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ABSTRACT
Background. Dental caries remains the most prevalent and costly oral infectious
disease worldwide, encouraging the search for new and more effective antimicrobials.
Therefore, the aim of this work was to study the antimicrobial action of selected phyto-
chemicals (eugenol, citronellol, sabinene hydrate, trans-cinnamaldehyde, terpineol and
cinnamic acid) against Streptococcus mutans in planktonic and biofilm states as well as
the cytotoxicity of these compounds.
Methods. The antibacterial activity of the selected compounds was evaluated by the
determination of the minimal bactericidal concentration. The resazurin assay was used
to assess the metabolic activity of sessile S. mutans. The cytotoxicity was determined
using a fibroblast cell line.
Results. Among the tested phytochemicals, citronellol, cinnamic acid and trans-
cinnamaldehyde were the most effective against both planktonic and sessile S. mutans,
an effect apparently related to their hydrophobic character. Additionally, these three
compounds did not compromise fibroblasts cell viability.
Discussion. Citronellol, cinnamic acid and trans-cinnamaldehyde demonstrated sig-
nificant antimicrobial activity and low cytotoxicity proposing their potential as a novel
group of therapeutic compounds to control oral infectious diseases. Moreover, their
effects are particularly relevant when benchmarked against eugenol, a phytochemical
commonly used for prosthodontic applications in dentistry.

Subjects Microbiology, Dentistry
Keywords Biofilm control, Dental caries, Phytochemicals, Cytotoxicity, Streptococcus mutans

INTRODUCTION
Oral diseases continue to be a major health problem worldwide. Dental biofilm formation
can lead to the development of oral infectious diseases, such as caries, gingivitis and
periodontitis (Chinsembu, 2016; Hwang, Klein & Koo, 2014). Dental caries is one of the
most important global oral health problems, which ismainly associatedwith oral pathogens,
particularly cariogenic Streptococcus mutans (Chinsembu, 2016; Gross et al., 2012;
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Hwang, Klein & Koo, 2014). S. mutans has the ability to metabolize several carbohydrates
into organic acids that reduce the pH of dental plaque biofilm, causing the demineralization
of tooth enamel and, consequently, leads to the initiation of dental caries. This bacterium is
also a crucial contributor to the formation of a matrix of extracellular polymeric substances
(EPS) on dental biofilms.Moreover, S. mutans-derived exopolysaccharides, mostly glucans,
provide binding sites that promote accumulation of other microorganisms on the tooth
surface and further establishment of cariogenic biofilms. The potential of S. mutans to
survive under environmental stresses, such as acid conditions, high temperature and
osmotic pressure, are other major virulence factors of this microorganism (Kawarai et al.,
2016; Kwon et al., 2016; Liu & Yu, 2017; Zhang et al., 2016). Therefore, S. mutans should be
a prime target for any therapeutic agent aimed at preventing dental caries.

Currently, the antibacterial agents used on the mouth, as mouth rinses or toothpastes,
may inhibit the growth of S. mutans , preventing the development of dental caries. It is
well-known that antibacterial mouth rinses are effective in decreasing tooth surface plaque
(Quirynen et al., 2001). These mouth rises may contain fluorides, alcohols, detergents,
and other synthetic antimicrobials compounds that include povidone iodine products,
chlorhexidine and cetylpyridinium chloride. Some toothpastes also contain fluorides
and other antimicrobials including triclosan and zinc citrate (Baehni & Takeuchi, 2003;
Quirynen et al., 2001; Sheen, Eisenburger & Addy, 2003). However, there is an increasing
pressure to substitute synthetic antimicrobials, which already gave rise to concerns
regarding their toxicological and ecotoxicological properties (Dann & Hontela, 2011).
In parallel, microorganisms will continue acquiring resistance to synthetic antimicrobial
agents, which has encouraged the search for alternative products (Allaker & Douglas, 2009;
Chuanchuen et al., 2001; Upadhyay et al., 2014).

Nowadays, natural antibacterial compounds in particular plant-derived compounds, are
attracting attention to develop novel therapeutics against oral infectious diseases (Allaker &
Douglas, 2009; Borges et al., 2016). Eugenol is a good example of natural compounds widely
used in dental care as an antimicrobial, analgesic and anti-inflammatory, showing to be
active against caries-related oral bacteria (Jadhav et al., 2004; Li et al., 2012; Xu et al., 2013).
These plant-derived natural compounds, also referred as phytochemicals, are responsible
for plant interactions with the environment. They are an attractive source of eco-friendly,
relatively inexpensive and widely available new broad-spectrum antimicrobials with low
levels of cutaneous cytotoxicity and environmental toxicity (Abreu et al., 2016; Borges et al.,
2014a; Borges et al., 2016; Borges et al., 2017b;Dahiya & Purkayastha, 2012;Upadhyay et al.,
2014). Furthermore, the multiple antimicrobial mechanisms of action of phytochemicals
can prevent the emergence of resistant bacteria (Dahiya & Purkayastha, 2012; Upadhyay
et al., 2014).

Essential oils (EOs) have been thoroughly explored in several studies, showing
their broad-spectrum antimicrobial properties against both Gram-positive and Gram-
negative bacteria (Bazargani & Rohloff, 2016; Prabuseenivasan, Jayakumar & Ignacimuthu,
2006; Sieniawska et al., 2013; Szczepanski & Lipski, 2014). These phytochemicals have
also been reported to possess significant anti-inflammatory, antioxidant, anticancer,
immune modulatory and regenerative activities (Bayala et al., 2014; Burt, 2004;
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De Cassia da Silveira e Sa, Andrade & De Sousa, 2013; Sadlon & Lamson, 2010; Woollard,
Tatham & Barker, 2007). Despite the research progress on the antimicrobial activity of
some EO components against oral bacteria, such as eugenol, many others remain largely
unknown in the field of dentistry. In the present study, in order to provide further evidences
on the antimicrobial potential of selected EO components, the antibacterial activity of
citronellol, sabinene hydrate, trans-cinnamaldehyde, and terpineol were evaluated against
S. mutans in both planktonic and sessile states, using eugenol as reference. The selection of
phytochemicals was based on their promising effects in microbial growth control (Borges
et al., 2017a; Lopez-Romero et al., 2015; Mith et al., 2014; Sharma et al., 2016; Szweda &
Kot, 2017). Additionally, and based in a previous study (Malheiro et al., 2016), cinnamic
acid, a phenolic acid, was also included in this study given its efficacy in the control of
sessile bacteria, with activity similar to the benchmarked disinfectants, including peracetic
acid, sodium hypochlorite and hydrogen peroxide. Furthermore, given the fact that the
antimicrobial action of these compounds is known to be strictly correlated with their
structure (Borges et al., 2017a), a drug-likeness evaluation based on the the chemical and
molecular properties of these compounds was also carried out. Finally, the phytochemicals
were evaluated for their cytotoxicity against a fibroblast cell line.

MATERIALS AND METHODS
Bacterial strain and culture conditions
S. mutans DMS 20523 was used in all experiments. The bacterium was preserved at
−80 ◦C in Tryptic Soy Broth (TSB, Oxoid, Basingstoke, UK) containing 30% (v/v) glycerol
(Panreac, Barcelona, Spain). The bacterial cultures were grown overnight in TSB at 37 ◦C
under 160 rpm of agitation before the experiments.

Phytochemicals
Trans-cinnamaldehyde, sabinene hydrate, eugenol and terpineol (Table 1) were obtained
from Sigma-Aldrich (Lisbon, Portugal); cinnamic acid was obtained from Merck (Lisbon,
Portugal); citronellol was obtained from Acros Organics (Morris, NJ, USA). The structural
and molecular properties of selected phytochemicals were determined with Molinspiration
Calculation Software and Chemdraw (Malheiro et al., 2016). The phytochemicals were
dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA). Each
compound was tested at various concentrations in the range of 1–25 mM in DMSO.

Minimum bactericidal concentration (MBC)
Minimum bactericidal concentration was determined according to Ferreira et al. (2011).
Overnight cultures were centrifuged at 3,777 g for 15 min. Then, the supernatant of
each bacterium was discarded and the cells were washed in NaCl solution (8.5 g/L, Merck,
Germany) by resuspension and centrifugation at 3,777 g for 15min. Cells were resuspended
in fresh NaCl solution (8.5 g/L) and adjusted to a cell density of approximately 107 cells/mL.
Subsequently, 190 µL of the adjusted bacterial suspension were added to sterile 96-wells
polystyrene microtiter plate (Orange Scientific, Braine-l’Alleud, Belgium) with 10 µL of the
different phytochemicals at several concentrations (1, 3, 5, 8, 10, 13, 15, 18, 20 and 25 mM)
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Table 1 Biological properties of the selected phytochemicals.

Phytochemical Phytochemical class Biological properties References

Eugenol Essential oil (phenol) Antimicrobial, anti-inflammatory,
antioxidant, anticancer, analgesic,
sedative, spasmolytic.

Jadhav et al. (2004), Kamatou, Vermaak &
Viljoen (2012), Lee et al. (2005) and Pengelly
(2004)

Citronellol Essential oil (alcohol) Antimicrobial, anti-inflammatory,
antioxidant, antiseptic,
spasmolytic, tonifying.

Ćavar & Maksimović (2012), De Cassia da
Silveira e Sa, Andrade & De Sousa (2013),
Pengelly (2004) and Su et al. (2010)

Sabinene Essential oil (hydrocarbon) Antimicrobial, anti-inflammatory,
anticancer, stimulant,
decongestant.

Pengelly (2004) and Santoyo et al. (2006)
and Sayyah et al. (2003)

Trans-cinnamaldehyde Essential oil (aldehyde) Antimicrobial, anti-inflammatory,
antioxidant, sedative, spasmolytic,
vasodilators.

Hill, Gomes & Taylor (2013), Pengelly (2004)
and Tung et al. (2008)

Terpineol Essential oil (alcohol) Antimicrobial, anti-inflammatory,
antiseptic, spasmolytic, tonifying.

Held, Schieberle & Somoza (2007) and
Pengelly (2004)

Cinnamic acid Phenolic acid Antimicrobial, anti-inflammatory
antioxidant, anticancer.

Liao et al. (2012), Song et al. (2013), Sova
(2012) and Zhang et al. (2014)

and incubated at 37 ◦C for 1 h. Bacterial suspensions with DMSO (5%, v/v) and bacterial
suspensions without phytochemicals were used as negative controls. Eugenol was used as
positive control. Afterwards, 180 µL of the content of wells was removed and 180 µL of
antimicrobial neutralizer composed by lecithin (3 g/L), polysorbate 80 (30 g/L), sodium
thiosulfate (5 g/L), L-histidine (1 g/L), saponin (30 g/L) in phosphate buffer 0.25 mol/L at
1% (EN-1276, 1997) was added and allowed to act for 15 min. After that, 10 µL of each
well was dropped on TSA plates. Finally, after 24 h of incubation at 37 ◦C, the plates were
analyzed and theMBCof each phytochemical corresponded to theminimum concentration
causing no growth on the TSA plates. The experiments were performed in triplicate and
repeated three times.

Biofilm formation and control using phytochemicals
Biofilm formation and control was performed according to Borges et al. (2017a). The
cell density of the overnight grown bacteria was adjusted to approximately 107 cells/mL
in TSB. Then, 200 µL of the bacterial suspension were added to a 96-wells polystyrene
microtiter plate and incubated at 37 ◦C during 24 h and under 160 rpm of agitation. After
biofilm development, the medium was removed and the wells were washed twice with
NaCl solution (8.5 g/L) in order to remove loosely attached bacteria. Then, 190 µL of NaCl
solution (8.5 g/L) was added to each well with 10 µL of the phytochemicals at the MBC.
Sessile bacteria with DMSO (5%, v/v) and sessile bacteria without phytochemical were
used as negative controls. Eugenol was used as positive control. The microtiter plate was
incubated at 37 ◦C and 160 rpm during 1 h. After that, the remaining attached bacteria
were analyzed in terms of metabolic activity by the resazurin assay.

Biofilm analysis by the resazurin assay
The metabolic activity of sessile bacteria was evaluated by the resazurin assay (Borges et al.,
2014b; Ribeiro et al., 2017). This is a simple and non-reactive assay, where a non-fluorescent
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blue component is reduced by the living cells to a pink fluorescent component. After 1 h
of incubation with the phytochemicals the content of the wells was removed and the wells
were washed withNaCl solution (8.5 g/L). Then, 180µL of fresh TSBwas added to the wells.
A volume of 20 µL of resazurin was added to each well (10%, Sigma-Aldrich, Portugal).
Subsequently, the plate was incubated at 37 ◦C for 3 h and 160 rpm and the fluorescence
intensity was measured in microplate reader (FLUOstar Omega, BMG Labtech, Ortenberg,
Germany) at 530 nm excitation wavelength and 590 nm emission wavelength. Control
experiments were performed on the growth inhibitory effects of DMSO and no inhibitory
effects were found with DMSO at 5% (v/v) (available in the raw data file). The data reported
were the average of four samples.

Cytotoxicity of phytochemicals
Fibroblasts cell line L929 were cultured in alpha minimum essential medium (α-MEM;
Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum,
100 IU/mL penicillin, 100 µg/mL streptomycin and 2.5 µg/mL amphotericin B (all from
Gibco, Invitrogen, Carlsbad, CA, USA), at 37 ◦C in a humidified atmosphere of 95% air
and 5% CO2. At 70–80% confluence, the adherent cells were washed and detached with a
trypsin solution (0.05% in 0.25% EDTA; both from Sigma-Aldrich, St. Louis, MO, USA)
for 5 min at 37 ◦C. Cells were seeded on 48-well culture plates (Corning Incorporated,
Corning, NY, USA) at a density of 3×104 cells/cm2 and incubated for 24 h. Cells were
then exposed to the different phytochemicals at MBC for 24 h. Afterwards, cell metabolic
activity was evaluated using the resazurin assay (Ribeiro et al., 2017). Briefly, fresh complete
medium containing 10% of resazurin (0.1 mg/mL; Sigma-Aldrich, St. Louis, MO, USA)
was added to each condition and the plates were incubated for 3 h. The fluorescence
intensity was then measured (530 nm excitation; 590 nm emission) using a microplate
reader (FLUOstar Omega, BMG Labtech, Ortenberg, Germany). The data reported were
the average of four samples. The results of the cell metabolic activity (MA) were expressed
as percentage of the control group (DMSO; Sigma-Aldrich, St. Louis, MO, USA) by using
the following Eq. (1):

MA(%)= (MAp/MAc)×100 (1)

where MAp and MAc are the metabolic activity of the phytochemical and the control,
respectively.

Statistical analysis
The results were expressed as the average ± standard deviation. The statistical analysis of
the results was done using the one-way analysis of variance (One-way ANOVA) followed
by post hoc Tukey HSD multiple comparison test. Levels of P < 0.05 were considered to
be statistically significant.

RESULTS
Drug-likeness evaluation
A drug-likeness evaluation was carried out focused on selected natural compounds and, for
that, the chemical structure and molecular properties of the phytochemicals were assessed.
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Figure 1 Chemical structure andmolecular properties of selected phytochemicals. LogP, octanol-water
partition coefficient; n-ROTB, number of rotable bonds; TPSA, topological polar surface area; n-OH,
number of hydrogel bond acceptors; n-OHNH, number of hydrogen bond donors.

Full-size DOI: 10.7717/peerj.4872/fig-1

Table 2 MBC values of the selected phytochemicals against S. mutans.

Phytochemical MBC (mM) MBC (µg/ml)

Citronellol 3 469
Cinnamic acid 5 741
Sabinene hydrate 10 1,542
Eugenol 10 1,642
Trans-cinnamaldehyde 13 1,728
Terpineol 15 2,314

As shown in Fig. 1, all the compounds presented an octanol-water partition coefficient
(logP)≤ 5, a molecular weight≤ 500 Da (g/mol), a number of hydrogen bond acceptors≤
10 and a number of hydrogen bond donors≤ 5. According to the Lipinski’s rule of five these
are the requisites for the molecules to be considered as ‘‘drug-like compounds’’ (Lipinski,
2004; Lipinski et al., 2001). Additionally, all the phytochemicals presented a number of
rotable bonds (n-ROTB) ≤ 5 and a topological polar surface area <40 Å.

Antibacterial activity of phytochemicals on planktonic S. mutans
The antibacterial activity of selected phytochemicals was evaluated by MBC determination.
As shown in Table 2, citronellol, cinnamic acid, sabinene hydrate, eugenol, trans-
cinnamaldehyde and terpineol presented antibacterial activity against planktonic S. mutans.
Moreover, the phytochemical that showed the lowest MBC was citronellol, being
consequently the most effective.
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Figure 2 Antibacterial activity of different phytochemicals on S.mutans biofilm. *P < 0.05,
significant reduction compared to control DMSO (5%, v/v) . Eugenol (Eug), citronellol (Citro),
trans-cinnamaldehyde (Cinna), sabinene hydrate (Sab), terpineol (Terp), and cinnamic acid (CA).

Full-size DOI: 10.7717/peerj.4872/fig-2

Antibacterial activity of phytochemicals on S. mutans biofilms
The effects of the selected phytochemicals against pre-established 24 h-old S. mutans
biofilms were evaluated in terms of metabolic activity. The selection of the suitable
concentration of each compound for these anti-biofilm assays was based on the
determination of its MBC against planktonic cells. As shown in Fig. 2, citronellol (46%),
cinnamic acid (60%) and trans-cinnamaldehyde (50%) caused a statistically significant
reduction of biofilm metabolic activity (P < 0.05). On the contrary, eugenol, sabinene
hydrate and terpineol were not effective in inhibiting the biofilm (P > 0.05).

Cytotoxicity of phytochemicals
The effect of citronellol, cinnamic acid and trans-cinnamaldehyde was evaluated on the
fibroblast cell line L929. Eugenol was not effective in inhibiting S. mutans biofilms.
However, it was also used as reference compound. The cells were exposed to the
phytochemicals at MBC during a 24 h period. As shown in Fig. 3, the metabolic activity
after exposure to phytochemicals was statistically lower than the control (5% DMSO, v/v),
except for cinnamic acid, which did not present any statistically significant difference in
cell viability (P > 0.05). Despite the slight decrease in metabolic activity for citronellol
and eugenol, cell viability of 87 and 89% was obtained, respectively. The percentage of
viable cells with trans-cinnamaldehyde was 72%, being the compound causing the most
significant loss of cell viability.

DISCUSSION
The present work was undertaken to evaluate the antimicrobial potential of selected
phytochemicals on both planktonic bacterial growth and biofilm formation of S. mutans,
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Figure 3 Influence of eugenol, citronellol, trans-cinnamaldehyde and cinnamic acid on fibroblast cells
viability, as a percentage of cells on control. *P < 0.05, significant reduction compared to control DMSO
(5%, v/v). Eugenol (Eug), citronellol (Citro), trans-cinnamaldehyde (Cinna), and cinnamic acid (CA).

Full-size DOI: 10.7717/peerj.4872/fig-3

in order to search for new therapeutic antimicrobials to treat and prevent oral infectious
diseases, particularly dental caries. Biofilm cells are known to be physiologically distinct
from their planktonic counterparts, being surrounded by extracellular polymeric substances
(EPS), which have a major role both in biofilm formation and maintenance through
nutritive and protective functions. This peculiar form of biofilm development confers
on the associated bacteria great resistance to conventional antimicrobial compounds
(Davies, 2003; Del Pozo & Patel, 2007; Flemming & Wingender, 2010; Jagani, Chelikani &
Kim, 2009;Nithya, Devi & Karutha Pandian, 2011). Therefore, the impact of antimicrobials
on planktonic S. mutans cannot be compared to the effects on biofilm cells. In fact, biofilm
resistance is multi-factorial and several mechanisms have been described, i.e., limited
diffusion of antimicrobials through the biofilm matrix, enzyme-mediated resistance,
distinct levels of metabolic activity inside the biofilm (from active to dormant state),
genetic adaptation, efflux pumps and the presence of persister cells (Borges et al., 2016;
Singh et al., 2017). It is clear that an accurate characterization of the antimicrobial action
of a compound should focus cells in both planktonic and sessile states.

The drug-likeness of the selected compounds was evaluated using Lipinski’s rule of five
(RO5) (Lipinski, 2004; Lipinski et al., 2001). This approach is based on several molecular
properties. First, drug-like molecules should have a logP≤ 5. It is equivalent to the ratio of
concentrations of a compound in a mixture of octanol and water, two immiscible phases
at equilibrium. The logP is used as a measure of hydrophobicity and therefore affects,
among others, the drug bioavailability and mode of action. According to RO5, drug-like
compounds should also have a molecular weight ≤ 500 g/mol to facilitate the intestinal
and blood brain barrier permeability. Furthermore, the compounds should present a
number of hydrogen bond acceptors ≤ 10 and a number of hydrogen bond donors ≤ 5.

Ribeiro et al. (2018), PeerJ, DOI 10.7717/peerj.4872 8/17

https://peerj.com
https://doi.org/10.7717/peerj.4872/fig-3
http://dx.doi.org/10.7717/peerj.4872


If a compound fails the RO5 there is a high probability that oral activity problems will
be encountered as bad absorption or metabolism, for example (Lipinski, 2004; Lipinski et
al., 2001). According to this rule, the selected phytochemicals assessed in this work have
drug-like properties and, consequently, these compounds are potential drug leads.

The hydrophobic status of all the selected phytochemicals allows their interaction
with the cell membrane of S. mutans, a Gram-positive bacterium. Contrary to Gram-
negative bacteria, they lack an outer membrane but have a very tick cell wall, composed
of approximately 90% of peptidoglycan and carbohydrates such as the teichoic acid
(Tommasi et al., 2015). Moreover, the TPSA < 40 Å observed for all the compounds
allow to conclude that they could have a good ability for penetrating cell membranes,
as just the compounds with TPSA > 140 Å tend to have poor permeability (Veber et
al., 2002). The most hydrophobic compounds are generally reported to be more toxic
and the cytoplasmic membrane is often the primary site of antimicrobial action. Indeed,
lipophilic compounds possess a high affinity for cell membranes by inducing changes in the
membrane physicochemical properties. This effect is particularly reported for compounds
with a logP > 3 (Ultee, Bennik & Moezelaar, 2002). In fact, citronellol (logP > 3) was
found to be the most efficient antimicrobial phytochemical against planktonic S. mutans.
Additionally, this compound was also effective on sessile bacteria at a concentration of just
3 mM. Previous studies have reported inhibitory effects of citronellol against biofilms of
Staphylococcus aureus and Escherichia coli (Lopez-Romero et al., 2015). Another interesting
finding of the present study was that this phytochemical presented higher antimicrobial
activity than eugenol, a natural compound that has been widely used in dental care
(Jadhav et al., 2004; Li et al., 2012; Xu et al., 2013). Citronellol is the only compound used
in this study with a linear chemical structure, possessing a highly hydrophobic tail and a
hydrophilic head, which makes it more prone to interact with the lipid bilayer of the cell
membrane, disturbing the structures and rendering them more permeable (Bakkali et al.,
2008). Citronellol is also the compound more flexible as its structure does not include any
ring, and the n-ROTB of 5 confirms this higher molecular flexibility compared to all other
compounds, which further helps to explain the higher antibacterial action.

Eugenol showed a lower antimicrobial effect than citronellol, with aMBCof 10mM. This
weakest antimicrobial activity could be attributed to its hydrophobicity being lower than
3 (logP = 2.10). Concerning the effects against sessile S. mutans, eugenol was not effective
in causing inhibition. However, the antibiofilm potential of this compound has been
reported by other authors against Staphylococcus aureus (Yadav et al., 2015), Pseudomonas
species (Niu & Gilbert, 2004) and even against S. mutans (Xu et al., 2013). Nevertheless,
the concentrations of eugenol tested by these authors against adhered S. mutans were
higher than the concentration range used in this work. In a study performed by Malheiro
et al. (2016) eugenol was also tested in a concentration of 10 mM against S. aureus, a
Gram-positive bacterium, and no biofilm inhibition was observed.

Cinnamic acid, a phenolic acid, was the second compound with highest impact on
S. mutans, presenting MBC of 5 mM. Furthermore, this compound also promoted a
significant inactivation of sessile S. mutans at 5 mM. However, this phytochemical had
a logP of 1.91 and was the compound with the smallest hydrophobicity. These results
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indicated that other factors than hydrophobicity must be involved. Phenolic acids are
organic acids and their antimicrobial action is thought to be dependent on the concentration
of undissociated acid. These small lipophilic molecules can cross the cell membrane by
passive diffusion in their undissociated form, disturbing or even disrupting the cell
membrane structure, acidifying the cytoplasm and causing protein denaturation (Malheiro
et al., 2016). Malheiro et al. (2016) also observed that cinnamic acid exhibited significant
antibiofilm activity against S. aureus.

Trans-cinnamaldehyde was also an effective compound against both planktonic and
sessile S. mutans. This result corroborates previous studies that showed the significant
inhibitory effect of trans-cinnamaldehyde against diverse bacterial pathogens (Mith et al.,
2014; Sharma et al., 2016). These authors also observed that trans-cinnamaldehyde showed
higher antibacterial activity than eugenol. A value of hydrophobicity lower than 3 (logP of
2.10) can help to explain the high MBC observed in this study.

The MBC found for the phytochemicals sabinene hydrate and terpineol was 10 mM
and 15 mM, respectively. The lower antimicrobial activity against planktonic bacteria, for
both compounds could be attributed to its hydrophobicity (logP < 3). Moreover, sabinene
and terpineol were not effective in the control of sessile bacteria. Although, other authors
observed the antibiofilm potential of these phytochemicals against Escherichia coli and
Staphylococcus aureus (Borges et al., 2017a; Szweda & Kot, 2017). These results suggest that
the antimicrobial efficacy of the natural compounds in controlling sessile bacteria appears
to be dependent on the bacterial species.

In addition to the antibacterial action of these natural compounds, it is very important
to understand their cytotoxicity before being used in humans. No obvious cytotoxic effects
were detected for the phytochemicals eugenol, citronellol and cinnamic acid. Similarly,
Babich & Visioli (2003) using 5 mM of cinnamic acid observed reduced effects on the
viability of human gingival GN61 fibroblasts, human gingival S-G epithelial cells and
human carcinoma HSG1 cells. In the present work, it was found that fibroblast cells were
more sensitive to trans-cinnamaldehyde when compared to other phytochemicals with
a cell viability of around 72%. Brari & Thakur (2015) also showed that cinnamaldehyde
reduced viability of BV2 (microglia) cell line in a higher extent than citronellol and eugenol.
According to ISO 10993-5 (2009), the differences observed were not significant in terms
of toxicity, as cytotoxicity is considered when viability is lower than 70%. Therefore,
these results showed that citronellol, cinnamic acid and trans-cinnamaldehyde presented
antibacterial effects against planktonic and sessile S. mutans, without compromising the
viability of fibroblasts cell line L929.

CONCLUSIONS
Plant-derived molecules may offer a groundbreaking green approach to the discovery of
broad-spectrum antimicrobials. The present work focused on the study of the antimicrobial
effect of selected phytochemicals on planktonic bacterial growth and biofilm inhibition
of S. mutans, as well as their toxic effects on a fibroblasts cell line. The phytochemicals
citronellol, cinnamic acid and trans-cinnamaldehyde were the most effective in both
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inhibiting the growth of the planktonic S. mutans and causing significant biofilm
inactivation.Moreover, these three compounds did not compromise fibroblast cell viability,
suggesting that they may be new candidates for controlling oral infectious diseases. Data
on the chemical properties of the selected phytochemicals propose that the molecular
hydrophobicity seems to account for a higher antimicrobial effect.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by POCI-01-0145-FEDER-030219; POCI-01-0145-FEDER-
006939 (Laboratory for Process Engineering, Environment, Biotechnology and Energy—
UID/EQU/00511/2013) funded by the European Regional Development Fund (ERDF),
through COMPETE2020 - Programa Operacional Competitividade e Internacionalização
(POCI) and by national funds, through FCT—Fundação para a Ciência e a Tecnologia
and NORTE-01-0145-FEDER-000005 –LEPABE-2-ECO-INNOVATION, supported by
North Portugal Regional Operational Programme (NORTE 2020), under the Portugal
2020 Partnership Agreement, through the European Regional Development Fund (ERDF).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Laboratory for Process Engineering, Environment, Biotechnology and Energy.
Programa Operacional Competitividade e Internacionalização (POCI): COMPETE2020.
FCT—Fundação para a Ciência e a Tecnologia.
European Regional Development Fund (ERDF).

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Marta Ribeiro conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, approved the final draft.
• Joana Malheiro and Liliana Grenho performed the experiments, analyzed the data,
prepared figures and/or tables, authored or reviewed drafts of the paper, approved the
final draft.
• Maria Helena Fernandes and Manuel Simões conceived and designed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, authored or reviewed
drafts of the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Raw data can be found in Data S1.

Ribeiro et al. (2018), PeerJ, DOI 10.7717/peerj.4872 11/17

https://peerj.com
http://dx.doi.org/10.7717/peerj.4872#supp-1
http://dx.doi.org/10.7717/peerj.4872


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.4872#supplemental-information.

REFERENCES
Abreu AC, Saavedra MJ, Simões LC, Simões M. 2016. Combinatorial approaches with

selected phytochemicals to increase antibiotic efficacy against Staphylococcus aureus
biofilms. Biofouling 32:1103–1114 DOI 10.1080/08927014.2016.1232402.

Allaker RP, Douglas CW. 2009. Novel anti-microbial therapies for dental plaque-related
diseases. International Journal of Antimicrobial Agents 33:8–13
DOI 10.1016/j.ijantimicag.2008.07.014.

Babich H, Visioli F. 2003. In vitro cytotoxicity to human cells in culture of some pheno-
lics from olive oil. Farmaco 58:403–407 DOI 10.1016/S0014-827X(03)00048-X.

Baehni PC, Takeuchi Y. 2003. Anti-plaque agents in the prevention of biofilm-associated
oral diseases. Oral Diseases 9:23–29 DOI 10.1034/j.1601-0825.9.s1.5.x.

Bakkali F, Averbeck S, Averbeck D, IdaomarM. 2008. Biological effects of essential
oils—a review. Food and Chemical Toxicology 46:446–475
DOI 10.1016/j.fct.2007.09.106.

Bayala B, Bassole IHN, Scifo R, Gnoula C, Morel L, Lobaccaro J-MA, Simpore J. 2014.
Anticancer activity of essential oils and their chemical components—a review.
American Journal of Cancer Research 4:591–607 DOI 10.1155/2014/154106.

Bazargani MM, Rohloff J. 2016. Antibiofilm activity of essential oils and plant extracts
against Staphylococcus aureus and Escherichia coli biofilms. Food Control 61:156–164
DOI 10.1016/j.foodcont.2015.09.036.

Borges A, Abreu AC, Dias C, Saavedra MJ, Borges F, Simões M. 2016. New perspectives
on the use of phytochemicals as an emergent strategy to control bacterial infections
including biofilms.Molecules 21:1–41 DOI 10.3390/molecules21070877.

Borges A, Lopez-Romero JC, Oliveira D, Giaouris E, Simões M. 2017a. Prevention,
removal and inactivation of Escherichia coli and Staphylococcus aureus biofilms using
selected monoterpenes of essential oils. Journal of Applied Microbiology 123:104–115
DOI 10.1111/jam.13490.

Borges A, Serra S, Cristina Abreu A, Saavedra MJ, Salgado A, Simões M. 2014a.
Evaluation of the effects of selected phytochemicals on quorum sensing inhibition
and in vitro cytotoxicity. Biofouling 30:183–195 DOI 10.1080/08927014.2013.852542.

Borges A, Simões LC, Saavedra MJ, Simões M. 2014b. The action of selected isothio-
cyanates on bacterial biofilm prevention and control. International Biodeterioration
and Biodegradation 86:25–33 DOI 10.1016/j.ibiod.2013.01.015.

Borges A, Sousa P, Gaspar A, Vilar S, Borges F, Simões M. 2017b. Furvina inhibits the
3-oxo-C12-HSL-based quorum sensing system of Pseudomonas aeruginosa and QS-
dependent phenotypes. Biofouling 33:156–168 DOI 10.1080/08927014.2017.1280732.

Ribeiro et al. (2018), PeerJ, DOI 10.7717/peerj.4872 12/17

https://peerj.com
http://dx.doi.org/10.7717/peerj.4872#supplemental-information
http://dx.doi.org/10.7717/peerj.4872#supplemental-information
http://dx.doi.org/10.1080/08927014.2016.1232402
http://dx.doi.org/10.1016/j.ijantimicag.2008.07.014
http://dx.doi.org/10.1016/S0014-827X(03)00048-X
http://dx.doi.org/10.1034/j.1601-0825.9.s1.5.x
http://dx.doi.org/10.1016/j.fct.2007.09.106
http://dx.doi.org/10.1155/2014/154106
http://dx.doi.org/10.1016/j.foodcont.2015.09.036
http://dx.doi.org/10.3390/molecules21070877
http://dx.doi.org/10.1111/jam.13490
http://dx.doi.org/10.1080/08927014.2013.852542
http://dx.doi.org/10.1016/j.ibiod.2013.01.015
http://dx.doi.org/10.1080/08927014.2017.1280732
http://dx.doi.org/10.7717/peerj.4872


Brari J, Thakur DR. 2015. Fumigant toxicity and cytotoxicity evaluation of monoter-
penes against four stored products pests. International Journal of Development
Research 5:5661–5667.

Burt S. 2004. Essential oils: their antibacterial properties and potential applications
in foods—a review. International Journal of Food Microbiology 94:223–253
DOI 10.1016/j.ijfoodmicro.2004.03.022.

Ćavar S, Maksimović M. 2012. Antioxidant activity of essential oil and aqueous extract of
Pelargonium graveolens L’Her. Food Control 23:263–267
DOI 10.1016/j.foodcont.2011.07.031.

Chinsembu KC. 2016. Plants and other natural products used in the management
of oral infections and improvement of oral health. Acta Tropica 154:6–18
DOI 10.1016/j.actatropica.2015.10.019.

Chuanchuen R, Beinlich K, Hoang TT, Becher A, Karkhoff-Schweizer RR, Schweizer
HP. 2001. Cross-resistance between triclosan and antibiotics in Pseudomonas
aeruginosa is mediated by multidrug efflux pumps: exposure of a susceptible mutant
strain to triclosan selects nfxBmutants overexpressing MexCD-OprJ. Antimicrobial
Agents and Chemotherapy 45:428–432 DOI 10.1128/AAC.45.2.428-432.2001.

Dahiya P, Purkayastha S. 2012. Phytochemical screening and antimicrobial activity of
some medicinal plants against multi-drug resistant bacteria from clinical isolates. In-
dian Journal of Pharmaceutical Sciences 74:443–450 DOI 10.4103/0250-474X.108420.

Dann AB, Hontela A. 2011. Triclosan: environmental exposure, toxicity and mechanisms
of action. Journal of Applied Toxicology 31:285–311 DOI 10.1002/jat.1660.

Davies D. 2003. Understanding biofilm resistance to antibacterial agents. Nature Reviews
Drug Discovery 2:114–122 DOI 10.1038/nrd1008.

De Cassia da Silveira e Sa R, Andrade LN, De Sousa DP. 2013. A review on anti-
inflammatory activity of monoterpenes.Molecules 18:1227–1254
DOI 10.3390/molecules18011227.

Del Pozo JL, Patel R. 2007. The challenge of treating biofilm-associated bacterial
infections. Clinical Pharmacology and Therapeutics 82:204–209
DOI 10.1038/sj.clpt.6100247.

Ferreira C, Pereira AM, Pereira MC, Melo LF, Simoes M. 2011. Physiological changes
induced by the quaternary ammonium compound benzyldimethyldodecylammo-
nium chloride on Pseudomonas fluorescens. Journal of Antimicrobial Chemotherapy
66:1036–1043 DOI 10.1093/jac/dkr028.

Flemming HC,Wingender J. 2010. The biofilm matrix. Nature Reviews Microbiology
8:623–633 DOI 10.1038/nrmicro2415.

Gross EL, Beall CJ, Kutsch SR, Firestone ND, Leys EJ, Griffen AL. 2012. Beyond
Streptococcus mutans: dental caries onset linked to multiple species by 16S rRNA
community analysis. PLOS ONE 7(10):e47722 DOI 10.1371/journal.pone.0047722.

Held S, Schieberle P, Somoza V. 2007. Characterization of alpha-terpineol as an anti-
inflammatory component of orange juice by in vitro studies using oral buccal cells.
Journal of Agricultural and Food Chemistry 55:8040–8046 DOI 10.1021/jf071691m.

Ribeiro et al. (2018), PeerJ, DOI 10.7717/peerj.4872 13/17

https://peerj.com
http://dx.doi.org/10.1016/j.ijfoodmicro.2004.03.022
http://dx.doi.org/10.1016/j.foodcont.2011.07.031
http://dx.doi.org/10.1016/j.actatropica.2015.10.019
http://dx.doi.org/10.1128/AAC.45.2.428-432.2001
http://dx.doi.org/10.4103/0250-474X.108420
http://dx.doi.org/10.1002/jat.1660
http://dx.doi.org/10.1038/nrd1008
http://dx.doi.org/10.3390/molecules18011227
http://dx.doi.org/10.1038/sj.clpt.6100247
http://dx.doi.org/10.1093/jac/dkr028
http://dx.doi.org/10.1038/nrmicro2415
http://dx.doi.org/10.1371/journal.pone.0047722
http://dx.doi.org/10.1021/jf071691m
http://dx.doi.org/10.7717/peerj.4872


Hill LE, Gomes C, Taylor TM. 2013. Characterization of beta-cyclodextrin inclusion
complexes containing essential oils (trans-cinnamaldehyde, eugenol, cinnamon bark,
and clove bud extracts) for antimicrobial delivery applications. LWT—Food Science
and Technology 51:86–93 DOI 10.1016/j.lwt.2012.11.011.

Hwang G, KleinMI, Koo H. 2014. Analysis of the mechanical stability and surface
detachment of mature Streptococcus mutans biofilms by applying a range of external
shear forces. Biofouling 30:1079–1091 DOI 10.1080/08927014.2014.969249.

Jadhav BK, Khandelwal KR, Ketkar AR, Pisal SS. 2004. Formulation and evaluation
of mucoadhesive tablets containing eugenol for the treatment of periodontal dis-
eases. Drug Development and Industrial Pharmacy 30:195–203
DOI 10.1081/DDC-120028715.

Jagani S, Chelikani R, KimD-S. 2009. Effects of phenol and natural phenolic com-
pounds on biofilm formation by Pseudomonas aeruginosa. Biofouling 25:321–324
DOI 10.1080/08927010802660854.

Kamatou GP, Vermaak I, Viljoen AM. 2012. Eugenol—from the remote Maluku Islands
to the international market place: a review of a remarkable and versatile.Molecules
17:6953–6981 DOI 10.3390/molecules17066953.

Kawarai T, Narisawa N, Suzuki Y, Nagasawa R, Senpuku H. 2016. Streptococcus mutans
biofilm formation is dependent on extracellular DNA in primary low pH conditions.
Journal of Oral Biosciences 58:55–61 DOI 10.1016/j.job.2015.12.004.

KwonHJ, Kim JM, Han KI, Jung EG, Kim YH, Patnaik BB, YoonMS, Chung SK, Kim
WJ, HanMD. 2016.Mutan: a mixed linkage alpha-[(1,3)- and (1,6)]-d-glucan from
Streptococcus mutans, that induces osteoclast differentiation and promotes alveolar
bone loss. Carbohydrate Polymers 137:561–569 DOI 10.1016/j.carbpol.2015.11.013.

Lee S-J, Umano K, Shibamoto T, Lee K-G. 2005. Identification of volatile components
in basil (Ocimum basilicum L.) and thyme leaves (Thymus vulgaris L.) and their
antioxidant properties. Food Chemistry 91:131–137
DOI 10.1016/j.foodchem.2004.05.056.

Li MY, Lai GY,Wang J, Ye DX. 2012. The inhibition of eugenol on glucan is essential for
the biofilm eradication effect on caries-related biofilm in an artificial mouth model.
Natural Product Research 26:1152–1155 DOI 10.1080/14786419.2011.561799.

Liao J-C, Deng J-S, Chiu C-S, HouW-C, Huang S-S, Shie P-H, Huang G-J. 2012.
Anti-inflammatory activities of cinnamomum cassia constituents in vitro and
in vivo. Evidence-Based Complementary and Alternative Medicine 2012:1–12
DOI 10.1155/2012/429320.

Lipinski CA. 2004. Lead- and drug-like compounds: the rule-of-five revolution. Drug
Discovery Today: Technologies 1:337–341 DOI 10.1016/j.ddtec.2004.11.007.

Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. 2001. Experimental and com-
putational approaches to estimate solubility and permeability in drug dis-
covery and development settings. Advanced Drug Delivery Reviews 46:3–26
DOI 10.1016/S0169-409X(96)00423-1.

Ribeiro et al. (2018), PeerJ, DOI 10.7717/peerj.4872 14/17

https://peerj.com
http://dx.doi.org/10.1016/j.lwt.2012.11.011
http://dx.doi.org/10.1080/08927014.2014.969249
http://dx.doi.org/10.1081/DDC-120028715
http://dx.doi.org/10.1080/08927010802660854
http://dx.doi.org/10.3390/molecules17066953
http://dx.doi.org/10.1016/j.job.2015.12.004
http://dx.doi.org/10.1016/j.carbpol.2015.11.013
http://dx.doi.org/10.1016/j.foodchem.2004.05.056
http://dx.doi.org/10.1080/14786419.2011.561799
http://dx.doi.org/10.1155/2012/429320
http://dx.doi.org/10.1016/j.ddtec.2004.11.007
http://dx.doi.org/10.1016/S0169-409X(96)00423-1
http://dx.doi.org/10.7717/peerj.4872


Liu BH, Yu L-C. 2017. In-situ, time-lapse study of extracellular polymeric substance
discharge in Streptococcus mutans biofilm. Colloids and Surfaces B: Biointerfaces
150:98–105 DOI 10.1016/j.colsurfb.2016.11.031.

Lopez-Romero JC, Gonzalez-Rios H, Borges A, Simoes M. 2015. Antibacterial effects
and mode of action of selected essential oils components against Escherichia coli
and Staphylococcus aureus. Evidence-Based Complementary and Alternative Medicine
2015:1–9 DOI 10.1155/2015/795435.

Malheiro J, Gomes I, Borges A, Bastos MM,Maillard JY, Borges F, Simoes M. 2016.
Phytochemical profiling as a solution to palliate disinfectant limitations. Biofouling
32:1007–1016 DOI 10.1080/08927014.2016.1220550.

Mith H, Dure R, Delcenserie V, Zhiri A, Daube G, Clinquart A. 2014. Antimicrobial
activities of commercial essential oils and their components against food-borne
pathogens and food spoilage bacteria. Food Science and Nutrition 2:403–416
DOI 10.1002/fsn3.116.

Nithya C, Devi MG, Karutha Pandian S. 2011. A novel compound from the marine
bacterium Bacillus pumilus S6-15 inhibits biofilm formation in Gram-positive and
Gram-negative species. Biofouling 27:519–528 DOI 10.1080/08927014.2011.586127.

Niu C, Gilbert ES. 2004. Colorimetric method for identifying plant essential oil com-
ponents that affect biofilm formation and structure. Applied and Environmental
Microbiology 70:6951–6956 DOI 10.1128/AEM.70.12.6951-6956.2004.

Pengelly A. 2004. Essential oils and resins. In: Pengelly A, ed. The constituents of
medicinal plants: an introduction to the chemistry and therapeutics of herbal medicine.
2nd edition. Cambridge: CABI Publishing, 85–109.

Prabuseenivasan S, JayakumarM, Ignacimuthu S. 2006. In vitro antibacterial activity
of some plant essential oils. BMC Complementary and Alternative Medicine 6:1–8
DOI 10.1186/1472-6882-6-39.

QuirynenM, Avontroodt P, PeetersW, Pauwels M, CouckeW, Van Steenberghe
D. 2001. Effect of different chlorhexidine formulations in mouthrinses on
de novo plaque formation. Journal of Clinical Periodontology 28:1127–1136
DOI 10.1111/j.1600-051X.2001.281207.x.

RibeiroM, Ferraz MP, Monteiro FJ, Fernandes MH, BeppuMM,Mantione D,
Sardon H. 2017. Antibacterial silk fibroin/nanohydroxyapatite hydrogels with
silver and gold nanoparticles for bone regeneration. Nanomedicine 13:231–239
DOI 10.1016/j.nano.2016.08.026.

Sadlon AE, Lamson DW. 2010. Immune-modifying and antimicrobial effects of
Eucalyptus oil and simple inhalation devices. Alternative Medicine Review 15:33–47.

Santoyo S, Cavero S, Jaime L, Ibanez E, Senorans FJ, Reglero G. 2006. Supercritical
carbon dioxide extraction of compounds with antimicrobial activity from Origanum
vulgare L.: determination of optimal extraction parameters. Journal of Food Protec-
tion 69:369–375 DOI 10.4315/0362-028X-69.2.369.

SayyahM, Saroukhani G, Peirovi A, KamalinejadM. 2003. Analgesic and anti-
inflammatory activity of the leaf essential oil of Laurus nobilis Linn. Phytotherapy
research 17:733–736 DOI 10.1002/ptr.1197.

Ribeiro et al. (2018), PeerJ, DOI 10.7717/peerj.4872 15/17

https://peerj.com
http://dx.doi.org/10.1016/j.colsurfb.2016.11.031
http://dx.doi.org/10.1155/2015/795435
http://dx.doi.org/10.1080/08927014.2016.1220550
http://dx.doi.org/10.1002/fsn3.116
http://dx.doi.org/10.1080/08927014.2011.586127
http://dx.doi.org/10.1128/AEM.70.12.6951-6956.2004
http://dx.doi.org/10.1186/1472-6882-6-39
http://dx.doi.org/10.1111/j.1600-051X.2001.281207.x
http://dx.doi.org/10.1016/j.nano.2016.08.026
http://dx.doi.org/10.4315/0362-028X-69.2.369
http://dx.doi.org/10.1002/ptr.1197
http://dx.doi.org/10.7717/peerj.4872


Sharma G, Raturi K, Dang S, Gupta S, Gabrani R. 2016. Inhibitory effect of cin-
namaldehyde alone and in combination with thymol, eugenol and thymo-
quinone against Staphylococcus epidermidis. Journal of Herbal Medicine 9:68–73
DOI 10.1016/j.hermed.2016.11.001.

Sheen S, Eisenburger M, AddyM. 2003. Effect of toothpaste on the plaque inhibitory
properties of a cetylpyridinium chloride mouth rinse. Journal of Clinical Periodontol-
ogy 30:255–260 DOI 10.1034/j.1600-051X.2003.300312.x.

Sieniawska E, Los R, Baj T, Malm A, Glowniak K. 2013. Antimicrobial efficacy of
Mutellina purpurea essential oil and α-pinene against Staphylococcus epidermidis
grown in planktonic and biofilm cultures. Industrial Crops and Products 51:152–157
DOI 10.1016/j.indcrop.2013.09.001.

Singh S, Singh SK, Chowdhury I, Singh R. 2017. Understanding the mechanism of
bacterial biofilms resistance to antimicrobial agents. The Open Microbiology Journal
11:53–62 DOI 10.2174/1874285801711010053.

Song F, Li H, Sun J, Wang S. 2013. Protective effects of cinnamic acid and cinnamic
aldehyde on isoproterenol-induced acute myocardial ischemia in rats. Journal of
Ethnopharmacology 150:125–130 DOI 10.1016/j.jep.2013.08.019.

SovaM. 2012. Antioxidant and antimicrobial activities of cinnamic acid derivatives.Mini
Reviews in Medicinal Chemistry 12:749–767 DOI 10.2174/138955712801264792.

Su YW, Chao SH, Lee MH, Ou TY, Tsai YC. 2010. Inhibitory effects of citronellol and
geraniol on nitric oxide and prostaglandin E(2)production in macrophages. Planta
Medica 76:1666–1671 DOI 10.1055/s-0030-1249947.

Szczepanski S, Lipski A. 2014. Essential oils show specific inhibiting effects on bacterial
biofilm formation. Food Control 36:224–229 DOI 10.1016/j.foodcont.2013.08.023.

Szweda P, Kot B. 2017. Bee products and essential oils as alternative agents for treatment
of infections caused by S. aureus. In: Enany S, Alexander LEC, eds. Immunology and
microbiology ‘‘Frontiers in Staphylococcus aureus’’. Rijeka: InTech, 203–223.

Tommasi R, Brown DG,Walkup GK, Manchester JI, Miller AA. 2015. ESKAPEing the
labyrinth of antibacterial discovery. Nature Reviews Drug Discovery 14:529–542
DOI 10.1038/nrd4572.

Tung Y-T, ChuaM-T,Wang S-Y, Chang S-T. 2008. Anti-inflammation activities of
essential oil and its constituents from indigenous cinnamon (Cinnamomum
osmophloeum) twigs. Bioresource Technology 99:3908–3913
DOI 10.1016/j.biortech.2007.07.050.

Ultee A, BennikMHJ, Moezelaar R. 2002. The phenolic hydroxyl group of carvacrol
is essential for action against the food-borne pathogen Bacillus cereus. Applied and
Environmental Microbiology 68:1561–1568 DOI 10.1128/AEM.68.4.1561-1568.2002.

Upadhyay A, Upadhyaya I, Kollanoor-Johny A, Venkitanarayanan K. 2014.
Combating pathogenic microorganisms using plant-derived antimicrobials: a
minireview of the mechanistic basis. BioMed Research International 2014:1–18
DOI 10.1155/2014/761741.

Ribeiro et al. (2018), PeerJ, DOI 10.7717/peerj.4872 16/17

https://peerj.com
http://dx.doi.org/10.1016/j.hermed.2016.11.001
http://dx.doi.org/10.1034/j.1600-051X.2003.300312.x
http://dx.doi.org/10.1016/j.indcrop.2013.09.001
http://dx.doi.org/10.2174/1874285801711010053
http://dx.doi.org/10.1016/j.jep.2013.08.019
http://dx.doi.org/10.2174/138955712801264792
http://dx.doi.org/10.1055/s-0030-1249947
http://dx.doi.org/10.1016/j.foodcont.2013.08.023
http://dx.doi.org/10.1038/nrd4572
http://dx.doi.org/10.1016/j.biortech.2007.07.050
http://dx.doi.org/10.1128/AEM.68.4.1561-1568.2002
http://dx.doi.org/10.1155/2014/761741
http://dx.doi.org/10.7717/peerj.4872


Veber DF, Johnson SR, Cheng H-Y, Smith BR,Ward KW, Kopple KD. 2002.Molecular
properties that influence the oral bioavailability of drug candidates. Journal of
Medicinal Chemistry 45:2615–2623 DOI 10.1021/jm020017n.

Woollard AC, TathamKC, Barker S. 2007. The influence of essential oils on the
process of wound healing: a review of the current evidence. Journal of Wound Care
16:255–257 DOI 10.12968/jowc.2007.16.6.27064.

Xu J-S, Li YAO, Cao XUE, Cui YUN. 2013. The effect of eugenol on the cariogenic prop-
erties of Streptococcus mutans and dental caries development in rats. Experimental
and Therapeutic Medicine 5:1667–1670 DOI 10.3892/etm.2013.1066.

YadavMK, Chae SW, Im GJ, Chung JW, Song JJ. 2015. Eugenol: a phyto-compound
effective against methicillin-resistant and methicillin-sensitive Staphylococcus aureus
clinical strain biofilms. PLOS ONE 10(3):e0119564
DOI 10.1371/journal.pone.0119564.

Zhang J, Liu J, Ling J, Tong Z, Fu Y, LiangM. 2016. Inactivation of glutamate racemase
(MurI) eliminates virulence in Streptococcus mutans.Microbiological Research
186-187:1–8 DOI 10.1016/j.micres.2016.02.003.

Zhang J, Xiao A,Wang T, Liang X, Gao J, Li P, Shi T. 2014. Effect and mechanism
of action of cinnamic acid on the proliferation and apoptosis of leukaemia cells.
Biomedical Research 25:405–408.

Ribeiro et al. (2018), PeerJ, DOI 10.7717/peerj.4872 17/17

https://peerj.com
http://dx.doi.org/10.1021/jm020017n
http://dx.doi.org/10.12968/jowc.2007.16.6.27064
http://dx.doi.org/10.3892/etm.2013.1066
http://dx.doi.org/10.1371/journal.pone.0119564
http://dx.doi.org/10.1016/j.micres.2016.02.003
http://dx.doi.org/10.7717/peerj.4872

