at an early phase of the biofilms was found to prevent
biofilm development resulting in a >65% decrease in
metabolic activity compared to the control.
Prevention of biofilm formation was confirmed by
microscopy. Furthermore, CAR was able to inhibit
mature biofilms at a concentration of 1 mg/ml. In the
same research, the authors also demonstrated that
CAR was synergic with fluconazole against both
planktonic cells and developing biofilm, showing
Fractional Inhibitory Concentration (FIC) index values of 0.374 and 0.311 respectively. In contrast, the
combination of CAR with fluconazole showed indifferent interaction against mature biofilm (FIC index
0.516). Cacciatore et al. (2015) synthesized ten CAR
co-drugs to obtain novel compounds with antimicrobial and anti-biofilm activities, also aiming to reduce
toxicity in comparison with CAR. All novel CAR
co-drugs showed good antifungal activity against C.
albicans (MIC range 0.15–5 mg ml1; MFC range
0.3–5 mg ml1). Only one of these novel CAR codrugs showed anti-biofilm effects against C. albicans,
with BIC and BEC values of 8xMIC (10 mg ml1).
Gharbi et al. (2015) developed functionalized responsive materials containing CAR covalently immobilized
on a gold surface, in order to limit the adhesion of
microorganisms on the surface of such biomaterials
and to delay the formation of the biofilm (C. albicans
was used as the test strain). The number of adherent
cells of C. albicans on carvacrol ester (EstC-NH2) on
gold surface was inhibited by 76% ± 11% in comparison to the control, while on carvacrol ether (EtCARNH2) on gold surface the inhibition was 65% ± 13%.
On the contrary, when a phenyl group replaced the
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terpenic moiety the number of C. albicans cells
increased by about 30%, suggesting that the antifungal
activity was due to CAR grafted on the gold surface
and that the covalent binding of CAR could be used
to help develop antimicrobial surfaces.

Combination of carvacrol with other
antimicrobial substances
In recent years, many studies have investigated combinations of EOs and their components, to obtain a
synergistic interaction increasing the efficiency of EO
based food preservation (Bassole and Juliani 2012).
The interactions of CAR in combination with other
natural compounds with antimicrobial activity and
conventional antibiotics are summarized in Table 4.
In the past, the interaction of CAR and THY, two isomers with similar chemical structures and likely to
have similar mechanisms of antimicrobial activity
(Burt et al. 2005), has been studied against both
Gram-negative and Gram-positive pathogens. In the
90’s, studies reported that CAR and THY have a synergistic effect (Didry et al. 1994), but another report
from 2001 (Chiasson et al. 2001) showed that toxicity
of CAR was reduced in the presence of THY, suggesting an antagonistic effect. This result was confirmed
in a paper by Falsafi et al. (2015) who demonstrated
that, in the presence of THY, the antibacterial effects
of CAR against H. pylori are reduced. Du et al. (2015)
performed, using the chequerboard method, a combination assay between THY and CAR against a panel
of undesirable bacteria isolated from chicken (E. coli
serotype O78, C. perfringens, S. typhimurium, S. enteritidis and S. pullorum) and beneficial Lactobacillus
strains (L. acidophilus, L. reuteri and L. salivarius).
According to in vitro experiments, additive antibacterial effects between CAR and THY were observed
towards all tested bacteria, with a FIC index between
0.5 and 1.0. Only three works published in the last
five years have shown the synergistic activity between
CAR and THY against Aeromonas hydrophila (Klein
et al. 2013), L. innocua (Garcıa-Garcıa et al. 2011)
and fungi (Guarda et al. 2011). CAR combined with
THY, particularly exhibited synergistic effect against
S. cerevisiae and A. niger at all combinations (50:50,
25:75 and 75:25 ratios of CAR to THY), with the
highest synergism bing observed for the 50:50 equal
mixture (Guarda et al. 2011). In 2013 Klein et al.
(Klein et al. 2013) investigated the possible interaction
between CAR and other natural EO components such
as LIN, 1,8 cineol, a-terpineol, a-pinene, against E.
coli, A. hydrophila and P. fragi. All the combinations
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exhibited a synergistic or indifferent effect against
tested bacteria with the exception of the combination
of CAR plus a-pinene against A. hydrophila, which
showed an antagonist effect.
AL-Ani (2015) studied a combination of CAR with
melittin, the major active component of bee venom,
and benzyl isothiocyanate (BITC) found in plants of
mustard family, against MRSA NCTC 10442 and E.
coli ATCC 25922. The combination of CAR and
melittin showed a synergistic effect against both
MRSA and E. coli (FIC: 0.37 and 0.5, respectively).
The combination of CAR and BITC showed a synergistic effect against tested bacteria with a FIC index of
0.5 and 0.24 for MRSA and E. coli, respectively.
Recently, CAR has been shown to enhance the
inhibitory effect of some antibiotics: in a study by
Cirino et al. (2014) the authors demonstrated that
CAR inhibited the activity or even the expression of
the tetK tetracycline efflux pump, however CAR did
not inhibit the norA and Msr efflux proteins which
encoded the fluorochinolene and macrolide efflux
pumps, respectively.
A combination of CAR and erythromycin showed
a synergistic (65.62%) or indifferent (34.38%) action
against S. pyogenes isolates resistant to erythromycin
(MIC ranged from 8 lg/ml to 256 lg/ml). Synergism
was detected in all six erm(TR)/iMLS, 5/6 erm(B)/
iMLS, 2/8 erm(B)/cMLS, and 8/12 mef(A)/M isolates
studied. The synergy was more evident in iMLS
strains, in which erythromycin resistance is only
expressed in the presence of a sub-inhibitory concentration of the antibiotic (Magi et al. 2015). Zanini
et al. (2014) evaluated the antibiotic susceptibility of
L. innocua and L. monocytogenes resistant to bacitracin and colistin, in the presence of CAR and CIT at
sub-lethal concentrations in an agar medium. The
presence of CAR in the culture medium of both
Listeria provided a MIC reduction for both antibiotics. In the presence of CAR the MIC of bacitracin
decreased from 32 lg ml1 to 4 lg/ml. The resistance
to colistin was reduced from 96 lg ml1 to 16 lg
ml1 and from to 128 lg ml1 to 16 lg ml1 for both
L. monocytogenes and L. innocua. When CIT was
combined with CAR in the culture medium, the antibacterial activity was potentiated: the MIC of bacitracin decreased from 32 to 1 lg ml1, while the MIC of
colistin was reduced to 2 lg ml1. Finally, in a study
by AL-Ani et al. (2015) an additive effect between
CAR and amikacin was observed against both M.
smegmatis (FIC: 1) and M. fortuitum (FIC: 0.75).
CAR in combination with fluconazole showed synergistic interactions against both susceptible and
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Table 4. Interaction of carvacrol plus other natural compounds or conventional drugs against antimicrobial activity.
Associations

Strains

FIC

Interaction

References

CAR 1 THY

E. coli
C. perfringens
S. typhimurium
S. pullorum
S. enteritidis
A. hydrophyla
L. innocua
H. pylori
S. cerevisiae
A. niger
L. innocua
E. coli
A. hydrophila
P. fragi
E. coli
A. hydrophila
P. fragi
E. coli
A. hydrophila
P. fragi
E. coli
A. hydrophila
P. fragi
MRSA
E. coli
MRSA
E. coli
M. smegmatis
M. fortuitum
S. pyogenes erythromycin Resistant strains
fluconazole-resistant Candida strains
fluconazole-susceptible Candida strains
P. insidiosum
P. insidiosum
P. insidiosum
P. insidiosum
P. insidiosum

0.5
0.5
0.5
0.5
1
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
0.37
0.5
0.5
0.24
1
0.75
–
0.29-0.75
0.25-1
0.02-0.62
0.02-2.11
0.03-3.01
0.04-2.09
0.04-1.21

I
I
I
I
I
S
S
AN
S
S
S/AD
S
S-I
S-I
S
S-I
S
S
S-I
S-I
S-I
AN
S-I
S
S
S
S
AD
AD
65.6% S 34.38% I
90.9% S 9.1% I
89.5% S 10.5% I
96% S 4% I
88% S 12% I
80% S 20% I
76% S 24% I
64% S 36% I

(Du et al. 2015)
(Du et al. 2015)
(Du et al. 2015)
(Du et al. 2015)
(Du et al. 2015)
(Klein et al. 2013)
(Garcıa-Garcıa et al. 2011)
(Falsafi et al. 2015)
(Guarda et al. 2011)
(Guarda et al. 2011)
(Garcıa-Garcıa et al. 2011)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(Klein et al. 2013)
(AL-Ani et al. 2015)
(AL-Ani et al. 2015)
(AL-Ani et al. 2015)
(AL-Ani et al. 2015)
(AL-Ani et al. 2015)
(AL-Ani et al. 2015)
(Magi et al. 2015)
(Ahmad et al. 2013)
(Ahmad et al. 2013)
(Jesus et al. 2015)
(Jesus et al. 2015)
(Jesus et al. 2015)
(Jesus et al. 2015)
(Jesus et al. 2015)

CAR 1 THY 1 EUG
CAR 1 LIN
CAR1 18 cineol
CAR1 a-terpineol
CAR1 a-pinene
CAR 1 melittin
CAR 1 BITC
CAR 1 amikacin
CAR 1 erythromycin
CAR 1 fluconazole
CAR þ itraconazole
CAR þ clarithromycin
CAR þ minocycline
CAR þ azithromycin
CAR þ tigecycline

I: Indifference; S: synergism; AN: antagonism; AD: additive; -: not specified.

fluconazole-resistant Candida strains, strong synergy
was observed against 34/38 fluconazole-sensitive and
in 10/11 fluconazole-resistant yeasts (Ahmad et al.
2013). In addition, CAR showed synergistic interactions against P. insidiosum, in combination with itraconazole (96%), clarithromycin (88%), minocycline
(80%), azithromycin (76%) and tigecycline (64%)
(Jesus et al. 2015). For the in vitro activity of CAR
acting against biofilm in combination with fluconazole, see the section ‘Influence of carvacrol on the
microbial biofilm’.

Anti-infective and anti-biofilm carvacrol-based
biomaterials
Biofouling is an undesirable process in which microorganisms adhere onto and colonize material surfaces.
Prevention of bacterial adhesion (and of the subsequent biofilm formation) on the surfaces of biomaterials is a topic of major medical and social importance.
An emergent approach tries to mimic natural antifouling surfaces to synthetize bioinspired materials, i.e.
synthetic materials whose characteristics mimic just

those of natural materials or living matter or even biological molecules (Xu et al. 2018). Antifouling bioinspired materials also answer to the current quest
towards non-toxic and non-biocidal materials (Nir and
Reches 2016). Antibacterial biomaterials based on
natural bactericidal substances by plants are a new
promising approach (Glinel et al. 2012).
Essential oils are interesting natural antimicrobial
agents, although their poor solubility in biological fluids limits their application against bacteria in both
dispersed (planktonic) and biofilm settings.
Drug delivery systems based on nanomaterials,
nanocapsules or films can potentiate the solubility
and increasing the stability of phytochemicals, can
extend their circulation time. Bonifacio et al. (2014)
and Conte et al. (2017) reviewed nanotechnologybased drug delivery systems and phytocompounds.
Different kind of nanomaterials have been proposed
to be conjugated with CAR, such as the natural polymer chitosan, metals, and polymers (mainly resorbable polymers).
Keawchaoon and Yoksan (2011) produced carvacrolloaded chitosan nanoparticles by a two-step method,
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first preparing and oil-in-water emulsion followed by
the ionic gelation of chitosan with pentasodium tripolyphosphate. The resulting carvacrol-chitosan nanoparticles, had a spherical shape with an average diameter of
4–80 nm, and showed antimicrobial activity against S.
aureus, Bacillus cereus and E. coli.
Gharbi et al. (2015) covalently immobilized CAR
to design antimicrobial surfaces. CAR was grafted
onto gold surfaces via two strategies based on newlysynthesized cross-linkers involving either an ester
bond which can be cleaved by microbial esterases, or
a covalent ether link. Functionalized gold samples led
to a greater than 65% loss of culturability of the yeast
C. albicans. Confocal microscopy analyses showed
that the surfaces functionalized with the ester or the
ether of CAR were fungicidal.
The preparation of carvacrol-based polymers
involves a wide variety of polymerization techniques.
Shakeri et al. (2014) prepared CAR loaded polyhydroxybutyrate (PHB) nanoparticles by nanoprecipitation and dialysis methods. The results of the kinetic
release study showed that CAR was released for at
least 3 days. CAR loaded PHB nanoparticles had good
dispersion into the agar medium and antimicrobial
activity against E. coli.
Hybrid poly(lactic acid) (PLA) fibres loaded with
highly crystalline cellulose nanowhiskers (filamentary
crystal with cross sectional diameter ranging from 1
to 100 nm) were prepared using a novel solution blow
spinning method. In this formulation, CAR demonstrated biocide effect against L. monocytogenes
(Martınez-Sanz et al. 2015).
By encapsulating CAR in poly(dl-lactide-coglycolide (PLGA) resorbable nanocapsules, Iannitelli
et al. (2011) obtained a drug delivery system to disrupt microbial biofilms. The obtained particles had a
spherical shape and a diameter of about 210 nm,
which enabled them to diffuse through anatomical
sites. Electron microscopy revealed that the nanocapsules were characterized by an oily core of CAR surrounded by a compact thin polymeric wall.
In the work of Tenci et al. (2017) polymer films
loaded with a carvacrol/clay hybrid (HYBD) was presented. HYBD films were characterized by improved
antimicrobial properties against S. aureus and E. coli
with respect to pure CAR and by a good cytocompatibility towards human fibroblasts. Films were prepared
by casting an aqueous dispersion containing poly(vinylalcohol) (PVA), poly(vinylpyrrolidone) (PVP), chitosan glutamate (CS), sericin and HYBD. Upon
hydration, the optimized film formed a viscoelastic
gel able to protect tissues and to modulate CAR
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release. Landis et al. (2017) reported on an oil-inwater cross-linked polymeric nanocomposite incorporating CAR oil that penetrated biofilms and killed
bacteria in a mammalian cell-biofilm co-culture
wound model.
In a study of Castro et al. (2016), in order to
obtain functionalized materials able to release CAR
over a prolonged period of time, cellulose nanocrystals (CNC) were surface-functionalized with b-cyclodextrin (b-CD), using succinic acid and fumaric acid
as bridging agents. The materials were characterized
by infrared spectroscopy, Quartz crystal microbalance-dissipation, AFM and phenolphthalein was used
to determine the efficiency of CNC grafting with
b-CD. The results indicated that b-CD was successfully attached to the CNC backbone through ester
bonds. CAR entrapped by b-CD exhibited a prolonged release and longer bacterial activity against B.
subtilis. Engel et al. (2017) evaluated the antimicrobial
activity of CAR, THY, and carvacrol/thymol liposomes (TCL) against two bacterial pools, each one
consisting of four strains of S. aureus or Salmonella
enterica. TCL were prepared using thin-film hydration. MIC of CAR, THY and TCL against S. aureus
pool was 0.662 mg ml1, while MIC for Salmonella
pool was 0.331 mg ml–1 for CAR and THY, and for
TCL was 0.662 mg ml1. At the proper antimicrobial
concentrations and contact times, CAR, THY, and
TCL were able to prevent biofilm formation on stainless
steel surfaces at early stages of bacterial attachment.
Nostro et al. (2015) studied the effect of temperature on the release of CAR and cinnamaldehyde
(from cinnamon oil) incorporated into polymeric systems (polyethylene-co-vinylacetate) to control growth
and biofilms of E. coli and S. aureus. At 37  C, films
containing CAR, cinnamaldehyde or their combination (25 þ 75%) exhibited the strongest bactericidal
effect, whereas at lower temperatures a lower killing
rate was observed. The biomass formed on the polymer containing CAR, cinnamaldehyde, or their combination was significantly lower (60-80% reduction)
than that formed on the control (polymer alone) at
both 37 and 22  C.
As previously mentioned, the combination of
essential oils with antibiotics is a newly proposed
strategy to combat resistant bacteria. In the work of
Valcourt et al. (2016) a mixture of CAR, EUG and
cinnamaldehyde was encapsulated within lipid nanocapsules. The in vitro interaction with doxycycline
was examined against 5 Gram-negative strains: A.
baumannii SAN, A. baumannii RCH, K. pneumoniae,
E. coli and P. aeruginosa. A synergistic effect was
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observed for a time-kill assay. Scanning electron
microscopy was used to visualise the changes in the
bacterial membrane. Holes in the bacterial envelope
and leakage of cellular content were observed after
exposure to the combination.
CAR (and THY) can also be electropolymerized on
metals, the results depending on the potential selected
for the process. In the work of Bertuola et al. (2017),
potentiostatic perturbations at different potentials,
AFM images, ATR-FTIR spectroscopy and measurements of metal ions provided information on the different stages of the electropolymerization process that
formed a layer of CAR (or THY) on a copper surface.
Changes of the characteristics of the coatings over
time were evaluated after several polymerization periods. Changes with the electrochemical perturbation,
nature of the isomer, and time of the treatment were
observed. The treatment that provided the most protective and homogeneous layer (on copper) was the
electropolymerization of CAR at 0.4 V.
There is, finally, another way in which the potential
of carvacrol-loaded materials could be realised. And
indeed, it is noteworthy that CAR reveals an ability to
promote endothelial differentiation of human mesenchymal stem cells and angiogenesis, thus promising
additional biological properties favourable to wound
healing (Matluobi et al. 2017).

Conclusion
With the increasing incidence of antimicrobial resistance, the knowledge available on the antimicrobial
activity of bioactive compounds has widely increased
in recent years. Phytochemicals found in various
plants, food and beverages, could represent interesting
alternatives in therapeutic treatments. In particular, it
is well known that some commercial EOs from cinnamon, oregano, and thyme exhibit promising antimicrobial effects against selected food-borne and
food-spoilage bacteria, which can be attributed to the
presence of their principle bioactive constituents,
especially cinnamaldehyde, CAR, and THY.
This review summarizes the major studies describing the antimicrobial activity of CAR from the past 5
years. CAR can interfere with the physiology of
microorganisms through different mechanisms of
action, this compound may often interfere with membrane functions, production of virulence factors, and
the formation of bacterial and fungal biofilms. Taking
into account the data collected in this paper, CAR
appears to be an interesting bioactive component with
high potential. It is endowed with broad spectrum

antimicrobial activity against both planktonic and sessile
cells belonging to several species of bacteria and fungi.
Of the Gram-negative bacteria, CAR showed the best
antimicrobial activity against the Enterobacteriaceae
group, and E. coli in particular, including the foodborne E. coli O157:H7, and Salmonella spp. Klebsiella
spp. showed a high variation in MIC values, with the
higher value obtained with CAR extracted from the
leaves of T. syriacus, which seems to be more active
than those commercially available. CAR was finally
found to be less active against reference P. aeruginosa
and clinical strains. As previously reported by other
authors (Burt 2004; Ait-Ouazzou et al. 2013) Gramnegative bacteria seems to be more resistant to CAR
than Gram-positive bacteria due to the selectivity of the
Gram-negative outer membrane for hydrophobic compounds. No significant differences were observed
between MSSA and MRSA. CAR also showed good
inhibitory activity against the food-borne Listeria spp.
which can contaminate any level of the food production
and consumption chain.
The CAR antifungal activity against Candida spp.
was analyzed by eight research groups, by using three
different methods (broth microdilution method, macrodilution method and vapour contact method). The
lowest MICs were obtained with the broth microdilution method against C. albicans and C. tropicalis.
Furthermore, several components of EOs, such as
CAR and THY, may act as membrane permeabilizers,
enhancing the intake of antibiotics. Some recent studies indicated that CAR could enhance the inhibitory
effect of some conventional drugs such as tetracycline,
erythromycin and fluconazole. The results obtained in
this review suggest that CAR and CAR-rich EOs
could be a source of metabolites with antibacterial
modifying activity to be used as adjuvants to antibiotic therapy.
Finally, polymers and metals bearing CAR can be
regarded as innovative nanocoatings for anti-infective
and anti-biofilm biomedical materials. Currently available screening methods for the detection of the antimicrobial activity of natural products include
qualitative techniques, such as disk diffusion assays,
and semi-quantitative or quantitative assays, such as
dilution methods (broth micro and macro dilution).
However, standardized methods for in vitro testing
and established breakpoints to facilitate proper interpretation of results are missing.
In conclusion, based on the existing literature,
CAR is an interesting substance due to its properties
and potential applications in different fields. At present, further studies are necessary, before addressing
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new uses, to investigate toxicity, to standardize in
vitro susceptibility tests and to set tentative breakpoints, which are required for classifying pathogens as
susceptible or resistant to a specific phytochemical.
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