
Citation: Alonso-Español, A.; Bravo,

E.; Ribeiro-Vidal, H.; Virto, L.;

Herrera, D.; Alonso, B.; Sanz, M. The

Antimicrobial Activity of Curcumin

and Xanthohumol on Bacterial

Biofilms Developed over Dental

Implant Surfaces. Int. J. Mol. Sci.

2023, 24, 2335. https://doi.org/

10.3390/ijms24032335

Academic Editor: Jintae Lee

Received: 6 January 2023

Revised: 21 January 2023

Accepted: 22 January 2023

Published: 25 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

The Antimicrobial Activity of Curcumin and Xanthohumol on
Bacterial Biofilms Developed over Dental Implant Surfaces
Andrea Alonso-Español 1 , Enrique Bravo 1 , Honorato Ribeiro-Vidal 1,2 , Leire Virto 1,3 , David Herrera 1 ,
Bettina Alonso 1 and Mariano Sanz 1,*

1 ETEP (Etiology and Therapy of Periodontal and Peri-Implant Diseases) Research Group, Faculty of Dentistry,
Complutense University, 28040 Madrid, Spain

2 Department of Periodontology, Faculty of Dentistry, University of Porto, 4200-393 Porto, Portugal
3 Department of Anatomy and Embryology, Faculty of Optics, Complutense University, 28040 Madrid, Spain
* Correspondence: marsan@ucm.es; Tel.: +34-913-942-021

Abstract: In search for natural products with antimicrobial properties for use in the prevention and
treatment of peri-implantitis, the purpose of this investigation was to evaluate the antimicrobial
activity of curcumin and xanthohumol, using an in vitro multi-species dynamic biofilm model
including Streptococcus oralis, Actinomyces naeslundii, Veillonella parvula, Fusobacterium nucleatum,
Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans. The antimicrobial activities of
curcumin (5 mM) and xanthohumol (100 µM) extracts, and the respective controls, were evaluated
with 72-h biofilms formed over dental implants by their submersion for 60 seconds. The evaluation
was assessed by quantitative polymerase chain reaction (qPCR), confocal laser scanning microscopy
(CLSM) and scanning electron microscopy (SEM). For the data analysis, comparisons were tested
applying ANOVA tests with post-hoc Bonferroni corrections to evaluate the antimicrobial activity
of both extracts. With qPCR, statistically significant reductions in bacterial counts were observed
for curcumin and xanthohumol, when compared to the negative control. The results with CLSM
and SEM were consistent with those reported with qPCR. It was concluded that both curcumin and
xanthohumol have demonstrated antimicrobial activity against the six bacterial species included in
the dynamic in vitro biofilm model used.

Keywords: curcumin; xanthohumol; peri-implantitis; oral biofilms; scanning electron microscopy;
confocal laser microscopy; polymerase chain reaction; in vitro; antibacterial; antibiofilm

1. Introduction

Rehabilitation with dental implants is considered the gold standard for the treatment of
full and partial edentulism. High percentages of success for osseointegration and survival
have been reported, but peri-implant diseases have, nowadays, a huge impact. These
diseases have been recently classified in the 2018 classification of the American Academy
of Periodontology (AAP) and the European Federation of Periodontology (EFP) as peri-
implant mucositis and peri-implantitis [1], and peri-implantitis may affect 20% of patients
with implant-supported restorations [2].

The etiology of peri-implant diseases is associated with the inflammatory reaction of
the peri-implant tissues to the accumulation of bacterial biofilms at the implant surface or at
the restorative components [3,4]. Thus, biofilm control is crucial in their management, either
mechanically or chemically, to arrest/control inflammation and to reestablish peri-implant
health, when combined with effective oral hygiene practices [5,6].

The mechanical decontamination of implant surfaces has been proven effective in
eliminating calculus deposits and residual debris; however, the presence of the implant
threads, grooves and the moderately rough surface topography of most currently used
dental implants, makes this decontamination process usually ineffective to fully eliminate
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these biofilms [7]. As a consequence, the adjunctive use of chemical agents has been
advocated to supplement the mechanical measures on the implant surface, and related
surfaces biofilm decontamination process, either through their bactericidal activity, or
through their impact in reducing the organic components of the bacteria, or the destruction
of their endotoxins [8–14].

In the search for the ideal antimicrobial agents to decontaminate implant and related
surfaces, several antiseptic agents have been tested in the laboratory, mainly using in vitro
biofilm models. Agents such as local and systemic antimicrobials [15–17], probiotics [18],
postbiotics [19,20] or photodynamic therapy [21] have reported heterogeneous results and,
currently, a gold standard treatment for implant surface decontamination has not been
defined, since none of the aforementioned strategies have provided superior outcomes [12].

These results may be due to the lack of a well-validated in vitro multispecies biofilm
model. Our research group has described and validated a dynamic multispecies in vitro
biofilm model that allows the formation of predictable biofilms in different surface topogra-
phies, mimicking at the same time the fluid dynamics and environmental conditions met in
the oral cavity [22,23].

Within this scenario, the advent of alternative antimicrobial agents, such as natural
herbal agents, has gained attention worldwide [24–26]. Among these substances, curcumin
(curcumin I, diferuloylmethane) a natural pigment, with a characteristic yellow–orange
color, native to tropical South Asia, is usually found in the rhizomes of turmeric (Curcuma
longa L.) belonging to the ginger family (Zingiberaceae) [27].

Although this extract has been historically used and advocated as a safe and effec-
tive treatment for a variety of diseases [28–31], it has gained attention in recent years
due to the publication of numerous in vitro and in vivo studies confirming the health-
promoting effects associated, primarily with its strong antioxidant and anti-inflammatory
activities [32–34]. However, this natural extract also exhibits antibacterial, antifungal,
antiviral, antiprotozoal, and antiparasitic properties [35–37].

This lipophilic polyphenol, with a chemical formula of C21H20O6 and a molecu-
lar weight of 368.38 g/mol, is a dimeric derivative of ferulic acid, composed of two o-
methoxyphenol rings connected by a heptadienedione chain [27] (Figure 1). Curcumin is
the principal bioactive compound of turmeric powder, which together with other essential
oils and curcuminoids is contained in the oriental spice commonly obtained from this
plant [38,39].
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Figure 1. Chemical structure of curcumin.

Another similar substance, also known since ancient times, is xanthohumol, a deriva-
tive from the female flowers of the hops plant (Humulus lupulus L), which is a prenylated
flavonoid (Figure 2) with potential antiseptic, anti-inflammatory, antidiuretic and antioxi-
dant properties [40]. In 2013, the antibiofilm activity of hop-derived compounds was first
published by Rozalski et al. [40].
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These two substances, however, have not been previously studied for their effect on
oral bacteria biofilms developed on implant surfaces [41–44]. It was, therefore, the purpose
of this in vitro investigation, using a validated multispecies dynamic biofilm model, to
evaluate the activity of curcumin and xanthohumol in the decontamination of dental
implant surfaces [22,23].

2. Results
2.1. Antibacterial Effect of Curcumin and Xanthohumol on Planktonic Bacteria

The following minimum inhibitory concentrations (MICs) and minimum bactericidal
concentrations (MBCs) for xanthohumol and curcumin were determined against the six
bacterial strains in planktonic state, as described in the Section 4:

(a) For xanthohumol, the MICs were established at 20 µM for Streptococcus oralis, Veil-
lonella parvula, Actinomyces naeslundii and Fusobacterium nucleatum, 10 µM for
Porphyromonas gingivalis and 100 µM for Aggregatibacter actinomycetemcomitans.
The MBCs were established at 20 µM for A. naeslundii, V. parvula and F. nucleatum,
10 µM for P. gingivalis, 50 µM for S. oralis and 100 µM for A. actinomycetemcomitans.

(b) For curcumin, the MICs were established at 1 mM for S. oralis, A. naeslundii and A.
actinomycetemcomitans and 500 µM for V. parvula, F. nucleatum and P. gingivalis
and the MBCs at 1 mM for S. oralis, V. parvula, A. naeslundii, F. nucleatum and A.
actinomycetemcomitans and 500 µM for P. gingivalis.

2.2. Antibacterial Effect of the Curcumin and Xanthohumol on the Dynamic Biofilm Model
2.2.1. Quantitative Polymerase Chain Reaction (qPCR) Analysis

The six tested bacterial species showed statistically significant reductions in bacterial
counts (colony-forming units (CFUs) mL−1) after treatment with xanthohumol or curcumin
(Table 1). By xanthohumol these reductions in cell viability amount to 97.47% for S. oralis,
96.64% for A. naeslundii, 98.52% for V. parvula, 95.90% for F. nucleatum, 99.20% for P. gingivalis
and 96.64% for A. actinomycetemcomitans. With curcumin the reductions reached to 98.89% for
S. oralis, 97.90% for A. naeslundii, 99.71% for V. parvula, 92.71% for F. nucleatum, 99.72% for P.
gingivalis and 98.79% for A. actinomycetemcomitans, when compared to the phosphate-buffered
saline (PBS) negative control, and statistically significant (Tables 1 and 2).

Thus, the bactericidal effect of curcumin was slightly higher than that of xanthohumol
and of chlorhexidine (CHX), for all tested bacteria in the model, except for F. nucleatum
(Tables 1 and 2). Xanthohumol showed also higher reductions than CHX, excluding S. oralis
and A. actinomycetemcomitans (Table 1). However, differences were small in magnitude and
not statistically significant (Table 2).

Finally, incubation of the sample in the presence of 2.5% dimethyl sulfoxide (DMSO)
showed no effect on the number of viable cells (Tables 1 and 2). Thus, a bactericidal effect of
this solvent at the concentration used to dissolve xanthohumol and curcumin was ruled out.
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Table 1. Antibacterial effects of curcumin (CUR) and xanthohumol (XN), as observed in the mean
number of viable bacteria counts [colony forming units per mL (CFUs) mL−1, determined by qPCR],
evaluated in an in vitro multi-species dynamic biofilm model. Data are expressed as mean and
standard deviation (SD). Differences are considered statistically significant at p < 0.05.

Bacterial Species Treatments Mean (SD) Global p
% Reduction of Viable
Counts, as Compared

with PBS

S. oralis

PBS 7.00 × 105 (4.00 × 105)

<0.000

Reference
XN 1.77 × 104 (1.71 × 104) 97.47

CUR 7.74 × 103 (6.10 × 105) 98.89
DMSO 8.54 × 105 (1.23 × 107) NA
CHX 1.36 × 104 (1.39 × 104) 98.05

A. naeslundii

PBS 1.56 × 107 (1.52 × 107)

0.000

Reference
XN 5.25 × 105 (4.34 × 105) 96.64

CUR 3.28 × 105 (6.90 × 105) 97.90
DMSO 1.08 × 107 (9.65 × 106) 30.67
CHX 9.36 × 105 (9.67 × 105) 94.01

V. parvula

PBS 8.81 × 107 (6.99 × 107)

<0.000

Reference
XN 1.31 × 106 (1.25 × 106) 98.52

CUR 2.59 × 105 (2.72 × 105) 99.71
DMSO 6.80 × 107 (5.36 × 107) 22.74
CHX 2.91 × 106 (6.35 × 106) 96.70

F. nucleatum

PBS 7.70 × 105 (4.94 × 105)

<0.000

Reference
XN 3.16 × 104 (4.12 × 104) 95.90

CUR 5.61 × 104 (1.13 × 105) 92.71
DMSO 6.58 × 105 (4.03 × 105) 14.51
CHX 4.57 × 104 (8.37 × 104) 94.06

P. gingivalis

PBS 1.38 × 106 (5.26 × 105)

<0.000

Reference
XN 1.11 × 104 (5.80 × 103) 99.20

CUR 3.87 × 103 (2.47 × 103) 99.72
DMSO 1.41 × 106 (1.01 × 106) NA
CHX 2.51 × 104 (2.60 × 104) 98.18

A. actinomycetemcomitans

PBS 4.81 × 105 (4.46 × 105)

0.001

Reference
XN 1.62 × 104 (1.34 × 104) 96.64

CUR 5.82 × 103 (4.33 × 103) 98.79
DMSO 4.76 × 105 (5.73 × 105) 1.06
CHX 1.38 × 104 (9.06 × 103) 97.12

PBS: phosphate buffer saline; CUR: 5 mM curcumin; XN: 100 µM xanthohumol; DMSO: Dimethyl sulfoxide; CHX:
0.2% chlorhexidine; NA: not applicable.

Table 2. Comparisons between experimental treatments and the controls used as observed in the
mean number of viable bacteria counts (colony forming units per mL (CFUs) mL−1, determined
by qPCR) evaluated in an in vitro multi-species dynamic biofilm model. Differences are considered
statistically significant at p < 0.05.

Bacterial Species Comparisons Mean Difference
95% Confidence Interval for Difference

Post-Hoc p
Lower Bound Upper Bound

S. oralis

PBS-CHX 6.87 × 105 2.29 × 105 1.14 × 106 0.001
PBS-XN 6.83 × 105 2.25 × 105 1.14 × 106 0.001

PBS-CUR 6.93 × 105 2.35 × 105 1.15 × 106 0.001
PBS-DMSO −1.53 × 105 −6.10 × 105 3.03 × 105 1.000

CHX-XN −4.10 × 103 −4.61 × 105 4.53 × 105 1.000
CHX-CUR 5.89 × 103 −4.51 × 105 4.63 × 105 1.000

CHX-DMSO −8.40 × 105 −1.29 × 106 −3.83 × 105 <0.001
XN-CUR 9.99 × 103 −4.47 × 105 4.67 × 105 1.000

XN-DMSO −8.36 × 105 −1.29 × 106 −3.79 × 105 <0.001
CUR-DMSO −8.46 × 105 −1.30 × 106 −3.89 × 105 <0.001
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Table 2. Cont.

Bacterial Species Comparisons Mean Difference
95% Confidence Interval for Difference

Post-Hoc p
Lower Bound Upper Bound

A. naeslundii

PBS-CHX 1.47 × 107 3.39 × 106 2.60 × 107 0.004
PBS-XN 1.51 × 107 3.80 × 106 2.64 × 107 0.003

PBS-CUR 1.53 × 107 4.00 × 106 2.66 × 107 0.002
PBS-DMSO 4.79 × 106 −6,51 × 106 1.61 × 107 1.000

CHX-XN 4.11 × 105 −1.09 × 107 1.17 × 107 1.000
CHX-CUR 6.07 × 105 −1.07 × 107 1.19 × 107 1.000

CHX-DMSO −9.90 × 106 −2.12 × 107 1.40 × 106 0.129
XN-CUR 1.96 × 105 −1.11 × 107 1.15 × 107 1.000

XN-DMSO −1.03 × 107 −2.16 × 107 9.94 × 105 0.099
CUR-DMSO −1.05 × 107 −2.18 × 107 7.98 × 105 0.086

V. parvula

PBS-CHX 8.52 × 107 2.99 × 107 1.40 × 108 <0.001
PBS-XN 8.68 × 107 3.15 × 107 1.42 × 108 <0.001

PBS-CUR 8.78 × 107 3.25 × 107 1.43 × 108 <0.001
PBS-DMSO 1.97 × 107 −3.55 × 107 7.50 × 107 1.000

CHX-XN 1.60 × 106 −5.37 × 107 5.69 × 107 1.000
CHX-CUR 2.65 × 106 −5.27 × 107 5.80 × 107 1.000

CHX-DMSO −6.54 × 107 −1.20 × 108 −1.01 × 107 0.011
XN-CUR 1.05 × 106 −5.43 × 107 5.63 × 107 1.000

XN-DMSO −6.70 × 107 −1.22 × 108 −1.17 × 107 0.009
CUR-DMSO −6.80 × 107 −1.23 × 108 −1.27 × 107 0.007

F. nucleatum

PBS-CHX 7.24 × 105 3.14 × 105 1.13 × 106 <0.001
PBS-XN 7.38 × 105 3.29 × 105 1.15 × 106 <0.001

PBS-CUR 7.14 × 105 3.04 × 105 1.12 × 106 <0.001
PBS-DMSO 1.11 × 105 −2.97 × 105 5.21 × 105 1.000

CHX-XN 1.41 × 104 −3.95 × 105 4.24 × 105 1.000
CHX-CUR −1.04 × 104 −4.20 × 105 3.99 × 105 1.000

CHX-DMSO −6.12 × 105 −1.02 × 106 −2.02 × 105 0.001
XN-CUR −2.45 × 104 −4.34 × 105 3.85 × 105 1.000

XN-DMSO −6.26 × 105 −1.03 × 106 −2.16 × 105 <0.001
CUR-DMSO −6.01 × 105 −1.01 × 106 −1.92 × 105 0.001

P. gingivalis

PBS-CHX 1.35 × 106 6.42 × 105 2.06 × 106 <0.001
PBS-XN 1.37 × 106 6.55 × 105 2.08 × 106 <0.001

PBS-CUR 1.37 × 106 6.63 × 105 2.09 × 106 <0.001
PBS-DMSO −2.69 × 104 −7.38 × 105 6.84 × 105 1.000

CHX-XN 1.40 × 104 −6.99 × 105 7.24 × 105 1.000
CHX-CUR 2.12 × 104 −6.90 × 105 7.33 × 105 1.000

CHX-DMSO −1.38 × 106 −2.09 × 106 −6.69 × 105 <0.001
XN-CUR 7.21 × 103 −7.03 × 105 7.20 × 105 1.000

XN-DMSO −1.39 × 106 −2.10 × 106 −6.81 × 105 <0.001
CUR-DMSO −1.40 × 106 −2.11 × 106 −6.90 × 105 <0.001

A. actinomycetem-
comitans

PBS-CHX 4.67 × 105 1.23 × 104 9.22 × 105 0.040
PBS-XN 4.65 × 105 9.59 × 103 9.20 × 105 0.042

PBS-CUR 4.75 × 105 2.04 × 104 9.30 × 105 0.035
PBS-DMSO 5.10 × 103 −4.49 × 105 4.60 × 105 1.000

CHX-XN −2.33 × 103 −4.58 × 105 4.52 × 105 1.000
CHX-CUR 8.02 × 103 −4.47 × 105 4.63 × 105 1.000

CHX-DMSO −4.62 × 105 −9.17 × 105 −7.24 × 103 0.044
XN-CUR 1.03 × 104 −4.44 × 105 4.66 × 105 1.000

XN-DMSO −4.59 × 105 −9.14 × 105 −4.48 × 103 0.046
CUR-DMSO −4.70 × 105 −9.25 × 105 −1.52 × 104 0.038

PBS: phosphate-buffered saline; CUR: 5 mM curcumin; XN: 100 µM xanthohumol; DMSO: dimethyl sulfoxide;
CHX: 0.2% chlorhexidine.

2.2.2. Confocal Laser Scanning Microscopy (CLSM) Analysis

Figure 3 shows the mature biofilms on the implants after the respective decontami-
nation treatments, using the tested substances and the controls. The biofilm formed after
72 h showed a live/dead cell ratio of 0.95 (standard deviation (SD) = 0.47) and a bacterial
biomass of 13.91 µm3/µm2 (SD = 10.00). Incubation of the implant with DMSO did not
affect either the cell viability (live/dead ratio 0.85 (SD = 0.42)) or the bacterial density of
the biofilm (10.73 µm3/µm2 (SD = 8.81)) (Figure 3a,b).
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Figure 3. Images obtained by confocal laser scanning microscopy (CLSM) at 72 h over implants
treated with phosphate buffer saline (PBS) (A), 0.2% chlorhexidine (CHX) (B), 2.5% dimethyl sulfoxide
(DMSO) (C), µM xanthohumol 100 (D) and 5 mM curcumin (E) (scale bar = 100 µm). LIVE/DEAD®

BackLight Kit was used. Live bacteria (green), dead bacteria (red) and implant surface (white) can
be differentiated.

Decontamination with xanthohumol induced a decrease in biofilm viability, with
a live/dead cell ratio of 0.079 (SD = 0.069). Similarly, the use of curcumin reduced cell
viability to a live/dead ratio of 0.123 (SD = 0.146) (Figure 3c,d). After xanthohumol and
curcumin treatments, the bacterial density of the biofilms was reduced to 6.09 (SD = 5.38)
and 6.79 µm3/µm2 (SD = 5.29), respectively.

Incubation in the presence of CHX reduced the live/dead biofilm cell ratio to 0.25
(SD = 0.25) and the bacterial density to 7.04 µm3/µm2 (SD = 3.86) (Figure 3d). The reduc-
tions in the proportion of live/dead cells in the biofilms, after xanthohumol, curcumin and
CHX treatments, were statistically significant (p < 0.05). In contrast, differences were not
significant for bacterial density.



Int. J. Mol. Sci. 2023, 24, 2335 7 of 18

2.2.3. Scanning Electron Microscopy (SEM) Analysis

Figure 4 shows the biofilms on the surface of the implants after treatment with PBS,
CHX, DMSO, xanthohumol or curcumin.
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Figure 4. Images obtained by scanning electron microscope (SEM) with 2500× magnification of
biofilm developed at 72 h over implants treated with phosphate buffer saline (PBS) (A), 0.2% chlorhex-
idine (CHX) (B), 2.5% dimethyl sulfoxide (DMSO) (C), 100 µM xanthohumol (D) and 5 mM curcumin
(E) (scale bar = 20 µm).

Implants treated with PBS and DMSO (Figure 4a,c) showed a high number of cocci
and spindle-shaped forms, corresponding to S. oralis, V. parvula and F. nucleatum, forming
the typical biofilm structure showing the intertwined bacterial communities. Aggregate
forms with the presence of A. actinomycetemcomitans and, to a lesser extent, coccobacilli
corresponding to P. gingivalis, could also be observed.

In comparison with the controls, implants treated with xanthohumol, or curcumin
(Figure 4d,e) resulted in a clear decrease in the microbial density of the biofilms, with a reduc-
tion of fusobacteria in both cases. In these implants, it was also observed the disintegration of
the bacterial aggregates, compared with the control biofilms (Figure 4a,c). Figure 4b shows
the corresponding reduction in biofilm density after incubation with CHX, although this was
less pronounced than in the implants treated with xanthohumol or curcumin.
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3. Discussion

The results from this in vitro investigation demonstrate that treatment with xanthohu-
mol or curcumin, on mature biofilms developed on dental implant surfaces, significantly
reduced the cell viability of the six bacterial strains used in this validated in vitro dynamic
biofilm model (S. oralis, A. naeslundii, V. parvula, F. nucleatum, P. gingivalis and A. actino-
mycetemcomitans) (Table 1). These reductions were significantly higher, when compared
with the negative controls; and similar, even slightly higher for some bacterial species, to
those of the positive control used (CHX).

Numerous in vitro studies have evaluated the effect of well-known antibacterial agents,
such as CHX (0.12%/0.2%), chloramine (0.1%), citric acid, saline, sodium fluoride (0.055%),
stannous fluoride, tetracycline, hydrogen peroxide (H2O2) (3%), citric acid and hydrogen
peroxide, for decontaminating dental implant surfaces using different in vitro models [45–49].
These studies, although some evaluate multiple species and saliva from patients [50], have
shown heterogeneous results, since the growing conditions of these models differ to a great
extent from those found within the oral cavity [51].

To overcome these difficulties, our research group developed a static multi-species
in vitro biofilm model on implant surfaces, where the biofilms could be compared among
different surface topographies [52,53]. This static model lacked the environmental con-
ditions mimicking the oral cavity and the effect of the flow rate [54], hence the possible
translation of the efficacy demonstrated in those studies by the different implant surface
decontamination methods could be questioned [23].

In the present study, a dynamic biofilm model has been used which, apart from
better reproducing the environmental conditions from the oral cavity, uses Robbins devices
placed in series which ensures a constant fluid flow under anaerobiosis, not affecting
the bacterial viability and allowing the assessment of multiple samples using different
experimental techniques (quantitative polymerase chain reaction (qPCR), confocal laser
scanning microscopy (CLSM), scanning electron microscopy (SEM)) [22,23].

Chlorhexidine (CHX) was selected as the positive control, since this antibacterial
agent has shown well documented efficacy, against both Gram-negative and Gram-positive
bacteria, as well as for fungi and some viruses [55,56]. This effect is due to the cationic
properties of this molecule, that enables its adsorption to both hard and soft tissues, being
released over time (substantivity). However, despite these clear antimicrobial effects,
clinical studies on CHX used as a mouth rinse in patients with peri-implant mucositis have
not resulted in significant reductions in peri-implant tissue inflammation, when compared
with a placebo rinse [57]. Moreover, CHX has side effects such as taste alterations and
tooth staining [58], as well as other less frequent complaints as burning or anesthetized
sensation, hypersensitivity, and increase in calculus accumulation [59]. Also in vitro studies
have shown cytotoxicity, mainly against osteoblasts [60–63]. Considering these results
and the potential problem of the emergence of microbial resistance, mainly with the use
of antibiotics [24–26], there is a growing interest in studying substances of plant origin
(phytochemicals) with demonstrated antimicrobial effect.

In this regard, curcumin and xanthohumol were selected in the present study, due to
the scientific evidence regarding the antimicrobial effects of both extracts, when evaluated
in vitro and when assessed in clinical studies in a variety of indications.

The antibacterial activity of curcumin was firstly published by Nature in 1949 [64]. In
1974, the in vitro efficacy of curcumin against Gram-positive cocci (Staphylococcus aureus,
Staphylococcus epidermidis, Streptococcus pyogenes, Micrococcus tetragenus, Micrococcus lu-
teus), spore-forming bacilli (Bacillus and Clostridium species), some Gram-negative bacteria
(Acinetobacter lwoffii, Alcaligenes faecalis), and fungi (e.g., Candida stellatoidea, Cryptococcus
neoformans, Microsporum gypseum, Saccharomyces cerevisiae, Scopulariopsis brevicaulis) was
also demonstrated [65]. Most recent studies have further confirmed its strong antimicrobial
potential, despite its poor solubility in water, low bioavailability and pharmacokinetic pro-
file [39]. In fact, curcumin has shown efficacy in reducing Streptococcus mutans mono-species
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biofilms generated in artificial oral environments [66], and S. mutans biofilm formation in
in vitro dental models [67].

Although curcumin-based mouthwashes have been introduced as anti-plaque and
anti-gingivitis agents [68], and clinical trials have evaluated its efficacy [69–73], its use in
the treatment of peri-implant diseases has not yet been reported, although there is one
study evaluating the impact of curcumin nanocrystals on P. gingivalis strains isolated from
patients with implant failure [74].

To explain this antimicrobial effect, experimental studies have shown that curcumin
has inhibitory activity on the growth of many bacterial species as Eschericha coli, Pseu-
domonas aeruginosa, S. aureus, Bacillus subtilis and Enterococcus faecalis [27] at concentrations
similar to those used in the present study. This effect has been explained by the ability
of this molecule to inhibit bacterial Quorum-Sensing and to unbundle already formed
biofilms [27]. Similarly, curcumin has shown to inhibit SortaseA activity, which is involved
in the maintenance of the polysaccharides structure [75]. These possible mechanisms have
been corroborated in the present study, demonstrating a clear antibiofilm effect assessed
with both CLSM and SEM. This antimicrobial activity of curcumin extracts has been shown
to be concentration dependent, since studies demonstrating a potent bactericidal effect
on S. oralis, F. nucleatum and P. gingivalis at concentrations of 1 mM in planktonic growth
models had a reduced activity against the same strains in biofilm state [76].

In the present work, a concentration of 5 mM was selected, demonstrating a clear
bactericidal effect on the six bacteria tested forming a mature biofilm. This effect was
similar, and even slightly higher for some bacterial species used in the model, to the one
exerted by CHX, but without any evidence of side effects, although both curcumin and
xanthohumol are plant substrates with strong staining properties that may limit their
clinical use. In clinical studies, however, curcumin has shown to be safe and well-tolerated
by the patients [77], and in experimental studies it has not shown cytotoxicity [76]. On
the other hand, its anti-inflammatory effect makes curcumin a promising agent for its
therapeutic use in the treatment of peri-implant diseases [78].

The first reports on the use of xanthohumol as a mouth rinse to suppress dental plaque
regrowth demonstrated significant reductions of S. mutans in plaque samples with no
unexpected side-effects [79]. In fact, its minimal resorption in the intestine, allows for its
administration in large doses with minimal side effects, and has the potential to be used in
combination with other molecules [80,81]. Interestingly, when used with chitosan as carrier,
it has shown a synergistic effect significantly reducing biofilms formed by S. aureus and, to
a lesser extent, P. aeruginosa, as well as different strains of Candida [82].

Apart from the bactericidal effect demonstrated by this extract in the present study, its
antibiofilm effect could be related to its demonstrated ability to inhibit lipid metabolism,
thus altering hydrophobicity of the bacterial cell wall [83], and also affecting cell adhesion
and hence, the structure of the biofilm [40,84]. Xanthohumol has also shown inhibition of
the Quorum-Sensing [85].

Its potential use in the prevention and treatment of peri-implant diseases could be
reinforced by its anti-inflammatory effect related to the enhanced expression of the ERK
and AKT genes involved in the inflammatory response [86]. Although in vitro studies have
shown that xanthohumol may have adverse cytotoxic effects, these have been demonstrated
at concentrations above 100 µM [87], which are above those used in this investigation.

Although the present study is the first to demonstrate the antibiofilm effect of curcumin
and xanthohumol extracts on contaminated implant surfaces, using a validated multi-
species in vitro dynamic biofilm model, the obtained results should be interpreted with
caution considering the limitations of this experimental investigation. Firstly, despite
the effort to mimic the oral cavity conditions using this dynamic in vitro model, these
cannot be fully reproduced in vitro. Furthermore, only six bacterial species were used,
in comparison with the thousands present in naturally occurring subgingival biofilms.
Regarding the extracts analyzed, their commercial formulation entails their dissolution in
DMSO, which needed its introduction as a control to rule out that the potential antiseptic
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effect of these agents was due to DMSO rather than to the extracts tested. Furthermore,
the experimental results found in the literature nowadays do not allow us to accurately
state the mechanism of biological activity of these substances, so future studies could be
relevant to characterize it. An additional limitation is the high inter-experiment variability
that occurs when working in vitro with live bacteria, what may limit the precision of the
quantitative data.

In spite of the limitations of the study, the reported results of the two extracts showed
consisting antibacterial and antibiofilm effects, with the assessment methods used (qPCR,
CLSM and SEM) and in comparison with the positive control (CHX), what indicates that
this investigation may be a primary step in the research process to identify curcumin and
xanthohumol extracts as possible candidate molecules for their preventive, therapeutic
and maintenance use in peri-implant diseases, although this potential should be further
investigated in studies with a higher level of scientific evidence [77].

4. Materials and Methods
4.1. Curcumin and Xanthohumol

Curcumin from Curcuma longa L. (turmeric) was obtained from Sigma-ALDRICH® (Stein-
heim, Germany) and xanthohumol from NATECO® GmbH & Co (Wolnzach, Germany). These
extracts were resuspended in 2.5% (v/v) DMSO (AppliChen GinbH, Darmsstadt, Germany).

4.2. Bacterial Strains and Culture Conditions

S. oralis CECT 907T, V. parvula NCTC 11810, A. naeslundii ATCC 19039, F. nucleatum
DMSZ 20482, P. gingivalis ATCC 33277 and A. actinomycetemcomitans DSMZ 8324 were
grown on Blood Agar plates (Blood Agar Oxoid No 2; Oxoid, Basingstoke, UK), supple-
mented with 5% (v/v) sterile horse blood (Oxoid), 5.0 mg/L haemin (Sigma, St. Louis,
MO, USA) and 1.0 mg/L menadione (Merck, Darmstadt, Germany) at 37 ◦C for 48 h under
anaerobic conditions (10% H2, 10% CO2 and N2 balance).

4.3. Antibacterial Effect of Curcumin and Xanthohumol against Planktonic Bacteria

To select the optimal concentrations of xanthohumol and curcumin for their use in
the dynamic biofilm model, MICs and MBCs of both substances against the six selected
bacterial strains were determined [88].

First, isolated colonies from each strain were grown in protein-enriched medium
containing brain-heart infusion (BHI) (Becton, Dickinson and Company, Sparks, MD 21152,
USA) supplemented with 2.5 g/L mucin (Oxoid), 1.0 g/L yeast extract (Oxoid), 0.1 g/L
cysteine (Sigma), 2.0 g/L sodium bicarbonate (Merck), 5.0 mg/L hemin (Sigma), 1.0 mg/L
menadione (Merck) and 0.25% (v/v) glutamic acid (Sigma) at 37 ◦C under anaerobic
conditions (10% H2, 10% CO2, and balance N2).

The exponential growth phase was detected by spectrophotometry, the cultures always
being below an optical density (OD550nm) of 1.2. Once this exponential growth was reached,
200 µL from each bacteria inoculum were transferred to a 24-well microplate reaching a
final concentration of 106 CFUs mL−1, as previously characterized by our group [89]. Then,
xanthohumol (NATECO® GmbH & Co, Wolnzach, Germany) at final concentrations of
10, 20, 50, 100 and 200 µM and curcumin (Sigma-Aldrich®, Steinheim, Germany) at final
concentrations of 10, 100, 500, 1000 and 5000 µM were added, also using PBS as a negative
control. These microplates were incubated for 24 h at 37 ◦C in anaerobic conditions. MIC
and MBC were determined on Blood Agar media plates (Blood Agar Oxoid No 2; Oxoid,
Basingstoke, UK), supplemented with 5% (v/v) sterile horse blood (Oxoid), 5.0 mg/L hemin
(Sigma, St. Louis, MO, USA) and 1.0 mg/L menadione (Merck, Darmstadt, Germany), on
which 100 µl of each suspension were added. The lowest concentrations of xanthohumol
and curcumin extracts showing visible inhibition of bacterial growth were considered as
the MICs, while the lowest concentrations of the same extracts showing no bacterial growth
after incubation for 72 h were considered as the MBCs. All experiments were performed in
triplicate with appropriate controls.
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4.4. In Vitro Multi-species Dynamic Biofilm Model

Sterile units of commercially available, Straumann® Tissue Level Standard dental
implants (Institute Straumann AG, Basel, Switzerland), of 8 mm in length and 3.3 mm in
diameter, containing the patented sand-blasted and acid-etched moderately rough surface
(SLA), were fixed in customized Robbins devices (Figure 5).
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A multi-species dynamic in vitro biofilm model was developed, as previously de-
scribed by Ribeiro-Vidal et al. (2019) [22,23], with the modification of placing the Robbins
devices (Figure 6) in series.
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Figure 6. Schematic representation of Robbins devices placed in series hosting the implants.

Briefly, pure bacterial cultures, obtained from each bacterial species, were grown under
anaerobic conditions in protein-rich medium containing modified BHI (Becton, Dickin-
son and Company, Franklin Lakes, NJ, USA) supplemented with 2.5 g/L mucin (Oxoid),
1.0 g/L yeast extract (Oxoid), 0.1 g/L cysteine (Sigma), 2.0 g/L sodium bicarbonate (Merck),
5.0 mg/L hemin (Sigma), 1.0 mg/L menadione (Merck) and 0.25% (v/v) glutamic acid
(Sigma). After 24 h of incubation, bacterial growth was measured spectrophotometri-
cally (OD550nm) to prepare a bacterial mixture containing 106 CFU mL−1 for each of the
six strains.

This dynamic in vitro biofilm model consists of a sterile vessel (Figure 7a), where the
bacterial inoculum is placed within the modified BHI liquid culture medium, which is then
pumped by a peristaltic pump, at constant pressure (Figure 7b), to a bioreactor (Lambda
Minifor© bioreactor, LAMBDA Laboratory Instruments, Sihlbruggstrasse, Switzerland),
that maintains the culture medium at 37 ◦C, pH 7.2 and constant anaerobic conditions (10%
H2, 10% CO2, and balance N2), maintained by constant flow of the gas mixture (Figure 7c,d),
thus mimicking the oral cavity environment. This culture medium is then continuously
transferred (30 mL/h) through another peristaltic pump (Figure 7b) to the two Robbins
devices serially placed (Figure 6), within a laboratory stove to keep controlled temperature
(37 ºC) and containing the sterile implants under anaerobic conditions (Figure 7e).
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During the experimental period, the implants mounted on the Robbins devices in series
(Figures 5 and 6) have their surfaces within the channel where the bacterial mixture flows,
thus allowing the formation of a 72-h mature biofilm over the whole surface of the implants.

4.5. Decontamination Process

After this incubation period, the implants containing on their surfaces the 72-h biofilms
were removed from the Robbins devices and placed in microplate wells containing 1 mL of
curcumin (5 mM) or 1 mL of xanthohumol (100 µM) for 60 seconds (Figure 8), resuspended
both in 2.5% (v/v) DMSO (AppliChen GinbH, Darmsstadt, Germany). As negative controls,
1 mL of phosphate-buffered saline (PBS) or 1 mL of 2.5% (v/v) DMSO (to rule out the
bactericidal effect of this solvent), were used. As positive control, 1 mL of 0.2% (v/v) CHX
(Sigma-Aldrich, Steinheim, Germany) was employed.
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For each experimental condition, the protocol was repeated three times in three
independent sets of experiments. Thus, analysing a total of nine implants (n = 9) with
qPCR, six implants (n = 6) with CLSM and six implants (n = 6) with SEM, for each condition.

4.6. qPCR Analysis to Evaluate the Antimicrobial Efficacy

After the referred decontamination process, the implants were sequentially rinsed
three times for 10 seconds in 2 mL of PBS to remove bacteria not attached to the biofilm
and then, vortexed for 2 min at room temperature in vials containing 1 mL of PBS to
disaggregate the bacteria within biofilm. These resulting bacteria were then treated with
propidium monoazide (PMA) (Biotium Inc., Hayword, CA, USA) to discriminate DNA
from live and dead bacteria [90]. In brief, the vials containing the samples with 100 µM
PMA were incubated for 10 min in the dark at 4 ◦C, followed by incubation in the PMA-
Lite LED Photolysis Device (Biotium Inc.) for 20 min at room temperature. After PMA
photo-induced DNA hybridization, the samples were centrifuged at 12,000 rpm for 3 min
at room temperature and, from the pellet obtained, DNA was extracted following the
manufacturer’s instructions from a commercial kit (MolYsisComplete5 Kit; Molzym GmbH
& CoKG (Bremen, Germany)).

To detect and quantify each DNA from the bacterial species isolated in the model,
qPCR assays were used. qPCR amplification followed the protocol previously optimized
by our research group, using primers and probes targeted against 16S rRNA gene ((Life
Technologies Invitrogen (Carlsbad, CA, USA), Applied Biosystems (Carlsbad, CA, USA)
and Roche (Roche Diagnostic GmbH, Mannheim, Germany)) [91]. These specific primers
and probes targeted the 16S rRNA gene of each bacterium at optimal concentrations (S.
oralis: 900, 900 and 300 nM; A. naeslundii and P. gingivalis 300, 300 and 300 nM; V. parvula:
750, 750 and 400 nM; A. actinomycetemcomitans: 300, 300 and 200 nM and F. nucleatum:
600, 600 and 300 nM). Each DNA sample was analysed in duplicate. Amplification was
performed in a total reaction volume of 10 µL of sterile water (Roche) containing 5 µL of
2X master mix (LC 480 Probes Master, Roche), the corresponding concentrations of the
primers and probe and 2.5 µl of the sample. As a negative control, 2.5 µL of sterile water
(no template control, NTC) was used. This reaction was prepared in (FramStar 480) natural
frame 386-well plates (4titude; The North Barn, Damphurst Lane, UK), sealed by QPCR
Adhesive Clear Seals (4titude) and after an initial amplification cycle at 95 ◦C for 10 min,
40 cycles were performed at 95 ◦C for 15 seconds and at 60 ◦C for 1 minute, using a thermal
cycler (LightCycler® 480 II Roche Diagnostic GmbH, Mannheim, Germany). Quantification
of viable cells by qPCR was based on standard curves correlating Cq values with known
CFUs mL−1 and it was automatically generated by the software (LC 480 Software 1.5; Roche
Diagnostic GmbH; Mannheim, Germany).

4.7. CLSM Analysis to Evaluate the Antibiofilm Effect

A laser scanning confocal microscope (Leica SP9, Mannheim, Germany—Centre of
Microscopy in the National Centre for Scientific Research (CSIC), Moncloa Campus, Uni-
versity Complutense of Madrid) was used to non-invasively analyse the resulting biofilms,
after the decontamination process, and to quantify the biofilm bacterial biomass. Firstly,
the implants retrieved from the Robbins devices were gently rinsed three times sequentially
in 2 mL of sterile PBS (10 seconds of immersion per wash) to remove any remnants of the
non-binding bacteria. Then, three separate, representative locations were selected on the
implants based on the presence of fully hydrated biofilms (presence of columns or towers of
bacterial communities, identified in the confocal field of vision). Subsequently, the biofilms
were stained with the LIVE/DEAD® BacLightTM Bacterial Viability Kit solution (Molecular
Probes B.V., Leiden, The Netherlands) consisting of Syto9 and Propidium Iodide in a 1:1
ratio for 9 ± 1 min at room temperature, to achieve the optimal fluorescence signal at the
corresponding wavelengths (Syto9: 515–530 nm, propidium iodide (PI): >600 nm)

Finally, a series of scans (xyz) of 1 µm thickness (8 bits, 512 × 512 pixels) were obtained
to collect image stacks that were analysed with the imaging software associated with the
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microscope used (LAS X Leica®, Mannheim, Germany). The biomass of live and dead cells
was calculated in micrometres3/micrometres2 (µm3/µm2) using the COMSTAT software
(www.comstat.dk) on the previously collected image films.

4.8. SEM Analysis to Evaluate the Morphology of the Biofilms on the Implant Surfaces

For SEM analysis, the biofilms formed on the implants were retrieved from the Robbins
devices and the decontamination process took place. Afterwards, they were firstly fixed for
4 h at 4ºC with a fixative solution of 4% paraformaldehyde (Panreac Química, Barcelona,
Spain) and 2.5% glutaraldehyde (Panreac Química, Barcelona, Spain) after being rinsed
three times with 2 mL of PBS (10-s immersion per wash). Subsequently, the samples, after
being again rinsed with PBS and sterile water (10-s immersion per wash), were dehydrated
using a series of graded ethanol solutions (30, 50, 70, 80, 90 and 100%) with an immersion
time of 10 min in each case. Finally, the samples were brought to critical drying point
and coated with gold via sputtering. The resulting samples were analysed at the National
Centre of Electron Microscopy (ICTS, University Complutense of Madrid, Madrid, Spain)
with a JSM 6400 scanning electron microscope equipped with a backscattered electron
detector at an image resolution of 25 kV (JSM6400, JEOL, Tokyo, Japan).

4.9. Data Analysis

The primary outcome variable was the counts of viable bacteria present in the biofilm
of each implant, measured by qPCR, for each tested bacterial species: S. oralis, A. naeslundii,
V. parvula, A. actinomycetemcomitans, P. gingivalis and F. nucleatum. This outcome was
expressed as means and SDs of CFUs mL−1. From the mean values of each group, the
percentage of reduction was calculated for xanthohumol, curcumin, DMSO or CHX, when
compared to PBS negative control value [92].

As secondary outcome variables, from CLSM analysis, the resulting microbial biomass
was expressed in micrometres3/micrometres2 (µm3/µm2), from which live/dead ratios
were determined in each case.

The Shapiro–Wilk goodness-of-fit test was used to assess for normality in the data
distribution. Data were expressed as means and SD. Comparisons were tested applying
ANOVA tests with post-hoc Bonferroni corrections, both in the primary and secondary
variables. Statistically significant differences were considered for p-values <0.05. A software
package (IBM SPSS Statistics 27.0, IBM Corporation, Armonk, NY, USA) was used for all
data analyses.

5. Conclusions

Curcumin and xanthohumol extracts have demonstrated an antibacterial effect against
six bacterial species in a validated in vitro dynamic biofilm model. Specifically, these
extracts (curcumin at 5 mM and xanthohumol at 100 µM) resulted in statistically significant
reductions in live CFUs mL−1 of S. oralis, A. naeslundii, V. parvula, F. nucleatum, P. gingivalis
and A. actinomycetemcomitans after 60 seconds of exposure. Furthermore, the two extracts
showed antibiofilm effect, as assessed by both CLSM and SEM.

Author Contributions: H.R.-V., A.A.-E., E.B., M.S. and L.V. contributed to conception and design of
the study. E.B., A.A.-E. and L.V. have performed the experiments and analyzed and interpreted the
collected data. L.V. performed the statistical analysis. A.A.-E., E.B., H.R.-V., L.V., D.H., B.A. and M.S.
have drafted and critically revised the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This study has been self-funded by the ETEP Research group and by Dentaid Extraordi-
nary Chair in Periodontal Research (Cátedra Extraordinaria Dentaid en Investigación Periodontal,
University Complutense of Madrid, Spain).

Acknowledgments: The authors would like to acknowledge the technical support of A.M. Vicente,
at the ICTS National Centre of Electron Microscopy (University Complutense, Madrid, Spain), M.G.
Elvira and M.T. Seisdedos, at the Confocal and Fluorescence Microscopy Service of Margarita Salas

www.comstat.dk


Int. J. Mol. Sci. 2023, 24, 2335 15 of 18

Biological Research Center (Superior Center for Scientific Research) and the relevant help by R. Ayuso
and J.E. Verdasco, at the Platform of Mechanic Workshops (University Complutense, Madrid, Spain).
We also thank J. Arroyo and C. Nombela (R.I.P.), at the Faculty of Pharmacy (University Complutense,
Madrid, Spain), for the loan of xanthohumol.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Berglundh, T.; Armitage, G.; Araujo, M.G.; Avila-Ortiz, G.; Blanco, J.; Camargo, P.M.; Chen, S.; Cochran, D.; Derks, J.; Figuero, E.; et al.

Peri-implant diseases and conditions: Consensus report of workgroup 4 of the 2017 World Workshop on the Classification of Periodontal
and Peri-Implant Diseases and Conditions. J. Clin. Periodontol. 2018, 45 (Suppl. 20), S286–S291. [CrossRef] [PubMed]

2. Rakic, M.; Galindo-Moreno, P.; Monje, A.; Radovanovic, S.; Wang, H.L.; Cochran, D.; Sculean, A.; Canullo, L. How frequent does
peri-implantitis occur? A systematic review and meta-analysis. Clin. Oral Investig. 2018, 22, 1805–1816. [CrossRef] [PubMed]

3. Derks, J.; Tomasi, C. Peri-implant health and disease. A systematic review of current epidemiology. J. Clin. Periodontol 2015, 42
(Suppl. 16), S158–S171. [CrossRef] [PubMed]

4. Leonhardt, A.; Renvert, S.; Dahlen, G. Microbial findings at failing implants. Clin. Oral Implant. Res. 1999, 10, 339–345. [CrossRef]
5. Figuero, E.; Graziani, F.; Sanz, I.; Herrera, D.; Sanz, M. Management of peri-implant mucositis and peri-implantitis. Periodontol.

2000 2014, 66, 255–273. [CrossRef] [PubMed]
6. Polyzois, I. Treatment Planning for Periimplant Mucositis and Periimplantitis. Implant Dent. 2019, 28, 150–154. [CrossRef]
7. Albouy, J.P.; Abrahamsson, I.; Persson, L.G.; Berglundh, T. Implant surface characteristics influence the outcome of treatment of

peri-implantitis: An experimental study in dogs. J. Clin. Periodontol. 2011, 38, 58–64. [CrossRef]
8. Rakic, M.; Lekovic, V.; Nikolic-Jakoba, N.; Vojvodic, D.; Petkovic-Curcin, A.; Sanz, M. Bone loss biomarkers associated with

peri-implantitis. A cross-sectional study. Clin. Oral Implant. Res. 2013, 24, 1110–1116. [CrossRef]
9. Muthukuru, M.; Zainvi, A.; Esplugues, E.O.; Flemmig, T.F. Non-surgical therapy for the management of peri-implantitis: A

systematic review. Clin. Oral Implant. Res. 2012, 23 (Suppl. 6), 77–83. [CrossRef]
10. Renvert, S.; Lindahl, C.; Roos Jansaker, A.M.; Persson, G.R. Treatment of peri-implantitis using an Er:YAG laser or an air-abrasive

device: A randomized clinical trial. J. Clin. Periodontol. 2011, 38, 65–73. [CrossRef]
11. Renvert, S.; Polyzois, I.; Persson, G.R. Treatment modalities for peri-implant mucositis and peri-implantitis. Am. J. Dent. 2013, 26,

313–318. [PubMed]
12. Mellado-Valero, A.; Buitrago-Vera, P.; Sola-Ruiz, M.F.; Ferrer-Garcia, J.C. Decontamination of dental implant surface in peri-

implantitis treatment: A literature review. Med. Oral Patol. Oral Cir. Bucal 2013, 18, e869–e876. [CrossRef] [PubMed]
13. Sanz-Martin, I.; Doolittle-Hall, J.; Teles, R.P.; Patel, M.; Belibasakis, G.N.; Hammerle, C.H.F.; Jung, R.E.; Teles, F.R.F. Exploring

the microbiome of healthy and diseased peri-implant sites using Illumina sequencing. J. Clin. Periodontol. 2017, 44, 1274–1284.
[CrossRef]

14. Costerton, J.W.; Montanaro, L.; Arciola, C.R. Biofilm in implant infections: Its production and regulation. Int. J. Artif. Organs 2005,
28, 1062–1068. [CrossRef] [PubMed]

15. Machtei, E.E.; Frankenthal, S.; Levi, G.; Elimelech, R.; Shoshani, E.; Rosenfeld, O.; Tagger-Green, N.; Shlomi, B. Treatment of
peri-implantitis using multiple applications of chlorhexidine chips: A double-blind, randomized multi-centre clinical trial. J. Clin.
Periodontol. 2012, 39, 1198–1205. [CrossRef]

16. Renvert, S.; Lessem, J.; Dahlen, G.; Lindahl, C.; Svensson, M. Topical minocycline microspheres versus topical chlorhexidine gel
as an adjunct to mechanical debridement of incipient peri-implant infections: A randomized clinical trial. J. Clin. Periodontol.
2006, 33, 362–369. [CrossRef]

17. Stein, J.M.; Hammacher, C.; Michael, S.S. Combination of ultrasonic decontamination, soft tissue curettage, and submucosal air
polishing with povidone-iodine application for non-surgical therapy of peri-implantitis: 12 Month clinical outcomes. J. Periodontol.
2017, 89, 139–147. [CrossRef]

18. Galofre, M.; Palao, D.; Vicario, M.; Nart, J.; Violant, D. Clinical and microbiological evaluation of the effect of Lactobacillus reuteri
in the treatment of mucositis and peri-implantitis: A triple-blind randomized clinical trial. J. Periodontal Res. 2018, 53, 378–390.
[CrossRef]

19. Scribante, A.; Butera, A.; Alovisi, M. Customized Minimally Invasive Protocols for the Clinical and Microbiological Management
of the Oral Microbiota. Microorganisms 2022, 10, 675. [CrossRef]

20. Butera, A.; Pascadopoli, M.; Pellegrini, M.; Gallo, S.; Zampetti, P.; Cuggia, G.; Scribante, A. Domiciliary Use of Chlorhexidine
vs. Postbiotic Gels in Patients with Peri-Implant Mucositis: A Split-Mouth Randomized Clinical Trial. Appl. Sci. 2022, 12, 2800.
[CrossRef]

21. Bassetti, M.; Schar, D.; Wicki, B.; Eick, S.; Ramseier, C.A.; Arweiler, N.B.; Sculean, A.; Salvi, G.E. Anti-infective therapy of
peri-implantitis with adjunctive local drug delivery or photodynamic therapy: 12-month outcomes of a randomized controlled
clinical trial. Clin. Oral Implant. Res. 2014, 25, 279–287. [CrossRef] [PubMed]

22. Ribeiro-Vidal, H.; Sánchez, M.C.; Figuero, E.; Herrera, D.; Sanz, M. Biofilm formation on dental implant surfaces—In vitro
dynamic model. Clin. Oral Implant. Res. 2019, 30, 8. [CrossRef]

http://doi.org/10.1111/jcpe.12957
http://www.ncbi.nlm.nih.gov/pubmed/29926491
http://doi.org/10.1007/s00784-017-2276-y
http://www.ncbi.nlm.nih.gov/pubmed/29218422
http://doi.org/10.1111/jcpe.12334
http://www.ncbi.nlm.nih.gov/pubmed/25495683
http://doi.org/10.1034/j.1600-0501.1999.100501.x
http://doi.org/10.1111/prd.12049
http://www.ncbi.nlm.nih.gov/pubmed/25123773
http://doi.org/10.1097/ID.0000000000000869
http://doi.org/10.1111/j.1600-051X.2010.01631.x
http://doi.org/10.1111/j.1600-0501.2012.02518.x
http://doi.org/10.1111/j.1600-0501.2012.02542.x
http://doi.org/10.1111/j.1600-051X.2010.01646.x
http://www.ncbi.nlm.nih.gov/pubmed/24640434
http://doi.org/10.4317/medoral.19420
http://www.ncbi.nlm.nih.gov/pubmed/23986023
http://doi.org/10.1111/jcpe.12788
http://doi.org/10.1177/039139880502801103
http://www.ncbi.nlm.nih.gov/pubmed/16353112
http://doi.org/10.1111/jcpe.12006
http://doi.org/10.1111/j.1600-051X.2006.00919.x
http://doi.org/10.1902/jop.2017.170362
http://doi.org/10.1111/jre.12523
http://doi.org/10.3390/microorganisms10040675
http://doi.org/10.3390/app12062800
http://doi.org/10.1111/clr.12155
http://www.ncbi.nlm.nih.gov/pubmed/23560645
http://doi.org/10.1111/clr.10_13508


Int. J. Mol. Sci. 2023, 24, 2335 16 of 18

23. Sanchez, M.C.; Alonso-Espanol, A.; Ribeiro-Vidal, H.; Alonso, B.; Herrera, D.; Sanz, M. Relevance of Biofilm Models in Periodontal
Research: From Static to Dynamic Systems. Microorganisms 2021, 9, 428. [CrossRef]

24. Al-Maweri, S.A.; Nassani, M.Z.; Alaizari, N.; Kalakonda, B.; Al-Shamiri, H.M.; Alhajj, M.N.; Al-Soneidar, W.A.; Alahmary, A.W.
Efficacy of aloe vera mouthwash versus chlorhexidine on plaque and gingivitis: A systematic review. Int. J. Dent. Hyg. 2020, 18,
44–51. [CrossRef] [PubMed]

25. Cai, H.; Chen, J.; Panagodage Perera, N.K.; Liang, X. Effects of Herbal Mouthwashes on Plaque and Inflammation Control for
Patients with Gingivitis: A Systematic Review and Meta-Analysis of Randomised Controlled Trials. Evid. Based Complement.
Altern. Med. 2020, 2020, 2829854. [CrossRef] [PubMed]

26. Halboub, E.; Al-Maweri, S.A.; Al-Wesabi, M.; Al-Kamel, A.; Shamala, A.; Al-Sharani, A.; Koppolu, P. Efficacy of propolis-based
mouthwashes on dental plaque and gingival inflammation: A systematic review. BMC Oral Health 2020, 20, 198. [CrossRef]
[PubMed]

27. Adamczak, A.; Ozarowski, M.; Karpinski, T.M. Curcumin, a Natural Antimicrobial Agent with Strain-Specific Activity. Pharma-
ceuticals 2020, 13, 153. [CrossRef]

28. Zhang, Y.; Gu, Y.; Lee, H.M.; Hambardjieva, E.; Vrankova, K.; Golub, L.M.; Johnson, F. Design, synthesis and biological activity of
new polyenolic inhibitors of matrix metalloproteinases: A focus on chemically-modified curcumins. Curr. Med. Chem. 2012, 19,
4348–4358. [CrossRef]

29. Zhang, Y.; McClain, S.A.; Lee, H.M.; Elburki, M.S.; Yu, H.; Gu, Y.; Zhang, Y.; Wolff, M.; Johnson, F.; Golub, L.M. A Novel
Chemically Modified Curcumin “Normalizes” Wound-Healing in Rats with Experimentally Induced Type I Diabetes: Initial
Studies. J. Diabetes Res. 2016, 2016, 5782904. [CrossRef] [PubMed]

30. Golub, L.M.; Greenwald, R.A. Clinical applications of non-antibacterial tetracyclines. Part II. Pharmacol. Res. 2011, 64, 549–550.
[CrossRef] [PubMed]

31. Golub, L.M.; Lee, H.M. Periodontal therapeutics: Current host-modulation agents and future directions. Periodontol. 2000 2020,
82, 186–204. [CrossRef] [PubMed]

32. Hatcher, H.; Planalp, R.; Cho, J.; Torti, F.M.; Torti, S.V. Curcumin: From ancient medicine to current clinical trials. Cell Mol. Life Sci.
2008, 65, 1631–1652. [CrossRef] [PubMed]

33. Marchiani, A.; Rozzo, C.; Fadda, A.; Delogu, G.; Ruzza, P. Curcumin and curcumin-like molecules: From spice to drugs. Curr.
Med. Chem. 2014, 21, 204–222. [CrossRef] [PubMed]

34. Hewlings, S.J.; Kalman, D.S. Curcumin: A Review of Its Effects on Human Health. Foods 2017, 6, 92. [CrossRef] [PubMed]
35. Moghadamtousi, S.Z.; Kadir, H.A.; Hassandarvish, P.; Tajik, H.; Abubakar, S.; Zandi, K. A review on antibacterial, antiviral, and

antifungal activity of curcumin. Biomed Res. Int. 2014, 2014, 186864. [CrossRef]
36. Praditya, D.; Kirchhoff, L.; Bruning, J.; Rachmawati, H.; Steinmann, J.; Steinmann, E. Anti-infective Properties of the Golden Spice

Curcumin. Front. Microbiol. 2019, 10, 912. [CrossRef]
37. Rai, M.; Ingle, A.P.; Pandit, R.; Paralikar, P.; Anasane, N.; Santos, C.A.D. Curcumin and curcumin-loaded nanoparticles:

Antipathogenic and antiparasitic activities. Expert Rev. Anti-Infect. Ther. 2020, 18, 367–379. [CrossRef]
38. Basnet, P.; Skalko-Basnet, N. Curcumin: An anti-inflammatory molecule from a curry spice on the path to cancer treatment.

Molecules 2011, 16, 4567–4598. [CrossRef] [PubMed]
39. Kotha, R.R.; Luthria, D.L. Curcumin: Biological, Pharmaceutical, Nutraceutical, and Analytical Aspects. Molecules 2019, 24, 2930.

[CrossRef]
40. Rozalski, M.; Micota, B.; Sadowska, B.; Stochmal, A.; Jedrejek, D.; Wieckowska-Szakiel, M.; Rozalska, B. Antiadherent and antibiofilm

activity of Humulus lupulus L. derived products: New pharmacological properties. Biomed Res. Int. 2013, 2013, 101089. [CrossRef]
41. Mah, T.F.; O’Toole, G.A. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol. 2001, 9, 34–39. [CrossRef]
42. Donlan, R.M.; Costerton, J.W. Biofilms: Survival mechanisms of clinically relevant microorganisms. Clin. Microbiol. Rev. 2002, 15,

167–193. [CrossRef] [PubMed]
43. Davies, D. Understanding biofilm resistance to antibacterial agents. Nat. Rev. Drug Discov. 2003, 2, 114–122. [CrossRef]
44. Costerton, J.W.; Lewandowski, Z.; Caldwell, D.E.; Korber, D.R.; Lappin-Scott, H.M. Microbial biofilms. Annu Rev. Microbiol. 1995,

49, 711–745. [CrossRef] [PubMed]
45. Ntrouka, V.; Hoogenkamp, M.; Zaura, E.; van der Weijden, F. The effect of chemotherapeutic agents on titanium-adherent biofilms.

Clin. Oral Implant. Res. 2011, 22, 1227–1234. [CrossRef] [PubMed]
46. Ntrouka, V.I.; Slot, D.E.; Louropoulou, A.; Van der Weijden, F. The effect of chemotherapeutic agents on contaminated titanium

surfaces: A systematic review. Clin. Oral Implant. Res. 2011, 22, 681–690. [CrossRef] [PubMed]
47. Henderson, E.; Schneider, S.; Petersen, F.C.; Haugen, H.J.; Wohlfahrt, J.C.; Ekstrand, K.; Ekfeldt, A. Chemical debridement of

contaminated titanium surfaces: An in vitro study. Acta Odontol. Scand 2013, 71, 957–964. [CrossRef] [PubMed]
48. Charalampakis, G.; Ramberg, P.; Dahlen, G.; Berglundh, T.; Abrahamsson, I. Effect of cleansing of biofilm formed on titanium

discs. Clin. Oral Implant. Res. 2015, 26, 931–936. [CrossRef] [PubMed]
49. John, G.; Becker, J.; Schwarz, F. Rotating titanium brush for plaque removal from rough titanium surfaces–an in vitro study. Clin.

Oral Implant. Res. 2014, 25, 838–842. [CrossRef]
50. Marotti, J.; Tortamano, P.; Cai, S.; Ribeiro, M.S.; Franco, J.E.; de Campos, T.T. Decontamination of dental implant surfaces by

means of photodynamic therapy. Lasers Med. Sci. 2013, 28, 303–309. [CrossRef] [PubMed]

http://doi.org/10.3390/microorganisms9020428
http://doi.org/10.1111/idh.12393
http://www.ncbi.nlm.nih.gov/pubmed/30829440
http://doi.org/10.1155/2020/2829854
http://www.ncbi.nlm.nih.gov/pubmed/32419797
http://doi.org/10.1186/s12903-020-01185-5
http://www.ncbi.nlm.nih.gov/pubmed/32650754
http://doi.org/10.3390/ph13070153
http://doi.org/10.2174/092986712802884295
http://doi.org/10.1155/2016/5782904
http://www.ncbi.nlm.nih.gov/pubmed/27190999
http://doi.org/10.1016/j.phrs.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21712090
http://doi.org/10.1111/prd.12315
http://www.ncbi.nlm.nih.gov/pubmed/31850625
http://doi.org/10.1007/s00018-008-7452-4
http://www.ncbi.nlm.nih.gov/pubmed/18324353
http://doi.org/10.2174/092986732102131206115810
http://www.ncbi.nlm.nih.gov/pubmed/23590716
http://doi.org/10.3390/foods6100092
http://www.ncbi.nlm.nih.gov/pubmed/29065496
http://doi.org/10.1155/2014/186864
http://doi.org/10.3389/fmicb.2019.00912
http://doi.org/10.1080/14787210.2020.1730815
http://doi.org/10.3390/molecules16064567
http://www.ncbi.nlm.nih.gov/pubmed/21642934
http://doi.org/10.3390/molecules24162930
http://doi.org/10.1155/2013/101089
http://doi.org/10.1016/S0966-842X(00)01913-2
http://doi.org/10.1128/CMR.15.2.167-193.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932229
http://doi.org/10.1038/nrd1008
http://doi.org/10.1146/annurev.mi.49.100195.003431
http://www.ncbi.nlm.nih.gov/pubmed/8561477
http://doi.org/10.1111/j.1600-0501.2010.02085.x
http://www.ncbi.nlm.nih.gov/pubmed/21320167
http://doi.org/10.1111/j.1600-0501.2010.02037.x
http://www.ncbi.nlm.nih.gov/pubmed/21198891
http://doi.org/10.3109/00016357.2012.734423
http://www.ncbi.nlm.nih.gov/pubmed/23140518
http://doi.org/10.1111/clr.12397
http://www.ncbi.nlm.nih.gov/pubmed/24734854
http://doi.org/10.1111/clr.12147
http://doi.org/10.1007/s10103-012-1148-6
http://www.ncbi.nlm.nih.gov/pubmed/22790655


Int. J. Mol. Sci. 2023, 24, 2335 17 of 18

51. Paster, B.J.; Boches, S.K.; Galvin, J.L.; Ericson, R.E.; Lau, C.N.; Levanos, V.A.; Sahasrabudhe, A.; Dewhirst, F.E. Bacterial diversity
in human subgingival plaque. J. Bacteriol. 2001, 183, 3770–3783. [CrossRef] [PubMed]

52. Bermejo, P.; Sanchez, M.C.; Llama-Palacios, A.; Figuero, E.; Herrera, D.; Sanz Alonso, M. Biofilm formation on dental implants
with different surface micro-topography: An in vitro study. Clin. Oral Implant. Res. 2019, 30, 725–734. [CrossRef] [PubMed]

53. Bermejo, P.; Sanchez, M.C.; Llama-Palacios, A.; Figuero, E.; Herrera, D.; Sanz, M. Topographic characterization of multispecies
biofilms growing on dental implant surfaces: An in vitro model. Clin. Oral Implant. Res. 2019, 30, 229–241. [CrossRef] [PubMed]

54. Drescher, K.; Dunkel, J.; Cisneros, L.H.; Ganguly, S.; Goldstein, R.E. Fluid dynamics and noise in bacterial cell-cell and cell-surface
scattering. Proc. Natl. Acad. Sci. USA 2011, 108, 10940–10945. [CrossRef]

55. Loesche, W.J. Clinical and microbiological aspects of chemotherapeutic agents used according to the specific plaque hypothesis. J.
Dent. Res. 1979, 58, 2404–2412. [CrossRef]

56. Sekino, S.; Ramberg, P.; Uzel, N.G.; Socransky, S.; Lindhe, J. Effect of various chlorhexidine regimens on salivary bacteria and de
novo plaque formation. J. Clin. Periodontol. 2003, 30, 919–925. [CrossRef]

57. Pulcini, A.; Bollain, J.; Sanz-Sanchez, I.; Figuero, E.; Alonso, B.; Sanz, M.; Herrera, D. Clinical effects of the adjunctive use of a
0.03% chlorhexidine and 0.05% cetylpyridinium chloride mouth rinse in the management of peri-implant diseases: A randomized
clinical trial. J. Clin. Periodontol. 2019, 46, 342–353. [CrossRef]

58. Jones, C.G. Chlorhexidine: Is it still the gold standard? Periodontol. 2000 1997, 15, 55–62. [CrossRef]
59. Van Strydonck, D.A.; Slot, D.E.; Van der Velden, U.; Van der Weijden, F. Effect of a chlorhexidine mouthrinse on plaque, gingival

inflammation and staining in gingivitis patients: A systematic review. J. Clin. Periodontol. 2012, 39, 1042–1055. [CrossRef]
60. Monje, A.; Amerio, E.; Cha, J.K.; Kotsakis, G.; Pons, R.; Renvert, S.; Sanz-Martin, I.; Schwarz, F.; Sculean, A.; Stavropoulos, A.; et al.

Strategies for implant surface decontamination in peri-implantitis therapy. Int. J. Oral Implantol. 2022, 15, 213–248.
61. Brunello, G.; Becker, K.; Scotti, L.; Drescher, D.; Becker, J.; John, G. The Effects of Three Chlorhexidine-Based Mouthwashes on

Human Osteoblast-Like SaOS-2 Cells. An In Vitro Study. Int. J. Mol. Sci. 2021, 22, 9986. [CrossRef] [PubMed]
62. Lee, T.H.; Hu, C.C.; Lee, S.S.; Chou, M.Y.; Chang, Y.C. Cytotoxicity of chlorhexidine on human osteoblastic cells is related to

intracellular glutathione levels. Int. Endod J. 2010, 43, 430–435. [CrossRef] [PubMed]
63. Giannelli, M.; Chellini, F.; Margheri, M.; Tonelli, P.; Tani, A. Effect of chlorhexidine digluconate on different cell types: A molecular

and ultrastructural investigation. Toxicol. Vitr. 2008, 22, 308–317. [CrossRef] [PubMed]
64. Schraufstatter, E.; Bernt, H. Antibacterial action of curcumin and related compounds. Nature 1949, 164, 456. [CrossRef] [PubMed]
65. Lutomski, J.; Kedzia, B.; Debska, W. Effect of an alcohol extract and of active ingredients from Curcuma longa on bacteria and

fungi (author’s transl). Planta Med. 1974, 26, 9–19. [CrossRef]
66. Li, B.; Li, X.; Lin, H.; Zhou, Y. Curcumin as a Promising Antibacterial Agent: Effects on Metabolism and Biofilm Formation in S.

mutans. Biomed Res. Int. 2018, 2018, 4508709. [CrossRef] [PubMed]
67. Jahanizadeh, S.; Yazdian, F.; Marjani, A.; Omidi, M.; Rashedi, H. Curcumin-loaded chitosan/carboxymethyl starch/montmorillonite

bio-nanocomposite for reduction of dental bacterial biofilm formation. Int. J. Biol. Macromol. 2017, 105, 757–763. [CrossRef]
68. Guimaraes, M.R.; Coimbra, L.S.; de Aquino, S.G.; Spolidorio, L.C.; Kirkwood, K.L.; Rossa, C., Jr. Potent anti-inflammatory effects

of systemically administered curcumin modulate periodontal disease in vivo. J. Periodontal Res. 2011, 46, 269–279. [CrossRef]
69. Arunachalam, L.T.; Sudhakar, U.; Vasanth, J.; Khumukchum, S.; Selvam, V.V. Comparison of anti-plaque and anti-gingivitis

effect of curcumin and chlorhexidine mouth rinse in the treatment of gingivitis: A clinical and biochemical study. J. Indian Soc.
Periodontol. 2017, 21, 478–483. [CrossRef]

70. Chatterjee, A.; Debnath, K.; Rao, N.K.H. A comparative evaluation of the efficacy of curcumin and chlorhexidine mouthrinses on
clinical inflammatory parameters of gingivitis: A double-blinded randomized controlled clinical study. J. Indian Soc. Periodontol.
2017, 21, 132–137. [CrossRef]

71. Waghmare, P.F.; Chaudhari, A.U.; Karhadkar, V.M.; Jamkhande, A.S. Comparative evaluation of turmeric and chlorhexidine
gluconate mouthwash in prevention of plaque formation and gingivitis: A clinical and microbiological study. J. Contemp Dent.
Pract. 2011, 12, 221–224. [CrossRef]

72. Mali, A.M.; Behal, R.; Gilda, S.S. Comparative evaluation of 0.1% turmeric mouthwash with 0.2% chlorhexidine gluconate in
prevention of plaque and gingivitis: A clinical and microbiological study. J. Indian Soc. Periodontol. 2012, 16, 386–391. [CrossRef]
[PubMed]

73. Muglikar, S.; Patil, K.C.; Shivswami, S.; Hegde, R. Efficacy of curcumin in the treatment of chronic gingivitis: A pilot study. Oral
Health Prev Dent. 2013, 11, 81–86. [CrossRef] [PubMed]

74. Maleki Dizaj, S.; Shokrgozar, H.; Yazdani, J.; Memar, M.Y.; Sharifi, S.; Ghavimi, M.A. Antibacterial Effects of Curcumin
Nanocrystals against Porphyromonas gingivalis Isolated from Patients with Implant Failure. Clin. Pract. 2022, 12, 809–817.
[CrossRef]

75. Hu, P.; Huang, P.; Chen, M.W. Curcumin reduces Streptococcus mutans biofilm formation by inhibiting sortase A activity. Arch
Oral Biol. 2013, 58, 1343–1348. [CrossRef] [PubMed]

76. Tonon, C.C.; Panariello, B.; Chorilli, M.; Spolidorio, D.M.P.; Duarte, S. Effect of curcumin-loaded photoactivatable polymeric
nanoparticle on peri-implantitis-related biofilm. Photodiagnosis Photodyn. Ther. 2022, 40, 103150. [CrossRef] [PubMed]

77. Al-Maweri, S.A.; Alhajj, M.N.; Deshisha, E.A.; Alshafei, A.K.; Ahmed, A.I.; Almudayfi, N.O.; Alshammari, S.A.; Alsharif,
A.; Kassim, S. Curcumin mouthwashes versus chlorhexidine in controlling plaque and gingivitis: A systematic review and
meta-analysis. Int. J. Dent. Hyg. 2022, 20, 53–61. [CrossRef]

http://doi.org/10.1128/JB.183.12.3770-3783.2001
http://www.ncbi.nlm.nih.gov/pubmed/11371542
http://doi.org/10.1111/clr.13455
http://www.ncbi.nlm.nih.gov/pubmed/31077449
http://doi.org/10.1111/clr.13409
http://www.ncbi.nlm.nih.gov/pubmed/30688370
http://doi.org/10.1073/pnas.1019079108
http://doi.org/10.1177/00220345790580120905
http://doi.org/10.1034/j.1600-051X.2003.00420.x
http://doi.org/10.1111/jcpe.13088
http://doi.org/10.1111/j.1600-0757.1997.tb00105.x
http://doi.org/10.1111/j.1600-051X.2012.01883.x
http://doi.org/10.3390/ijms22189986
http://www.ncbi.nlm.nih.gov/pubmed/34576150
http://doi.org/10.1111/j.1365-2591.2010.01700.x
http://www.ncbi.nlm.nih.gov/pubmed/20518937
http://doi.org/10.1016/j.tiv.2007.09.012
http://www.ncbi.nlm.nih.gov/pubmed/17981006
http://doi.org/10.1038/164456a0
http://www.ncbi.nlm.nih.gov/pubmed/18140450
http://doi.org/10.1055/s-0028-1097963
http://doi.org/10.1155/2018/4508709
http://www.ncbi.nlm.nih.gov/pubmed/29682545
http://doi.org/10.1016/j.ijbiomac.2017.07.101
http://doi.org/10.1111/j.1600-0765.2010.01342.x
http://doi.org/10.4103/jisp.jisp_116_17
http://doi.org/10.4103/jisp.jisp_136_17
http://doi.org/10.5005/jp-journals-10024-1038
http://doi.org/10.4103/0972-124X.100917
http://www.ncbi.nlm.nih.gov/pubmed/23162334
http://doi.org/10.3290/j.ohpd.a29379
http://www.ncbi.nlm.nih.gov/pubmed/23507685
http://doi.org/10.3390/clinpract12050085
http://doi.org/10.1016/j.archoralbio.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23778072
http://doi.org/10.1016/j.pdpdt.2022.103150
http://www.ncbi.nlm.nih.gov/pubmed/36244678
http://doi.org/10.1111/idh.12518


Int. J. Mol. Sci. 2023, 24, 2335 18 of 18

78. Zhang, Y.; Huang, L.; Mazurel, D.; Zheng, H.; Yang, J.; Deng, D. Clinical efficacy of curcumin versus chlorhexidine as an adjunct
to scaling and root planing for the treatment of periodontitis: A systematic review and meta-analysis. Phytother Res. 2021, 35,
5980–5991. [CrossRef]

79. Shinada, K.; Tagashira, M.; Watanabe, H.; Sopapornamorn, P.; Kanayama, A.; Kanda, T.; Ikeda, M.; Kawaguchi, Y. Hop bract
polyphenols reduced three-day dental plaque regrowth. J. Dent. Res. 2007, 86, 848–851. [CrossRef] [PubMed]

80. Cermak, P.; Olsovska, J.; Mikyska, A.; Dusek, M.; Kadleckova, Z.; Vanicek, J.; Nyc, O.; Sigler, K.; Bostikova, V.; Bostik, P. Strong
antimicrobial activity of xanthohumol and other derivatives from hops (Humulus lupulus L.) on gut anaerobic bacteria. APMIS
2017, 125, 1033–1038. [CrossRef]

81. Sleha, R.; Radochova, V.; Mikyska, A.; Houska, M.; Bolehovska, R.; Janovska, S.; Pejchal, J.; Muckova, L.; Cermak, P.; Bostik,
P. Strong Antimicrobial Effects of Xanthohumol and Beta-Acids from Hops against Clostridioides difficile Infection In Vivo.
Antibiotics 2021, 10, 392. [CrossRef] [PubMed]

82. Leonida, M.D.; Belbekhouche, S.; Benzecry, A.; Peddineni, M.; Suria, A.; Carbonnier, B. Antibacterial hop extracts encapsulated in
nanochitosan matrices. Int. J. Biol. Macromol. 2018, 120, 1335–1343. [CrossRef] [PubMed]

83. Sakai, K.; Koyama, N.; Fukuda, T.; Mori, Y.; Onaka, H.; Tomoda, H. Search method for inhibitors of Staphyloxanthin production
by methicillin-resistant Staphylococcus aureus. Biol. Pharm Bull 2012, 35, 48–53. [CrossRef]

84. Maresso, A.W.; Schneewind, O. Sortase as a target of anti-infective therapy. Pharmacol. Rev. 2008, 60, 128–141. [CrossRef]
[PubMed]

85. Leoni, L.; Landini, P. Microbiological methods for target-oriented screening of biofilm inhibitors. Methods Mol. Biol. 2014, 1147,
175–186. [CrossRef]

86. Niederau, C.; Bhargava, S.; Schneider-Kramman, R.; Jankowski, J.; Craveiro, R.B.; Wolf, M. Xanthohumol exerts anti-inflammatory
effects in an in vitro model of mechanically stimulated cementoblasts. Sci. Rep. 2022, 12, 14970. [CrossRef]

87. Bogdanova, K.; Roderova, M.; Kolar, M.; Langova, K.; Dusek, M.; Jost, P.; Kubelkova, K.; Bostik, P.; Olsovska, J. Antibiofilm
activity of bioactive hop compounds humulone, lupulone and xanthohumol toward susceptible and resistant staphylococci. Res.
Microbiol. 2018, 169, 127–134. [CrossRef] [PubMed]

88. Ribeiro-Vidal, H.; Sanchez, M.C.; Alonso-Espanol, A.; Figuero, E.; Ciudad, M.J.; Collado, L.; Herrera, D.; Sanz, M. Antimicrobial
Activity of EPA and DHA against Oral Pathogenic Bacteria Using an In Vitro Multi-Species Subgingival Biofilm Model. Nutrients
2020, 12, 2812. [CrossRef]

89. Sanchez, M.C.; Llama-Palacios, A.; Blanc, V.; Leon, R.; Herrera, D.; Sanz, M. Structure, viability and bacterial kinetics of an in vitro
biofilm model using six bacteria from the subgingival microbiota. J. Periodontal Res. 2011, 46, 252–260. [CrossRef]

90. Sanchez, M.C.; Marin, M.J.; Figuero, E.; Llama-Palacios, A.; Leon, R.; Blanc, V.; Herrera, D.; Sanz, M. Quantitative real-time PCR
combined with propidium monoazide for the selective quantification of viable periodontal pathogens in an in vitro subgingival
biofilm model. J. Periodontal Res. 2014, 49, 20–28. [CrossRef]

91. Sanchez, M.C.; Llama-Palacios, A.; Fernandez, E.; Figuero, E.; Marin, M.J.; Leon, R.; Blanc, V.; Herrera, D.; Sanz, M. An in vitro
biofilm model associated to dental implants: Structural and quantitative analysis of in vitro biofilm formation on different dental
implant surfaces. Dent. Mater 2014, 30, 1161–1171. [CrossRef] [PubMed]

92. Sanchez, M.C.; Ribeiro-Vidal, H.; Bartolome, B.; Figuero, E.; Moreno-Arribas, M.V.; Sanz, M.; Herrera, D. New Evidences of
Antibacterial Effects of Cranberry Against Periodontal Pathogens. Foods 2020, 9, 246. [CrossRef] [PubMed]

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

http://doi.org/10.1002/ptr.7208
http://doi.org/10.1177/154405910708600908
http://www.ncbi.nlm.nih.gov/pubmed/17720853
http://doi.org/10.1111/apm.12747
http://doi.org/10.3390/antibiotics10040392
http://www.ncbi.nlm.nih.gov/pubmed/33917416
http://doi.org/10.1016/j.ijbiomac.2018.09.003
http://www.ncbi.nlm.nih.gov/pubmed/30189279
http://doi.org/10.1248/bpb.35.48
http://doi.org/10.1124/pr.107.07110
http://www.ncbi.nlm.nih.gov/pubmed/18321961
http://doi.org/10.1007/978-1-4939-0467-9_12
http://doi.org/10.1038/s41598-022-19220-6
http://doi.org/10.1016/j.resmic.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29407045
http://doi.org/10.3390/nu12092812
http://doi.org/10.1111/j.1600-0765.2010.01341.x
http://doi.org/10.1111/jre.12073
http://doi.org/10.1016/j.dental.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25110288
http://doi.org/10.3390/foods9020246
http://www.ncbi.nlm.nih.gov/pubmed/32102416

	Introduction 
	Results 
	Antibacterial Effect of Curcumin and Xanthohumol on Planktonic Bacteria 
	Antibacterial Effect of the Curcumin and Xanthohumol on the Dynamic Biofilm Model 
	Quantitative Polymerase Chain Reaction (qPCR) Analysis 
	Confocal Laser Scanning Microscopy (CLSM) Analysis 
	Scanning Electron Microscopy (SEM) Analysis 


	Discussion 
	Materials and Methods 
	Curcumin and Xanthohumol 
	Bacterial Strains and Culture Conditions 
	Antibacterial Effect of Curcumin and Xanthohumol against Planktonic Bacteria 
	In Vitro Multi-species Dynamic Biofilm Model 
	Decontamination Process 
	qPCR Analysis to Evaluate the Antimicrobial Efficacy 
	CLSM Analysis to Evaluate the Antibiofilm Effect 
	SEM Analysis to Evaluate the Morphology of the Biofilms on the Implant Surfaces 
	Data Analysis 

	Conclusions 
	References

