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ABSTRACT

This study evaluated the antibacterial properties of carvacrol and terpinen-4-ol against
Porphyromonas gingivalis and Fusobacterium nucleatum and its cytotoxic effects on fibroblast
cells. The minimum inhibitory concentration (MIC) and the minimum bactericidal concentration
(MBC) were examined. The minimum biofilm inhibition concentration (MBIC) was evaluated by
XTT assay. Biofilm decontamination on titanium surfaces was quantified (CFU ml~"), evaluated
by confocal laser scanning microscopy (CLSM) and cytotoxic activity by MTT. The MIC and MBC
for carvacrol were 0.007% and 0.002% for P. gingivalis and F. nucleatum, and 0.06% for terpinen-
4-ol for both microorganisms. The MBIC for carvacrol was 0.03% and 0.06% for P. gingivalis
and F. nucleatum, and for terpinen-4-ol was 0.06% and 0.24%. The results indicated anti-biofilm
activity using carvacrol (0.26%, 0.06%) and terpinen-4-ol (0.95%, 0.24%) and showed cytotoxic
activity similar to chlorohexidine (CHX). However, terpinen-4-ol (0.24%) showed higher cell
viability than other treatments. Carvacrol and terpinen-4-ol showed antibacterial activity in
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respect of reducing biofilms. Moreover, CHX-like cytotoxicity was observed.

Introduction

The formation of bacterial biofilms on dental implant
material surfaces (titanium) may lead to the develop-
ment of peri-implant diseases, influencing the long-
term success of dental implants (Mahato et al. 2016).
The presence of periodontopathic bacteria is the main
cause of the development and progression of peri-
implant diseases; the around
implants may favor the colonization of anaerobic
Gram-negative bacteria (Renvert and Quirynen 2015).
Thus, the microbiota associated with peri-implant dis-
ease may be described as a polymicrobial infection in
which anaerobic microorganisms dominate (Mombelli
and Decaillet 2011; Belibasakis 2014; Renvert and
Quirynen 2015).

Various treatment modalities have been put for-
ward for the treatment of peri-implantitis, including
regenerative techniques and decontamination methods
(Figuero et al. 2014; Mahato et al. 2016). However,
there is no consensus on the treatment of peri-
implant infections due to the heterogeneity of the

microenvironment

studies and the variability in the types of implant sur-
faces (Mellado-Valero et al. 2013). Thus, the applica-
tion of antimicrobial agents for removal of the surface
biofilm is useful for the successful treatment of
implanted patients (Lindhe and Meyle 2008; Mellado-
Valero et al. 2013; Mahato et al. 2016).

Different natural products have been investigated
as promising agents for surface biofilm removal
and the prevention and treatment of periodontal and
peri-implant diseases (Botelho et al. 2007; Ciandrini
et al. 2014). Carvacrol, a monoterpene phenol (2-
methyl-5-(1-methylethyl) phenol), is found in the
volatile oils of Thymus vulgaris, Carum copticum and
Oreganum spp., and it is the main natural constituent
(70%) of these aromatic plants (Baser, 2008).
Carvacrol has broad-spectrum antimicrobial activity
against pathogenic microorganisms including drug-
resistant bacteria and yeast biofilms (Dalleau et al.
2008; Ciandrini et al. 2014).

Another phytotherapeutic agent is tea tree essential
oil (Melaleuca alternifolia — TTO), which has an

CONTACT Patricia M. Maquera Huacho @ patricia_mmaquera@hotmail.com
© 2018 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2018.1485892&domain=pdf
http://orcid.org/0000-0002-2193-9979
http://orcid.org/0000-0003-2376-1024
https://doi.org./10.1080/08927014.2018.1485892
http://www.tandfonline.com

700 (&) P. M. MAQUERA-HUACHO ET AL.

Australian origin. TTO has antibacterial, antifungal,
antiviral, anticancer and anti-inflammatory proprieties
(Hart et al. 2000; Catalan et al. 2008; Kwiecinski
et al. 2009; Greay et al. 2010). TTO comprises ~100
compounds, and terpinen-4-ol, the major component
(30-40%) has been specifically assigned antimicrobial
and anti-inflammatory activities (Hart et al. 2000;
Nogueira et al. 2014).

The purpose of this study was to evaluate the
antibacterial properties of carvacrol and terpinen-4-ol
against the peri-implant pathogens Porphyromonas
gingivalis and Fusobacterium nucleatum in a plank-
tonic state and in single-species and dual-species in
vitro biofilms on titanium discs. The cytotoxic effects
of carvacrol and terpinen-4-ol were also evaluated on
fibroblast cells.

Material and methods
Bacterial conditions

The Porphyromonas gingivalis (ATCC 33277) and
Fusobacterium nucleatum (NCTC 10326) used in this
study were grown on Brucella agar (Becton
Dickinson, Heidelberg, Germany) supplemented with
5% sheep blood, hemin (10 mg ml™') and menadione
(5 mgml_l) for 72h at 37°C in an anaerobic
chamber (atmosphere of 85% N,, 10% H, and 5%
CO,) (Don Whitley Scientific MG500, Shipley, UK).
Broth cultures were prepared in brain-heart infusion
(BHI) broth supplemented with 1% vyeast extract,
hemin (5mg ml™') and menadione (10 mg ml™') and
incubated for 48 h under anaerobic conditions.

Antimicrobial preparation

Serial dilutions of carvacrol (0.26-0.0005% v/v)
(Sigma-Aldrich, St Louis, MO, USA) with 2% dime-
thylsulfoxide (DMSO) (Sigma-Aldrich) (Botelho et al.
2007) and terpinen-4-ol (3.8-0.001% v/v) with 0.4%
DMSO, were prepared in BHI medium (Nogueira
et al. 2014). Chlorhexidine stock solution (CHX 2%)
was used as a positive control and was prepared
at 0.2%.

Determination of MIC and MBC

The minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) were
determined according to the CLSI M11-A8 (2012).
Serial doubling dilutions of carvacrol and terpinen-4-
ol were prepared and distributed in 96-well plates.
The final inoculum concentration (200pul) of each

species was 1.0 x 10° CFU ml™" per well. A bacterial
suspension without carvacrol or terpinen-4-ol served
as a positive control, and BHI medium served as a
blank and negative control.

After incubation under anaerobic conditions at
37°C for 48 h (Ciandrini et al. 2014), bacterial growth
was monitored by absorbance at 600nm using a
micro plate reader (Synergy H1 Multi-Mode Reader -
BioTek, Winooski, VT). The MIC was defined as the
lowest carvacrol and terpinen-4-ol concentration
without bacterial growth. MBC was obtained after
plating 10 pl aliquots from each well on Brucella agar
and defined as the lowest concentration of carvacrol
and terpinen-4-ol at which 99.9% of the bacteria were
killed (Kwiecinski et al. 2009). The plates were incu-
bated at 37 °C for 72 h under anaerobic conditions.

Biofilm assays
Biofilm metabolic activity assessment using the XTT

Single-species biofilms formed by each bacterial spe-
cies (P. gingivalis and F. nucleatum) were grown in
96-well plates as described by Ciandrini et al. (2014)
with some modifications. Unstimulated human saliva
(CAAE 49473115.0.0000.5416) was collected in the
morning from a healthy individual without active
caries, lesions or periodontal diseases (Moura et al.
2006). For the formation of a salivary pellicle, 50 pl of
sterile human saliva were added to each well and
incubated for 4h with gentle shaking at 37°C
(Ciandrini et al. 2014). After this, the saliva was
removed, and the wells were washed with phosphate
buffered saline (PBS). Then the wells were inoculated
with 200l of each bacterial suspension (1.0 x 107
CFU ml'). The plates were incubated at 37°C for
48 h. After this time, each well was washed with PBS,
dilutions of carvacrol and terpinen-4-ol were added
(200 pl) and the plates were incubated for 24 h under
anaerobic conditions. BHI medium was used as a
blank and in the untreated control group. Bacterial
metabolic activity following the exposure to carvacrol
and terpinen-4-ol was measured by a XTT reduction
assay (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide -
Sigma-Aldrich), in which the cells metabolically
reduce sodium to a soluble formazan product (Banzi
et al. 2014). The plates were incubated at 37°C for
3h and the absorbance of the supernatant was meas-
ured at 492nm using an ELISA reader (Synergy Hl
Multi-Mode Reader - BioTek). The minimum biofilm
inhibition concentration (MBIC) was defined as



the lowest concentration tested that inhibited biofilm
formation by 50% (Miladi et al. 2016).

Biofilm formation on specimens

Single- and dual-species biofilms were grown on ster-
ile titanium discs with an SLA (Sand-balsted, Large-
grit, Acid-etched) surface produced using TiO,
microparticles for blasting and subsequent acid condi-
tioning (5mm; thickness 2mm) kindly provided by
Implacil De Bortoli (Sao Paulo, Brazil), as described
by Ciandrini et al. (2014) with modifications.
Subsequently, the titanium discs were placed in sterile
24-well plates, and the salivary pellicle was pre-
formed as described for the single biofilm. Titanium
discs were placed in sterile 24-well plates, and 1 ml of
each bacterial species was inoculated for single bio-
films or 500pl of each oral bacterial suspension
(1.0 x 10’ CFU ml™") were inoculated for dual-species
biofilms. Biofilms were incubated at 37°C for five
days in BHI supplemented as described, and the
medium was changed every 24h. After five days, the
discs were transferred to new wells containing 1 ml of
carvacrol (0.26% or 0.06%) or terpinen-4-ol (0.95% or
0.24%). These concentrations were the lowest tested
concentrations for MBIC, which indicated antimicro-
bial effectiveness and prevention of P. gingivalis and
F. nucleatum biofilm formation. The discs were incu-
bated under anaerobic conditions at 37°C for 5min,
according to the standard clinical protocols (Schou
et al. 2003; Ungvari et al. 2010). Then, all discs were
washed with PBS and transferred to sterile Eppendorf
tubes with 1 ml of physiological saline. Then, titanium
discs were sonicated for 20 min, scraped carefully for
I min and harvested by vigorous vortexing for 1 min.
The resulting material (adherent bacteria) was diluted
and plated on Brucella agar for 48-72h at 37°C
under anaerobic conditions for further quantitative
analysis of CFU ml ™.

Confocal laser scanning microscopy (CLSM)

For CSLM images, titanium discs were first washed
gently with sterile PBS to remove unattached bacteria.
The bacteria were then labeled with 0.01 mM of Syto-
9 and 0.06 mM of propidium iodide (PI), Live/Dead
stain BacLight Bacterial Viability Kit (Invitrogen,
Carlsbad, CA, USA) for 15min, according to the
manufacturer’s instructions. The excitation/emission
wavelengths were 488/500nm for SYTO 9 and
488/635nm for propidium iodide. Fluorescence from
the stained cells was viewed by CLSM (LSM 780
inverted, Zeiss, Germany). CLSM images were
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acquired using software (ZEN 2012, Zeiss) at a reso-
lution of 1,024 by 1,024 pixels. Images from a single
focal plane of the biofilm were captured by the system
using a 20 x magnification lens. The areas selected for
analysis of the biofilm were defined randomly and
away from the edge of the specimens.

L929 fibroblast culture and cytotoxicity analysis

1929 mouse fibroblast cells were seeded at a density
of 1.0 x 10* cells well ! into 96-well plates (100 pl) in
modified Eagle’s (DMEM)
(Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS), 1001U ml ™" penicillin and 100 ug ml™"
streptomycin (Gibco, Grand Island, NY, USA), and
incubated at 37°C in a humidified incubator with 5%
CO, for 24h. Thereafter, the culture medium of the
confluent cell monolayers was replaced by terpinen-4-
ol (0.95%, 0.24%), carvacrol (0.26%, 0.06%), DMSO
(0.4%, 2%), CHX (0.2%) or DMEM alone (negative
control group), and the plates were incubated for
5min, 1h and 24h. After each period, the cytotoxic
effects were evaluated using the MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
- Sigma-Aldrich) (Basso et al. 2013). Afterwards, the
culture medium was aspirated and replaced by 100 pl
of MTT solution (5mg ml™") and incubated at 37°C
for 4h. Then, the culture medium with the MTT
solution was replaced by 100 pl of acidified isopropa-
nol solution (0.04 N HCI) to dissolve the violet
formazan crystals, producing a homogenous bluish

Dulbecco’s medium

solution resulting from the cleavage of the MTT salt
ring by the SDH enzyme present in the mitochondria
of viable cells. Cell viability was evaluated by spectro-
photometry (570nm) with an ELISA plate reader
(Synergy H1 Multi-Mode Reader - BioTek).

Statistical analysis

SPSS 17.0 software (IBM) was used to perform the
statistical analysis. The antimicrobial activity and the
comparison of bacterial quantification (log;,) after
antimicrobial treatments for single biofilms formed
on titanium discs were statistically analyzed by
Kruskall-Wallis non-parametric test complemented
by Mann-Whitney tests. Biofilm inhibition and
bacterial quantification for dual-species biofilms on
titanium discs were evaluated using an ANOVA and
Tukey tests. The absorbance values of the cytotoxicity
analysis were compared using a two-way ANOVA.
All the statistical inferences were considered at the
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level of significance of 5%. All experiments were
repeated three times on different days.

Results
Antibacterial activity and biofilm inhibition

The bacteriostatic, bactericidal and biofilm inhibition
effectiveness of different concentration ranges of car-
vacrol (from 0.0005% to 0.26%) and terpinen-4-ol
(0.001% to 3.8%) were tested in planktonic cultures
and on biofilms of P. gingivalis and F. nucleatum.
The MIC, MBC and MBIC values of the antimicro-
bial agents against P. gingivalis and F. nucleatum are
shown in Table 1. P. gingivalis and F. nucleatum
were sensitive to carvacrol with MIC values of
0.007% and 0.002%, respectively and terpinen-4-ol
with MICs values of 0.06% to both bacterial species.
The results of the MIC and MBC experiments were
consistent. The MBIC values of carvacrol were
0.03% and 0.06% and those of terpinen-4-ol were
0.06% and 0.24% for P. gingivalis and F. nucleatum,
respectively.

Effect of carvacrol and terpinen-4-ol on
biofilm viability

The inhibitory activities of carvacrol and terpinen-4-
ol were determined against single- and dual-species
biofilms of P. gingivalis and F. nucleatum on titanium
surfaces (Figures 1, 2 and 3). Terpinen-4-ol (0.95%
and 0.24%) and carvacrol (0.26% and 0.06%) signifi-
cantly reduced P. gingivalis viability compared with
that of an untreated P. gingivalis biofilm (p < 0.0001)
(Figure 1la). Figures 2a and 3a show that the anti-
microbial activity of terpinen-4-ol (0.95%) and carva-
crol (0.26 and 0.06%) are similar to that of CHX
0.2% and significantly different from that of the
control biofilm of F. nucleatum and the dual-species
biofilm (p < 0.0001). F. nucleatum biofilms and dual-
species Dbiofilms treated with terpinen-4-ol 0.24%
were not significantly reduced compared with those of

Table 1. Antibacterial activity and inhibition of biofilm devel-
opment by carvacrol and terpinen-4-ol against Porphyromonas
gingivalis and Fusobacterium nucleatum.

Carvacrol Terpinen-4-ol

MIC? (%) MBC® (%) MBICS (%) MIC? (%) MBC® (%) MBICS (%)
P. gingivalis  0.007  0.007 0.03 0.06 0.06 0.06
F. nucleatum 0.002  0.002 0.06 0.06 0.06 0.24

#Minimum inhibitory concentration.
PMinimum bactericidal concentration.
“Minimum biofilm inhibition concentration.

Bacterial
strains

the control groups (p > 0.05). This terpinen-4-ol con-
centration showed similar results to those of CHX
0.2% on dual-species biofilms of P. gingivalis and
F. nucleatum.

CLSM images (Figures 1b, 2b and 3b) revealed the
presence of microorganisms throughout the substra-
tum. Biofilm thickness after cultivation for five days
ranged from 25-30 pm under these experimental con-
ditions. In the images, the live cells in the biofilms
were stained and emitted a green fluorescence signal,
while the dead cells were stained and produced red
fluorescence. The untreated control biofilm emitted
green fluorescence in all biofilms. P. gingivalis bio-
films treated with CHX (0.2%) emitted obvious red
fluorescence and inconspicuous green fluorescence
and almost complete red fluorescence after treatment
with terpinen-4-ol (0.95% and 0.24%) and carvacrol
(0.26% and 0.06%) (Figure 1b). Compared to the con-
trol, CHX (0.2%) and carvacrol (0.06%) had a signifi-
cant impact on the viability of the F. nucleatum
biofilms. After the treatment with terpinen-4-ol
(0.95% and 0.24%), F. nucleatum biofilms exhibited
extensive green fluorescence, indicating that many
cells survived. In contrast, treatment with carvacrol
(0.26%) almost completely killed the bacterial cells
within single-species biofilms formed on titanium
discs by F. nucleatum (Figure 2b). Furthermore, the
treatment with CHX (0.2%) and carvacrol (0.06%)
had minimal effect on dual-species biofilms. However,
the treatment with terpinen-4-ol (0.95% and 0.24%)
led to a significant increase in the red fluorescence of
the dual-species biofilms. Carvacrol (0.26%) was also
able to effectively kill the majority of cells in the
dual-species biofilm (Figure 3b).

Cell viability analysis (MTT assay)

The viability of the L929 mouse fibroblast cells under
different treatments is summarized in Figure 4. The
number of cells in the control group was set at 100%.
The number of cells progressively increased after
5min (93.75+16.42%), 1h (95.67 £19.12%) and 24h
(121.87£10.95%). DMSO (2%) and DMSO (0.4%)
did not significantly change the relative growth of
fibroblast cells in comparison with that of the control
group after exposure for 5min or 1h (p>0.05).
However, DMSO (2% and 0.4%) caused a statistically
significant reduction in fibroblast cells after exposure
for 24h in comparison with that of the control group
(p <0.0001). Chlorhexidine (0.2%) caused a decrease
in the number of cells compared with the control
group after 5min, 1h, and 24h (p<0.0001).
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CHX 0.2%

Control

T4ol 0.95% T4ol 0.24%

Carvacrol 0.26%

Figure 1. (a) The effect of carvacrol (0.26% and 0.06%) and terpinen-4-ol (0.95% and 0.24%) in comparison to CHX (O
P. gingivalis single-species biofilms (on titanium surfaces after incubation for five days). Statistical analysis was performed

Carvacrol 0.06%

0.2%) against

(b) Representative CLSM images of

an untreated P. gingivalis biofilm (control), P. gingivalis biofilm treated with 0.2% chlorhexidine (CHX), terpinen-4-ol 0.95%,
terpinen-4-ol 0.24%, carvacrol 0.26% and carvacrol 0.06%. Dead cells are stained red; live cells are stained green.

(a)

F. nucleatum NCTC 10326
10q a
a

log,, CFU

Control CHX 0.2%

T4ol 0.95% T4ol 0.24%

Carvacrl 0.26% Carvacrol 0.06%

Figure 2. (a) The effect of carvacrol (0.26% and 0.06%) and terpinen-4-ol (0.95% and 0.24%), in comparison to CHX (0.2%) against
F. nucleatum single-species biofilms (on titanium surfaces after incubation for five days). Statistical analysis was performed using
Kruskall-Wallis non-parametric test complemented by Mann-Whitney tests (p < 0.05). (b) Representative CLSM images of an
untreated F. nucleatum biofilm (control), F. nucleatum biofilm treated with 0.2% chlorhexidine (CHX), terpinen-4-ol 0.95%,
terpinen-4-ol 0.24%, carvacrol 0.26% and carvacrol 0.06%. Dead cells are stained red; live cells are stained green.



704 (&) P. M. MAQUERA-HUACHO ET AL.

(@)

Dual-species biofilm
10+
a
< ab
2 6 « be
bed
U‘E d
g 4
2-
0- T T I
60\ ,;\“ q(g\° '\??\Q w@\“ Qbﬂ\“
¢ Y O @
& o &
< & & o S
ol o“'@

(b)

CHX 0.2%

T4ol 0.95% T4ol 0.24%

Carvacrol 0.26% Carvacrol 0.06%

Figure 3. (a) The effect of carvacrol (0.26% and 0.06%) and terpinen-4-ol (0.95% and 0.24%), in comparison to CHX (0.2%) against
dual-species biofilms of P. gingivalis and F. nucleatum (on titanium surfaces after incubation for five days). Statistical analysis was
performed using ANOVA and Tukey tests (p < 0.05). (b) Representative CLSM images of a dual-species biofilm of P. gingivalis and
F. nucleatum (control), dual-species biofilm treated with 0.2% chlorhexidine (CHX), terpinen-4-ol 0.95%, terpinen-4-ol 0.24%, carva-
crol 0.26% and carvacrol 0.06%. Dead cells are stained red; live cells are stained green.
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Figure 4. Cell viability (% of control) of fibroblasts L929 following treatment with carvacrol and terpinen-4-ol for different periods
of time. Asterisks indicate comparisons among the times for the same group and lower case letters indicate comparisons among
the groups for the same time. Groups represented by different letters are significantly different. (Two-way ANOVA, p < 0.05.)

Terpinen-4-ol (0.95% and 0.24%) caused a significant

decrease in the number of cells after 5min
(7.89+5.07% and 52.8+16.19%, respectively), 1h
(11.23+3.9% and 28.66 +10.40%), and 24h

(3.09+£0.92% and 2.97 +0.75%); the differences were
significant compared with those of the control group
(p <0.0001). However, the fibroblast cells showed

high viability after exposure for 5min to terpinen-4-ol
0.24% compared to that with CHX (0.2%); the differ-
ence was significant: 52.80+16.19% vs 7.99+3.44%
(p<0.0001). Furthermore, after exposure for 5min,
1h, and 24h to carvacrol (0.26%) (6.83+1.90%,
6.36 £ 5.50%, and 2.32 + 1.04%, respectively) and carva-
crol  (0.06%) (3.85+0.90%, 6.10+2.37%, and



5.62%3.03%), cell viability showed a significant decrease
compared with that of the control groups (p < 0.0001).

Discussion

The present study showed the antibacterial effect of
carvacrol and terpinen-4-ol against the peri-implant
pathogens P. gingivalis and F. nucleatum. There are
few studies on the antimicrobial effect of carvacrol on
periodontopathic bacteria. The MIC and MBC in the
present study resulted (Table 1) in values lower than
those reported by Ciandrini et al. (2014) in tests of
carvacrol on P. gingivalis and F. nucleatum (MIC of
0.25% and MBC of 0.50%). There are no reported
studies that have examined the antibacterial activity
of terpinen-4-ol on P. gingivalis and F. nucleatum.
Terpinen-4-ol has been shown to be the main active
component of Melaleuca alternifolia (TTO) (Hart
et al. 2000; Nogueira et al. 2014), and several studies
have reported on the antimicrobial activity of TTO,
promoting bactericidal and bacteriostatic effects at
low concentrations against P. gingivalis W83
(Graziano et al. 2016) and ATCC 33277 (Takarada
et al. 2004) and against F. nucleatum and P. gingivalis
isolates from the oral cavity (Hammer et al. 2003).
Salivary mucoproteins form a pellicle on teeth and
implant surfaces, and this event is crucial for bacterial
adhesion (Hahnel et al. 2008; Busscher et al. 2010).
Thus, in the current study, unstimulated human saliva
was used for biofilm formation to simulate clinical
conditions. A preliminary assessment of MBIC using
an XTT assay was carried out to evaluate the lowest
concentration tested, which inhibited biofilm forma-
tion by 50% (Miladi et al. 2016) for each species.
Although XTT is a semi quantitative colorimetric
assay, it has been demonstrated to correlate well with
other quantitative techniques such as ATP and CFU
assays (Ramage et al. 2002; Jin et al. 2004). In the
presence of carvacrol and terpinen-4-ol, the metabolic
activity of cells in biofilms was reduced after incuba-
tion for 24h as a 48h pre-formed biofilm (Table 1).
The results showed that the two reference strains
were more susceptible to carvacrol at lower concen-
trations than they were to terpinen-4-ol. The MBIC
of P. gingivalis and F. nucleatum varied between 0.03
to 0.06% (carvacrol) and 0.06 to 0.24% (terpinen-4-
ol), suggesting the ability of these compounds to pre-
vent biofilm formation. These results indicate that
both the carvacrol and terpinen-4-ol used in this
study had an effect on the metabolic activity of the
biofilm. In contrast, Ciandrini et al. (2014) showed a
biofilm inhibition concentration (BIC) value of 1%
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for carvacrol on single-species biofilm of P. gingivalis
and F. nucleatum.

Biofilms are organized and structured microbial
communities embedded in polymeric matrices that
release  planktonic cells to colonize surfaces
(Belibasakis 2014). Implant surfaces have been modi-
fied in various ways to increase bone formation
around the implant and to increase the healing
capacity of the bone tissue. Surface sandblasting with
titanium oxide showed a regular pattern with peaks
produced by blasting, with microporosity obtained by
chemical treatment with acids, leading to a roughness
value of 0.699+0.056um and contact angle values
between 82° and 78° (Gehrke et al. 2014). These char-
acteristics can generate high osteoconductivity and
good bone formation (Gehrke et al. 2016). In this
way, this type of surface benefits the osseointegration
process. However, the physico-chemical properties
(higher free energy) and texture characteristics (higher
roughness) of the implant surfaces may favor bacterial
colonization. John et al. (2015) showed that SLA has
higher plaque accumulation than that of machined-
modified acid-etched surfaces. Thus, this surface type
can be a disadvantage for the removal of the mineral-
ized and mature plaque in patients. In the present in
vitro study, the detachment of biofilms was difficult
to evaluate due to the characteristics of the surface
and the maturity of the developed biofilms on the
titanium surface.

As observed from CLSM and CFU quantification,
the results showed a significant difference between
carvacrol (0.26% and 0.06%), terpinen-4-ol (0.95%)
and CHX 0.2% on biofilm viability in single- and
dual-species mature biofilms of P. gingivalis and F.
nucleatum compared to those of the control (Figures
1, 2 and 3). In contrast to the results shown by
Ciandrini et al. (2014), where carvacrol was most
effective on immature biofilms, the results in this
study showed that carvacrol and terpinen-4-ol were
effective on mature five-day biofilms. In addition,
single-species biofilms of P. gingivalis seem to be
more susceptible to carvacrol and terpinen-4-ol than
to CHX. Although the results in this study do not
show statistically significant differences between the
test groups and CHX, carvacrol (0.26%) showed a
greater biofilm inhibition effect on mature biofilms of
F. nucleatum and two pathogenic bacterial species.
This significant effect can be explained by its mechan-
ism of action. Monoterpenes, such as carvacrol and
terpinen-4-ol, due to their lipophilic character, inhibit
peptidoglycan synthesis, damage microbial membrane
structures, inhibit cellular respiration (Cox et al.
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2000) and modify bacterial membrane surface hydro-
phobicity, increasing membrane fluidity and perme-
ability (Lambert et al. 2001). Due to the expansion of
the membrane phospholipids by increasing fluidity,
ion leakage might occur and consequently attenuate
the permeable barrier role of the cell membrane (Turi
et al. 1997). In addition, monoterpenes interrupt syn-
thesis of genetic material, induce coagulation of cyto-
plasmic  constituents, form compounds,
interrupt normal cell communication (quorum sens-
ing) and reduce the pH inside the cell (Radulovi¢
et al. 2013). In contrast to monoterpenes, chlorhexi-
dine causes membrane disruption and inhibition of
proteolytic and glycosidic enzymes, inhibiting and
reducing the viability of microorganisms (Ready et al.
2015). Furthermore, CHX appears to have a limited
distribution in the extracellular polymer matrix and
therefore does not have total efficacy in eradicating
biofilms (Corbin et al. 2011; Brindle et al. 2011),
which corroborates the results of this study.

It is necessary to determine the possible toxic effects
of carvacrol and terpinen-4-ol on cells to evaluate their
potential clinical applications. In this study, the cells
were exposed for different contact times to the test
substances and regardless of the concentration, the
results revealed a concentration-and-time-dependent
decrease at all the concentrations assayed for carvacrol,
terpinen-4-ol and CHX (Figure 4). The monoterpenes
carvacrol and terpinen-4-ol are isomeric. Despite hav-
ing the same molecular formula, these compounds
exhibit different levels of cytotoxic activity against cell
lines. Thus, unlike the other concentrations evaluated,
after 5min contact time, terpinen-4-ol (0.24%) showed
mild-grade cytotoxicity compared with the control
group (93.75%) according to the ISO 10993-5 2009
Standard: Biological Evaluation of Medical Devices: In
vitro Method. This study evaluated the toxic effects of
carvacrol and terpinen-4-ol on fibroblasts since these
cells are involved in the re-osseointegration and
osseointegration processes.

The results show the cytotoxic effect of carvacrol
on fibroblasts based on the concentrations with an
anti-biofilm effect. Nevertheless, few studies have
reported on the cytotoxicity of carvacrol on fibro-
blasts. Melo et al. (2014) reported an ICs, value (the
concentration that inhibited 50% of cell growth) of
62.5ug ml~' for carvacrol in the MRC5 (normal
human fibroblast). In contrast, Houdkova et al.
(2017) showed that the lowest cytotoxicity for carva-
crol was an ICs, value of 5.09 ug ml~" using the same
cell line as used by Melo et al. (2014). On the other
hand, several studies reported cytotoxic effects of

toxic

carvacrol on different cells such as HepG2 (Yin et al.
2012), SiHa, HelLa (Mehdi et al. 2011), Caco 2 cells
(Dusan et al. 2006; Llana-Ruiz-Cabello et al. 2014),
human oral cancer cells (Liang and Lu 2012), human
metastatic breast cancer cells (Arunasree 2010) and
HL-60 promyelocytic and Jurkat T lymphoma cells
(Bhakkiyalakshmi et al. 2016). There are no studies
that suggest that terpinen-4-ol has cytotoxic effects on
fibroblasts. However, this compound exhibited cyto-
toxic effects on murine AE17 mesothelioma and B16
melanoma tumor cell lines (Greay et al. 2010) and on
Jurkat cells (Doll-Boscardin et al. 2012).

It is difficult to compare the results of this study
with other monoterpene studies because some factors
such as pH, bacterial strains, incubation time, tem-
perature, concentration tests and other factors can
influence the results. A limitation of this study was
the use of only two pathogenic oral species to develop
single- and dual-species biofilms. However, this is a
preliminary study, and further studies with multi-
species oral biofilms will be necessary in order to
mimic complex peri-implant microbiology. Although
some clinical and animal studies reported the efficacy
of carvacrol (0.02% and 0.5%) in the treatment of
periodontitis, these studies are limited to the total
reduction of the biofilm and do not differentiate the
effect of carvacrol on each of the bacteria present in
this complex biofilm (Botelho et al. 2009; Shahab
et al. 2011). Furthermore, considering the limited
number of studies of cytotoxic effects of carvacrol
and terpinen-4-ol on fibroblasts, this paper may also
open the way for future development of therapeutic
opportunities against peri-implantitis.

Conclusion

Carvacrol and terpinen-4-ol showed antimicrobial
activity, promoting bactericidal and bacteriostatic
effects at low concentrations. Due to their antimicro-
bial and anti-biofilm properties, both monoterpenes
might represent a promising approach for the preven-
tion and treatment of peri-implant diseases.
Additionally, considering the higher concentration of
antimicrobial and anti-biofilm activity of carvacrol
and terpinen-4-ol, chlorhexidine-like cytotoxicity was
observed. Nevertheless, the results suggest that
terpinen-4-ol (0.24%) has a lower cytotoxicity profile
than CHX.
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