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Abstract The aim of this study was to evaluate the effect

of farnesol on the production of acids and hydrolytic

enzymes by biofilms of Streptococcus mutans and Candida

albicans. The present study also evaluated the time-kill

curve and the effect of farnesol on matrix composition and

structure of single-species and dual-species biofilms. Far-

nesol, at subinhibitory concentrations, showed a significant

reduction in S. mutans biofilm acid production, but did not

alter C. albicans hydrolytic enzyme production. The

number of cultivable cells of both microorganisms was

significantly reduced after 8 h of contact with farnesol.

Extracellular matrix protein content was reduced for bio-

films formed in the presence of farnesol. In addition,

confocal laser scanning and scanning electron microscopy

displayed structural alterations in all biofilms treated with

farnesol, which included reduction in viable cells and

extracellular matrix. In conclusion, farnesol showed

favorable properties controlling some virulence factors of

S. mutans and C. albicans biofilms. These findings should

stimulate further studies using this quorum-sensing

molecule, combined with other drugs, to prevent or treat

biofilm-associated oral diseases.
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Introduction

The microorganisms that colonize the oral cavity have

specific characteristics which make them virulent when

interacting with external factors, as in the case of the

bacterium Streptococcus mutans, which uses sucrose from

the host diet to produce cariogenic biofilms [1]. S. mutans

adheres to dental surfaces in the presence of sucrose

through the formation of exopolysaccharides (EPS) in a

process mediated by glycosyltransferases. In addition, this

bacterial species is able to develop in environments with

low pH, as well as to produce acids from dietary carbo-

hydrates [2]. Taken together, these virulence factors con-

tribute to the dissolution of tooth enamel and development

of carious lesions

Other microorganisms, such as fungi, also inhabit the

oral environment. Because of this, Candida albicans fun-

gus deserves attention [2]. It can colonize surfaces such as

denture acrylic resins and medical devices, which in the

latter case can lead to a high mortality rate of hospitalized

patients [3]. According to the literature, an extracellular

carbohydrate present in the biofilm matrix of C. albicans,

b- 1,3 glucan, appears to be involved in drug sequestration,

thereby assisting in antimicrobial resistance [4]. The basic

composition of the extracellular matrix of Candida albi-

cans biofilm is 55% protein, 25% carbohydrates, 15%

lipids, and 5% deoxyribonucleic acids and sugars, such as

arabinose, glucose, and xylose [5]. Moreover, Candida
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species can produce hydrolytic enzymes, which contribute

to their invasion in the host tissue through digestion or

destruction of the cell membrane [6]. These enzymes can

also attack the cells and molecules of the host immune

system [6]. The production of hydrolytic enzymes and the

capacity to form biofilms [7] on oral tissues and abiotic

surfaces are considered major virulence factors related to

Candida species [6].

Although S. mutans is considered the main causative or

etiological agent of dental caries [8], studies have shown

that the association with C. albicans [9] in dental biofilms

causes more aggressive caries in comparison to a biofilm

formed only by S. mutans [2], especially in the presence of

sucrose [10]. Considering this, in conjunction with biofilm

resistance to conventional drugs, alternative treatments for

dental caries are stimulated. Accordingly, the use of some

quorum-sensing (QS) molecules as antimicrobials has been

reported [11–14]. These molecules regulate gene expres-

sion, cellular differentiation, and other functions [11–15].

Among the QS molecules, farnesol, an acyclic alcohol

secreted by Candida species such as C. albicans and C.

dubliniensis [16], has received attention for presenting

antibiofilm activity. Farnesol also influences other species

of fungi and bacteria [17].

Despite the antibiofilm effect of farnesol having been

explored in previous studies, the effect of this QS molecule

on the production of acids and hydrolytic enzymes (pro-

teinase, phospholipase and hemolytic) by S. mutans and C.

albicans biofilms remains unknown. Thus, the aim of this

study was to assess the effect of farnesol on the above-

mentioned virulence factors of S. mutans and C. albicans

biofilms. In addition, the current study evaluated the time-

kill curve of S. mutans and C. albicans in the presence of

farnesol, as well as the effect of this molecule on the

extracellular matrix composition and the structure of single

and mixed biofilms of the same species.

Materials and Methods

Artificial Saliva Medium

Artificial saliva (AS) medium was prepared according to

Lamfon et al. [18]. Its composition per 1 L of deionized

water was 2 g of yeast extract (Sigma-Aldrich, St Louis,

USA), 5 g of peptone (Sigma-Aldrich), 2 g of glucose

(Sigma-Aldrich), 1 g of mucin (Sigma-Aldrich), 0.35 g of

NaCl (Sigma-Aldrich), 0.2 g of CaCl2 (Sigma-Aldrich) and

0.2 g of KCl (Sigma-Aldrich), as described by Monteiro

et al. [19]. The final pH was adjusted to 6.8 using NaOH

(Sigma-Aldrich).

Strains and Culture Conditions

The strains of C. albicans (10231) and S. mutans (25175)

were purchased from the American Type Culture Collec-

tion (ATCC). For C. albicans, colonies subcultured (37 �C,
24 h) on Sabouraud dextrose agar medium (SDA; Difco,

Le Pont de Claix, France) were inoculated in 10 ml of

Sabouraud dextrose broth (SDB; Difco) and maintained

under agitation (120 rpm) at 37 �C for 20 h. Next, yeast

cells were centrifuged (8000 rpm, 5 min) and the pellets

were washed twice in phosphate buffered saline (PBS; pH

7.0 0.1 M). Afterwards, the cell concentration was adjusted

to 1 x 107 cells/mL in AS, using an improved Neubauer

chamber. For S. mutans, colonies cultivated (5% CO2,

24 h) on Brain Hearth Infusion (BHI; Difco) agar plates

were inoculated in 10 ml of BHI broth medium (Difco) and

incubated under static conditions in 5% CO2 at 37 �C for

18 h. Then, bacterial cells were harvested by centrifugation

(8000 rpm, 5 min), washed twice in PBS, and the final

concentration was spectrophotometrically adjusted to

1 9 108 cells/mL in AS.

Preparation of Farnesol

Farnesol (trans, trans-farnesol; Sigma-Adrich) was first

diluted in 7.5% methanol (v/v; Sigma-Aldrich), while a

second dilution was performed in AS at the specific con-

centration for each microbiological assay. Solely methanol

at 7.5% was tested as a control and it did not interfere in the

cell viability of the microorganisms studied.

Single and Mixed Biofilm Formation in the Presence

of Farnesol

Microtiter plates with 96 wells (Costar, Tewksbury, USA)

were used for the formation of single and mixed biofilms of

C. albicans and S. mutans. A volume of 200 lL of cell

suspension (1 9 107 cells/mL in AS for C. albicans and

1 9 108 cells/mL in AS for S. mutans) was added to each

well for single biofilms, while 100 lL of each suspension

(2 9 107 cells/mL for C. albicans plus 2 9 108 cells/mL

for S. mutans) was added in each well for mixed biofilms.

The plates were incubated in static conditions in 5% CO2 at

37 �C for 2 h. The 2-h period was based on previous

studies which showed that this period was sufficient to

promote initial adhesion to abiotic surfaces [19–21].

Subsequently, the AS medium was removed and each

well was washed once with PBS to promote the removal of

non-adherent cells. Then, farnesol was diluted in AS and

added to the wells at the following concentrations: 0.78 and

1.56 mM (corresponding to 1/8 and 1/4 of the minimum

inhibitory concentration (MIC) determined for planktonic

cells) for assessment of the effect on acid production and
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enzymatic activity; 3.12 mM, for the time-kill curve assay;

3.12 and 12.5 mM for evaluation of the effect on the

extracellular matrix composition and the structure of the

biofilms. Afterwards, the plates were stored at 37 �C in 5%

CO2 for 48 h, and the media were renewed after 24 h. All

farnesol concentrations were based on the Fernandes et al.

[22] study. Subinhibitory concentrations (0.78 and

1.56 mM) were used to ensure that the results were not

influenced by the death of microorganisms, whereas the

inhibitory concentrations (3.12 and 12.5 mM) were applied

aiming for biofilm eradication.

Effect of Farnesol on acid Production by S. mutans

Biofilms

This assay was performed according to the protocol

described by the Hasan et al. [23] study. Briefly, S. mutans

biofilms were formed in the presence of subinhibitory

concentrations (0.78 and 1.56 mM) of farnesol during 48 h,

as detailed above. After this period, the pH of the media

was measured and compared with the initial pH values,

which were immediately verified after the addition of far-

nesol-containing saliva in the wells. Chlorhexidine glu-

conate (CHG) at 0.45 lM (1/49 S. mutans MIC) was used

as positive control, while the negative control was AS

without farnesol.

Effect of Farnesol on Enzymatic Activity of C.

albicans Biofilms

Proteinase activity was determined according to the Aoki

et al. [24] study. Phospholipase activity was assessed

according to the egg yolk agar method [25]. This agar was

prepared by adding an egg yolk emulsion (10% v/v) to

SDA (13 g), supplemented with NaCl (11.7 g) and CaCl2
(0.11 g) in 184 mL of deionized water [26]. Hemolytic

activity was evaluated by using SDA medium supple-

mented with 7% fresh sheep blood and 3% glucose [27].

For enzymatic activity determination, C. albicans bio-

films were developed in the presence of subinhibitory

concentrations (0.78 and 1.56 mM) of farnesol, as detailed

above. CHG at 1.8 lM (1/4 x C. albicans MIC) was used

as positive control, while the negative control was AS

without farnesol. After 48 h, the resulting biofilms were

scraped from the wells (in PBS) and 10 lL of the biofilm

suspension was inoculated on the agar plates. The plates

were incubated at 37 �C for 3 (hemolytic activity) and

6 days (proteinase and phospholipase activities). Enzy-

matic activity was expressed according to the Prz index for

proteinase, the Pz index for phospholipase, and the Hz

index for hemolytic activity. These indexes represent the

ratio between the diameter of the colony and the diameter

of the translucent/precipitation zones. Enzymatic activity

was graded as high (indexes\ 0.4), moderate (indexes

from 0.41 to 0.60), low (indexes from 0.61 to 0.99), and

absent (indexes = 1) [25, 28].

Time-kill Curve Assay

The method reported by Tong et al. [29] was used to assess

the time-kill curve. Falcon tubes were used to dilute far-

nesol in the inoculum of each strain (1 9 107 cells/mL in

AS for C. albicans and 1 9 108 cells/mL in AS for S.

mutans) to a concentration of 3.12 mM, and the tubes were

incubated at 37 �C for 1, 2, 6, 8, 10, 12, and 24 h. After

each period of time, the content of the tubes was diluted in

PBS and plated on BHI agar for S. mutans and SDA for C.

albicans. The number of colony-forming units (CFUs) was

enumerated after 24 to 48 h of incubation at 37 �C.

Effect of Farnesol on Matrix Composition

of Biofilms

The extracellular matrix protein content of the biofilms

formed in the presence of farnesol was determined by the

bicinchoninic acid (BCA kit, Sigma-Aldrich) method, as

detailed elsewhere [30]. In turn, the carbohydrate content

was measured according to the protocol recommended by

Dubois et al. [31]. Absorbance values were correlated with

the concentration of proteins and carbohydrates, and the

results were expressed as a function of the biofilm dry

weight (mg/g dry weight). CHG at 0.37 mM (509 C.

albicans MIC) [22] was used as positive control, and AS

devoid of farnesol was used as negative control.

Structural Analysis of Biofilms

Confocal laser scanning microscopy (CLSM) and scanning

electron microscopy (SEM) were used for the structural

analysis of biofilms exposed to farnesol. Dual-species

biofilms of C. albicans ATCC 10231 and S. mutans ATCC

25175 were formed in 24-well plates, with the bottom of

the wells previously cut and sterilized by ethylene oxide

associated with low temperatures (- 70 �C). After the

adhesion phase (2 h), farnesol was added to the wells at

3.12 and 12.5 mM, and the plates were incubated for 48 h

to allow biofilm formation. Positive and negative controls

were identical to those used in the extracellular matrix

composition assay. The resulting biofilms were stained for

15 min using the LIVE/DEAD� BacLightTM (Invitrogen,

Carlsbad, CA) dye kit, where 3 lL of SYTO� 9 and 3 lL
of propidium iodide were diluted in 3 mL of sterile

deionized water. Biofilm confocal imaging was performed

using a Leica TCS-SPE confocal scanning laser micro-

scope (Leica Microsystems GmbH, Mannheim, Germany).

The images were captured at a magnification of 40 times in
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immersion oil at 536/617 nm. For SEM analysis, dual-

species biofilms were grown as previously described, pro-

gressively dehydrated in ethanol, coated with gold, and

observed in an S-360 microscope (Leo, Cambridge, USA).

Statistical Analysis

All microbiological assays were carried out in triplicate, on

at least three different occasions. Data showed normal

distribution (Shapiro–Wilk test) and were submitted to the

two-way (for acid production assay) and one-way ANOVA

(for all other assays). After, the Holm-Sidak post hoc test

was applied using the SigmaPlot 12.0 software (Systat

Software Inc., San Jose, USA).

Results

Effect of Farnesol on Acid Production by S. mutans

Biofilms

The initial pH value for all groups was approximately 7.0.

After 48 h of biofilm formation, farnesol at 0.78 mM and

1.56 mM was able to maintain the same initial pH value,

indicating a reduction effect on acid production. For the

negative and positive controls, however, final pH values

decreased to 5.1 and 5.3, with significant differences

between these values and those found for farnesol (at 0.78

and 1.56 mM).

Effect of Farnesol on Enzymatic Activity of C.

albicans Biofilms

Farnesol and CHG at subinhibitory concentrations did not

reduce the enzymatic activity of C. albicans biofilms, when

compared to the negative control. All groups displayed

moderate activity for proteinase and phospholipase, and

high hemolytic activity.

Time-kill Curve Assay

Farnesol became significantly effective after 8 h of contact

with C. albicans, reducing the number of CFUs by

approximately 2-log10 and maintaining a steady reduction

up to 24 h of exposure (Fig. 1a). Similarly, farnesol pro-

moted a significant reduction (* 4-log10) in the number of

CFUs of S. mutans after 8 h (Fig. 1b). In addition, a 2-log10
increase in the S. mutans growth was noted between 12 and

24 h.

Effect of Farnesol on Matrix Composition

of Biofilms

The amount of proteins was significantly reduced for single

and mixed biofilms of S. mutans and C. albicans developed

in the presence of farnesol and CHG, compared to the

negative control group, except for single biofilm of S.

mutans exposed to 12.5 mM farnesol (Table 1). No sig-

nificant differences were noted among the groups for car-

bohydrate content, regardless of the biofilm.

Structural Analysis of Biofilms

SEM images of the untreated mixed biofilm revealed a

dense structure with multilayers of yeasts, hyphae, and

bacterial cells immersed in extracellular material covering

the entire surface (Fig. 2). The same trend was observed

for untreated single biofilms in both S. mutans and C.

albicans, which were composed of multilayers of cocci,

yeasts, and hyphae. On the other hand, SEM images of all

biofilms formed in the presence of farnesol and CHG dis-

played less compact structures, with cells partially covering

the surfaces. CLSM images confirmed the aforementioned

findings, revealing lower numbers of viable cells for bio-

films formed in the presence of drugs, when compared to

the negative controls. Farnesol at 12.5 mM and CHG

promoted the highest reductions in cell viability (Fig. 2).

Discussion

Microorganisms are able to produce biofilms with mecha-

nisms that make them virulent, leading to an imbalance in

the health of individuals [32]. The virulence factors are

variable and closely related to the ability of microorgan-

isms to produce extracellular matrix. The Gram-positive

bacterium, S. mutans, is reported as one of the biggest

producers of EPS [33], in addition to producing and tol-

erating acids, and causing dental caries. Another oppor-

tunistic microorganism present in the oral cavity is C.

albicans, which can produce enzymes able to attack human

tissue [6]. With the increase of resistance to conventional

antimicrobial agents, QS molecules have received attention

due to their potential as antibiofilm drugs, with great focus

on farnesol. Consequently, the effect of this QS molecule

was tested on some virulence factors of C. albicans and S.

mutans biofilms in this present study.

Interesting results were found for the acid production

assay, given that the pH of S. mutans biofilm remained

stable at subinhibitory concentrations of farnesol (0.78 and

1.56 mM), which is in accordance with the Jeon et al. [34]

study. A plausible explanation for this finding was reported

by the same authors who mentioned that farnesol acts on
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the permeability of the S. mutans proton membrane, which

might affect the pH gradient across the membrane,

inhibiting the cellular metabolism and, thereby, the pro-

duction of acids. In contrast, the positive control used in the

current study (CHG) significantly reduced the pH from 7.0

to 5.3 after 48 h. The stress caused on the cells by CHG

probably stimulated the acid production, resulting in a pH

reduction in the environment.

As for production of hydrolytic enzymes by C. albicans

biofilms, the proteinase, phospholipase, and hemolytic

activity was not affected by farnesol and CHG, both at

subinhibitory concentrations. Contrarily, Singh et al. [35]

found that farnesol obtained from a plant extract (Usnea

longissima) was able to reduce all these virulence factors

expressed by a fluconazole-resistant strain of C. albicans.

The divergence between the studies might be associated to

the protocols used in the evaluation of the enzymatic

activity (biofilm x planktonic cells), as well as related to

the physiological features of the different Candida strains.

In the current study, a reduction of approximately

1-log10 in the number of CFUs for C. albicans was also

identified after 1 h of contact with 3.12 mM farnesol,

whereas this decrease was almost 3-log10 for S. mutans

(Fig. 1). The initial reduction of S. mutans was higher than

that found by Koo et al. [36] (1-log10), which could be

explained by the different origins of the evaluated com-

pounds. Koo and colleagues [36] tested a natural farnesol

from propolis, while a synthetic farnesol was used in the

present study. In agreement with the findings of the present

study, de Melo et al. [37] found the highest cell reduction

for S. mutans after 8 h of contact with farnesol.

In general, the matrix composition analysis showed that

the protein content was reduced after exposure to farnesol

at 3.12 and 12.5 mM (Table 1). Furthermore, single-spe-

cies and dual-species biofilms formed in the presence of

this compound, at the same concentrations, showed lower

numbers of viable cells and less dense structures, when

compared to the untreated biofilms (Fig. 2). Similar results

were observed for CHG, which is a broad-spectrum

antimicrobial widely used in dentistry. Taken together,

these results highlight the action of farnesol on the reduc-

tion of biofilms, including an effect on the disintegration of

the extracellular matrix. These findings are clinically rel-

evant, since the extracellular matrix represents a barrier to

drug penetration. Cell death mediated by farnesol has

several mechanisms, such as ROS production and the dis-

ruption of mitochondrial function. Moreover, glutathione

depletion from microbial cells may occur as a consequence

Fig. 1 Time-kill curve for C. albicans ATCC 10231 (a) and S. mutans ATCC 25175 (b) in the presence of farnesol at 3.12 mM

Table 1 Extracellular matrix composition of mono- and dual-species biofilms of Candida albicans and Streptococcus mutans grown for 48 h in

the presence of different concentrations of farnesol (3.12 and 12.5 mM)

Matrix

composition

(mg/g of

biofilm dry

weight)

C. albicans ATCC 10231 S. mutans ATCC 25175 C.albicans ATCC 10231 ? S. mutans

ATCC 25175

Farnesol (mM) Chlorhexidine

(mM)

Farnesol (mM) Chlorhexidine

(mM)

Farnesol (mM) Chlorhexidine

(mM)

0 3.12 12.5 0.37 0 3.12 12.5 0.37 0 3.12 12.5 0.37

Carbohydrate 40.27 42.07 26.22 63.23 30.55 58.15 62.81 41.73 32.84 26.54 52.49 60.27

Protein 7.81 0.00* 0.84* 0.00* 4.76 0.05* 5.80 0.00* 8.75 0.00* 0.17* 0.14*

SD values were around 10%

*Indicates P\ 0.05, as compared to the control group, using one-way ANOVA and Holm-Sidak’s post hoc test
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of the formation of complexes between it and farnesol,

causing disturbances in intracellular homeostasis and

making the cells more susceptible to oxidative stress [38].

In conclusion, farnesol had a significant effect on the

virulence factors evaluated, except on the production of

hydrolytic enzymes by C. albicans biofilms. Combined

with conventional antimicrobials, the effect of this QS

molecule on virulence factors of several pathogens should

be stimulated in order to fight oral biofilm-associated

diseases.
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