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Abstract: This study aimed to grow a fungal-bacterial mixed biofilm on medical-grade titanium
and assess the ability of the biosurfactant R89 (R89BS) coating to inhibit biofilm formation. Coated
titanium discs (TDs) were obtained by physical absorption of R89BS. Candida albicans-Staphylococcus
aureus biofilm on TDs was grown in Yeast Nitrogen Base, supplemented with dextrose and fetal
bovine serum, renewing growth medium every 24 h and incubating at 37 ◦C under agitation. The
anti-biofilm activity was evaluated by quantifying total biomass, microbial metabolic activity and
microbial viability at 24, 48, and 72 h on coated and uncoated TDs. Scanning electron microscopy was
used to evaluate biofilm architecture. R89BS cytotoxicity on human primary osteoblasts was assayed
on solutions at concentrations from 0 to 200 µg/mL and using eluates from coated TDs. Mixed biofilm
was significantly inhibited by R89BS coating, with similar effects on biofilm biomass, cell metabolic
activity and cell viability. A biofilm inhibition >90% was observed at 24 h. A lower but significant
inhibition was still present at 48 h of incubation. Viability tests on primary osteoblasts showed no
cytotoxicity of coated TDs. R89BS coating was effective in reducing C. albicans-S. aureus mixed biofilm
on titanium surfaces and is a promising strategy to prevent dental implants microbial colonization.

Keywords: titanium coating; anti-biofilm coating; biosurfactants; mixed biofilm; Staphylococcus au-
reus; Candida albicans; dental implant; peri-implantitis; fungal-bacterial biofilm; cytotoxicity; scanning
electron microscopy

1. Introduction

The human oral microbiota includes over 700 microbial species that can interact with
each other or with opportunistic pathogens, forming multi-species communities [1,2].
These communities persist on all biotic (mucous membranes, teeth) and abiotic (prostheses,
dentures, implants) surfaces in the oral cavity, playing an essential role in oral health and
diseases [3–5]. Among these pathologies with microbial etiology, peri-implantitis represents
the main complication affecting patients with osseous-integrated dental implants, and can
even lead to implant loss [6]. Peri-implantitis is defined as an inflammation of the soft
tissues surrounding the implant, accompanied by a loss of supporting bone [7]. One of the
main causes of the onset of peri-implantitis has been recognized in the microbial adhesion
on the implant surface and subsequent biofilm formation [8–10].

Titanium and its medical-grade alloys, in particular, Ti6Al4V alloy, are the materials
of choice for realizing a wide range of dental implant and implant trans-mucosal compo-
nents [11]. This material has excellent biocompatibility and resistance to corrosion, also
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providing high strength resistance and overall good mechanical properties [12–14]. Once
the titanium surface is exposed to the oral environment, it is quickly coated with a saliva
film, rich in proteins. This conditioning film encourages the adhesion of microorganisms of
the oral microbiota or the settling of microbial species introduced through the mouth, often
resulting in the formation of polymicrobial biofilms [15].

Polymicrobial biofilms are a complex three-dimensional community composed of a
heterogeneous group of microorganisms (bacteria, fungi, viruses) attached to biotic and
abiotic surfaces, encapsulated in an extracellular polymeric matrix [16]. Within these multi-
species communities, microorganisms are in close contact and interact in many ways to
promote colonization and their survival. They often cooperate, resulting in increased
pathogenicity, virulence and antimicrobial resistance, making infections difficult to manage,
frequently requiring complex multi-drug strategies [17,18]. Recently, several studies were
focused on fungal–bacterial interactions, given their relevance in human diseases [16,19–21].

Candida albicans is the most frequently isolated fungal species in the oral cavity [22].
Although it is a human commensal species, under certain conditions, such as the use of
antibiotics, immunosuppressive treatments or immune-depressive diseases, and reduced
salivation, it can cause infections of the oral mucosa [23–25]. In addition, due to its
high capacity to form biofilms, it can colonize abiotic surfaces, such as prostheses and
dental implants, being involved in the etiology of peri-implantitis [8,26,27]. Within the
oral environment, C. albicans interacts with both oral bacteria [5,28,29] and opportunistic
pathogens such as Staphylococcus aureus [30,31]. They form multi-species biofilms causing
disorders such as caries, stomatitis, periodontal and peri-implant diseases. Although
S. aureus does not belong to the oral microbiota, it is frequently introduced during implants
surgery [32] and can early colonize implants and persists for a long time [33,34]. Several
studies reported high levels of the bacterium on implants surface or in peri-implant pocket
in patients affected by peri-implantitis [35,36].

Considering the key role of microbial biofilms in peri-implantitis and the peculiarities
of fungal-bacterial mixed biofilm, finding new strategies to prevent implant colonization is
a priority in dentistry. In recent years, different surfaces or coatings with antibacterial or
anti-biofilm properties have been proposed to protect implants [37–39]. However, several
limitations in safely and effectively implementing these strategies in clinical settings were
reported [40]. Considering the multivariate causes of peri-implant disease, the right
solution to prevent peri-implant diseases should identify strategies able to eliminate or
minimize initial bacterial attachment without having a cytotoxic effect to allow and favor
stable osseointegration and strengthen the peri-implant mucous seal [41].

Biosurfactants (BS) are natural molecules of microbial origin that, thanks to their low
toxicity and high biocompatibility, have emerged as potential coating agents of medical
devices to prevent their colonization. BS have shown interesting antibacterial, antifungal,
antiviral and anti-adhesive properties that can be applied in medical and pharmaceutical
fields as an alternative to conventional synthetic therapeutic agents [42–45]. Due to their
amphiphilic structure and surface activity, BS can modify the chemical-physical properties
of the surfaces, hindering microbial adhesion and biofilm formation on the devices [46,47].
In addition, these compounds can increase the permeability of microbial membranes, re-
sulting in loss of metabolites and cell lysis, and alter proteins conformation, compromising
vital functions, such as energy generation and transport [47,48].

Among BS, rhamnolipids are a class of glycolipids produced mainly by Pseudomonas
aeruginosa, with multiple potential applications in pharmaceutical and biomedical
fields [49–51], including oral-related health applications [52]. These molecules possess
interesting antimicrobial and anti-biofilm properties, acting both as disrupting agents
on pre-formed biofilms and as anti-adhesive agents limiting microbial adhesion on sur-
faces [53–60]. In most studies, biosurfactants’ activity was assessed against pure cultures
of microorganisms and there is a lack of data in the literature concerning inhibition efficacy
on mixed cultures.
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In this paper, we aimed at defining a model for in vitro production of fungal-bacterial
mixed biofilm on medical-grade titanium and exploiting this model to quantify the activity
of a biopolymer coating made of rhamnolipids in inhibiting biofilm formation at the
titanium surface for potential application as an anti-biofilm coating for dental implants.

2. Materials and Methods
2.1. Study Design

The study design was conceived considering the promising anti-biofilm results ob-
tained on biosurfactant-coated titanium for inhibiting the formation of single Staphylococcus
spp. biofilm [60]. The present study was composed of two main parts. In the first part, an
in vitro model of single- and dual-species biofilm of Candida albicans and Staphylococcus
aureus on titanium was developed. Single- and mixed dual-species biofilm of the two
strains were grown on untreated titanium discs to evaluate the ability of the two strains to
co-exist and form a mature and structured mixed biofilm. Biofilm growth and composition
were quantified at 24, 48 and 72 h of incubation to assess their characteristics over time.

In the second part of the study, the efficacy of BS-coated titanium discs to counteract
the formation of C. albicans-S. aureus dual-species biofilm was investigated. Experiments
were performed comparing the biofilm growth on titanium discs coated with a 4 mg/mL
BS solution to uncoated control discs, at 24, 48 and 72 h of incubation. Data were analyzed
to provide the percentage of biofilm inhibition at the different time-points.

In both experimental parts, three complementary methods were used to quantify
different biofilm characteristics: the crystal-violet (CV) method, was applied to measure the
total biofilm biomass; the 3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assay was used to quantify the biofilm metabolic activity; and the viable
cell counting method was realized to determine cell viability and to discriminate the two
species within the dual biofilm.

To complement data on anti-biofilm activity performance and provide additional
information about the safety of BS coating for dental implantology applications, the impact
of the selected biosurfactant on human primary osteoblasts was also addressed performing
cytotoxicity test using both BS known concentrations and eluted solution from coated
titanium discs.

The procedures for BS production, biofilm formation and quantification, evaluation of
coating anti-biofilm efficacy, and cytotoxicity are detailed below.

2.2. Microbial Strains and Growth Conditions

The rhamnolipids-producing strain Pseudomonas aeruginosa 89, isolated from a patient
with cystic fibrosis [59], was stored at −80 ◦C in Tryptic Soy Broth (TSB) (Scharlab Italia,
Milan, Italy) supplemented with 25% glycerol and grown on Tryptic Soy Agar (TSA).

Biofilm assays were performed using two reference strains, Candida albicans ATCC
® 10231 and Staphylococcus aureus ATCC ® 6538. C. albicans ATCC ® 10231 was stored at
−80 ◦C in Sabouraud Dextrose Broth (Sigma-Aldrich, Milan, Italy) supplemented with
25% glycerol and grown on Sabouraud Dextrose Agar. S. aureus ATCC ® 6538 was stored
at −80 ◦C in TSB supplemented with 25% glycerol and grown on TSA. All these strains
were incubated at 37 ◦C for 20 h before each experimental session.

2.3. Biosurfactant Production

The biosurfactant R89 was produced, extracted and chemically characterized as de-
scribed by Ceresa et al. [59]. Briefly, a loop of an overnight culture of P. aeruginosa 89 was
inoculated into 40 mL of Nutrient Broth II (Sifin Diagnostics GmbH, Berlin, Germany)
and incubated at 37 ◦C for 4 h at 140 rpm. Afterward, 24 mL of the bacterial suspension
were inoculated in 1.2 L of Siegmund–Wagner medium and incubated at 37 ◦C for five
days at 120 rpm. The culture was centrifuged (Sorvall RC-5B Plus Superspeed Centrifuge,
Fisher Scientific Italia, Milan, Italy) at 7000 rpm for 20 min to remove bacterial cells. The
supernatant was acidified with 6 M H2SO4 at pH 2.2, stored overnight at 4 ◦C and extracted
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three times with ethyl acetate (Merck KGaA, Darmstadt, Germany). The organic phase was
anhydrified and evaporated to dryness under vacuum conditions. The composition of the
raw extract was confirmed by mass spectrometry analysis.

2.4. Medical-Grade Titanium Discs Preparation

Titanium alloy Ti6Al4V (medical-grade 5) discs (TDs) 10 mm in diameter and 2 mm
in thickness were obtained from computer numerical control machining (CLC Scientific
s.r.l., Vicenza, Italy). TDs were subsequently polished with increasing fine-grained silicon-
carbide abrasive paper up to 4000 grit to obtain a mirror surface. Cleaning and disinfection
of the discs were performed as indicated in Tambone et al. [60]. Briefly, TDs were cleaned
by sonication for 15 min each in three consecutive solutions, acetone, 70% v/v ethanol
in distilled water, and distilled water, to remove impurities and grinding residues. The
discs were then disinfected by immersion for 24 h in 70% v/v ethanol in water and stored
in these conditions until further use. TDs were dried under a laminar flow immediately
before testing.

2.5. Surface Coating Process

The coating of TDs was obtained by physical adsorption of the biosurfactant at the
titanium surface, following the procedure reported by Tambone et al. [60]. Briefly, TDs
were placed in 24-well polystyrene plates (one disc for each well) and immersed in 1 mL
of a freshly prepared solution of R89BS 4 mg/mL in sterile phosphate buffer saline (PBS).
The plates were incubated at 37 ◦C for 24 h and agitated at 70 rpm using an orbital shaker.
At the end of the immersion period, the discs were aseptically transferred to new 24-well
polystyrene plates and dried under a laminar flow to set the BS-coating at the surface.

2.6. Biofilm Growth on Titanium Surface

C. albicans ATCC ® 10231 and S. aureus ATCC ® 6538 single- and dual-species suspen-
sions were prepared in Yeast Nitrogen Base (Sigma-Aldrich) with 50 mM dextrose (Scharlab
Italia), supplemented with 10% v/v of fetal bovine serum (Pan Biotech ™, Aidenbach, Ger-
many) (YNBD + 10% FBS). The final cell concentration was adjusted to 1 × 105 colony
forming units per mL (CFU/mL) for C. albicans and to 1 × 107 CFU/mL for S. aureus.

Titanium discs (both coated and uncoated) were placed in sterile 24-well polystyrene
plates, fitting one disc for each well. One milliliter of single- or dual-species suspension
was added to each well, ensuring the complete submersion of the disc. Plates were then
incubated at 37 ◦C in static condition for 1.5 h, to allow cells adhesion to the disc surface,
and subsequently at 70 rpm up to 72 h. Every 24 h, discs were aseptically transferred
into a new plate containing 1 mL of YNBD + 10% FBS, to provide fresh nutrients for the
sessile cells.

At the end of the incubation period, the suspension was removed, and the discs were
gently washed twice with sterile PBS to remove non-adherent cells.

2.7. Quantitative Tests for Biofilm Formation

To quantify single- and dual-species biofilm formation on TDs at the desired time-
points three complementary methods were used: CV staining, MTT reduction assay and
viable cell counting.

The crystal-violet method was performed to determine total biofilm biomass. Biofilms
were air-dried at the surface of the disc and then stained with 1 mL of 0.2% w/v CV solution
for 10 min. A set of TDs coated with the BS solution, but not incubated with the microbial
suspension, was used as blank. After removing the CV solution, the discs were washed
with distilled water to remove dye excess and air-dried again. Finally, the CV bound to the
biofilms was dissolved in 1 mL of 33% v/v acetic acid (Scharlab Italia S.r.l., Milano, Italy)
in water.

The MTT reduction assay was carried out to evaluate cell metabolic activity. An
MTT working solution was prepared immediately before use dissolving 7.5 mg of MTT
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powder (Fisher Scientific Italia, Milan, Italy), 50 µL of glucose solution (20% w/v in distilled
water) (Scharlab Italia S.r.l., Milano, Italy) and 100 µL of 1 mM menadione solution (Sigma-
Aldrich Italia S.r.l., Milano, Italy) in 9.85 mL of PBS. Each disc was immersed in 1 mL of
the 0.075% w/v MTT working solution and incubated for 30 min at 37 ◦C. R89BS-coated
and uncoated discs without biofilm were also included in each MTT session as blanks.
Finally, 1 mL of a lysing solution, composed of 7 parts of dimethyl sulfoxide (Scharlab
Italia S.r.l., Milano, Italy) and 1 part of 0.1 M glycine buffer (pH 10.2) (Sigma-Aldrich Italia
S.r.l., Milano, Italy), was used to dissolve the formazan crystals. The absorbance of CV and
MTT resulting solutions was spectrophotometrically read at 570 nm (Victor3V TM, Perkin
Elmer, Milano, Italy).

The viable cell counting method was implemented to obtain information about dual-
species biofilm composition and to evaluate the effect of R89BS coating on the single
species within the multi-species biofilm. Each disc was placed in 50 mL tubes containing
10 mL of sterile NaCl solution (0.9% w/v in water) (Sigma-Aldrich Italia S.r.l., Milano,
Italy) and subjected to four cycles of sonication and stirring, for 30 s each, to promote the
detachment of cells from the titanium surface. The suspensions obtained were serially
diluted 1:10 v/v in sterile NaCl solution. An aliquot of 100 µL of each multi-species biofilm
dilutions was plated onto two selective agar media, Mannitol Salt Agar (MSA) (Scharlab
Italia S.r.l., Milano, Italy), which is selective for Staphylococcus growth, and Sabouraud
Chloramphenicol Agar (SCA) (Scharlab Italia S.r.l., Milano, Italy), selective for fungal
growth. In addition, S. aureus and C. albicans single-species biofilm dilutions were plated
onto MSA and SCA, respectively. Agar plates were incubated at 37 ◦C for 24 h and
colonies were manually enumerated. All assays were performed in quadruplicate. CV tests
were repeated three times, MTT tests were repeated two times, and viable cell count was
performed on a single experimental session.

To understand the type of interaction established between the two microorganisms
grown together, data obtained from the multi-species culture were compared to those
obtained from both the single-species. In addition, data from the dual biofilm were also
compared with the sum of data related to the two species. In the absence of interaction, the
two microorganisms form a multi-species biofilm whose characteristics (biomass, metabolic
activity and number of viable cells) should correspond to the sum of their respective single-
species biofilms [61]. Differently, when the two species cooperate and promote each other’s
growth, dual-species biofilm is expected to be higher than the sum of the individual
biofilms. On the contrary, if competition occurs (e.g., when the two microorganisms
contend for the nutrients), the resulting dual-species biofilm is expected to be lower than
the sum of the single-species biofilms.

2.8. Scanning Electron Microscopy of Multi-Species Biofilms

In the second part of the study, in addition to the quantitative test reported above,
a qualitative micro-morphological analysis of the multi-species biofilm formed on TDs
at the different time-points was also carried out by scanning electron microscopy (SEM),
using the sample preparation and imaging protocol described in Ceresa et al. [60,62]
with minor modifications. Biofilms, formed on coated and uncoated controls discs, were
immersed in 1 mL of 2.5% w/v glutaraldehyde solution (Scharlab Italia S.r.l., Milano, Italy)
in 0.1 M phosphate buffer for 24 h at 4 ◦C to preserve the microstructural architecture
of the biofilm on the titanium surface. Then, each disc was washed twice with Milli-Q
® water, dehydrated by immersion in 70%, 90% and 100% v/v ethanol/water solutions
for 10 min each and finally dried overnight under a laminar flow cabinet. Dried samples
were then coated by a 10-nm layer of gold using a sputter coater (Emitech K500X, Quorum
Technologies, Laughton, UK) to improve their electrical conductivity and thermal stability.

SEM observation was performed using a Quanta 200 (FEI-Philips, Eindhoven, The
Netherlands) scanning electron microscope in the high-vacuum mode. A set of four images
for each disc were obtained by collecting the secondary electron signal at a magnification of
500×, 1000×, 2000× and 4000× to detect both the titanium surface morphology and the fine
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structural detail of both microbial cell species within the biofilm. The primary beam energy
was set to 5 keV to minimize the damage to the biological structures. Possible artifacts due
to the sample preparation process [63] were considered according to indications provided
by Hrubanova et al. [64] and previous experience performed in imaging microbial biofilm
formed in-vitro on medical devices [65–67] and in-vivo on titanium abutments [68,69].

2.9. Eukaryotic Cell Viability Tests

Human primary osteoblasts (hOBs) were obtained from human bone trabecular frag-
ments provided by the Orthopaedic and Traumatology Unit, “Maggiore della Carità”
Hospital, Novara, Italy. Written informed consent, specifying that residual material des-
tined to be disposed of could be used for research, was signed by each participant before
the biological materials were removed, in agreement with Rec(2006)4 of the Committee of
Ministers Council of Europe on research on biological materials of human origin.

Bone fragments were washed with PBS and then digested with collagenase/elastase as
described in Bosetti et al. [70]. The isolated bone outgrowths of cells from the digested bone
fragments appeared in culture dishes within one week and formed a confluent monolayer
at 3–4 weeks. The cells were characterized including osteoblastic morphology, alkaline
phosphatase expression and hormone responsiveness (PTH, 1.25(OH)-D3) [71]. Cells within
the eighth passage were maintained in Iscove’s modified Dulbecco’s medium (IMDM,
Euroclone, Milano, Italy) supplemented with 10% fetal bovine serum (FBS, Hyclone GE
Healthcare, Logan, UT, USA), penicillin/streptomycin (PS, 50 U/mL and 15 µg/mL) and
2 mM L-glutamine (Glu) at 37 ◦C in 5% CO2. Where not specified, reagents were from
Sigma-Aldrich Italia S.r.l. (Milano, Italy). Osteoblasts were plated in a 48 microplate well at
a concentration of 5 × 103 cells per well.

Cytotoxicity on hOBs was evaluated both on pre-defined concentrations of R89BS in
the growth medium and using eluates from titanium discs coated with R89BS, as previously
described in [60]. R89BS pre-defined concentrations ranged from 0 to 200 µg/mL and
their effect on cells was measured after 24 h. For cytotoxicity test of R89BS released from
titanium discs, hOBs were cultured for 24, 48 and 72 h in 500 µL of the conditioned surface-
contacting medium (CS-CM) obtained incubating titanium discs uncoated or coated with
R89BS in culture media for 24 h at 37 ◦C.

Cell viability was evaluated using MTT as an indicator of cell viability. MTT test was
done by adding 50 µL of MTT solution (5 mg/mL) to the cell monolayers and then incu-
bated for 3 h at 37 ◦C in the dark. After culture media removal and PBS washing, formazan
crystals formed during the process were extracted by adding 200 µL of HCl/isopropanol
solution prepared by adding 250 µL of 1 M hydrochloric acid in 5 mL of isopropanol. After
20 min, the absorbance was measured at 570 nm with a spectrophotometer (VICTOR3V TM,
PerkinElmer, Inc., Waltham, MA, USA).

Experiments were carried out in triplicate and repeated three times. Data were
expressed as % vitality considering 100% vitality the values obtained from cells treated
with no R89BS addition. As cytotoxicity control, cells treated with 1% (v/v) Triton-X 100
were used.

In accordance with ISO 10993-5:2009, cytotoxicity was defined when viability was
<70% of the untreated controls.

2.10. Data Analysis and Statistics

The single TD was considered as a statistical unit. Quantitative data obtained from
replicated CV and MTT tests were normalized to the value of the corresponding blank
and were expressed as mean values of absorbance and standard deviation. The inhibition
percentages of biofilm formation were calculated using the following formula:

Inhibition (%) =

(
1 − AR89BS

ACtrl

)
× 100
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where AR89BS is the absorbance value of BS-coated samples and ACtrl is the absorbance
value of the untreated control.

Data obtained from viable cell counting were reported as the mean value of CFU/disc.
The inhibition percentages of biofilm formation were determined as follows:

Inhibition (%) =

(
1 − T

Ctrl

)
× 100

where T is the CFU mean value of BS-coated discs and Ctrl is the CFU mean value of the
uncoated control discs.

The percentages of eukaryotic cell viability were estimated using the following formula:

Cell viability (%) =
Asample

ACtrl
× 100

where Asample is the absorbance value of sample treated with R89BS or Triton-X 100 and
ACtrl is the absorbance mean value of untreated controls.

Statistical analysis was elaborated using the statistical program R, 3.5.3 (R Devel-
opment Core Team, http://www.R-project.org, accessed on 1 May 2021). In the biofilm
formation study, one-way ANOVA followed by Tukey post-hoc test was used to compare
single- and multi-species biofilm, whilst the sum of the two single-species biofilms and
the multi-species biofilm were compared using Welch two-sample t-test. The effect of
R89BS-coated TDs on C. albicans-S. aureus multi-species biofilm formation was investigated
with Student’s t-test comparing coated discs with uncoated controls at each time-point.
One-way ANOVA followed by Tukey post-hoc test was used to study the significance of
data in the cytotoxicity assay in comparison to positive and negative controls. Results were
considered statistically significant when p < 0.05.

3. Results
3.1. Formation of C. Albicans and S. Aureus Single- and Dual-Species Biofilm on Titanium Discs

The ability of C. albicans ATCC ® 10231 and S. aureus ATCC ® 6538 to develop biofilm
alone and in combination on untreated titanium discs was investigated up to 72 h of
incubation, using a range of different methods.

The designed experimental conditions allowed the growth of C. albicans and S. aureus
and promoted the development of both the single-species biofilms. However, C. albicans
biofilm amount, in terms of biofilm biomass, cell metabolic activity and the number of
viable cells, resulted significantly higher than S. aureus (p < 0.001) formed biomass at all
time-points. When the two strains were co-cultured, they formed a thick and dense dual-
species mixed biofilm on the titanium surface. Both, mono- and multi-species biofilms,
gradually increased over time, in terms of biomass, metabolic activity and viable cell counts
(Figure 1). The inspection of data obtained with CV method, MTT assay and viable cell
counting (Figure 1a–c) shows that in all but two cases (metabolic activity at 24 h and viable
cell counting at 72 h), multi-species biofilm amount resulted significantly lower than the
sum of the individual biofilms (p < 0.001), pointing out a competitive interaction between
C. albicans and S. aureus within the biofilm model of this study.

Viable cell counting provided additional insight into the characteristics of C. albicans
and S. aureus mixed biofilm with time. CV and MTT assay allow an overall evaluation
of multi-species biofilm, but no information can be inferred about the single species that
compose it. For example, despite an overall reduction of multi-species biofilm compared to
the sum of the individual biofilms, one species can benefit from the co-culture while the
other is damaged. To investigate how the two microorganisms affected each other in the
biofilm formation process, the number of viable cells of each species within multi-species
biofilms was compared to that obtained when grown on their own.

In the co-culture, a reduction in the number of viable cells of both strains was observed.
The number of CFU/disc of C. albicans in the multi-species biofilm resulted significantly

http://www.R-project.org
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lower than that of the single culture at 24 and 48 h, with an overall reduction of 36%
(p < 0.01). S. aureus, instead, was significantly reduced at all the time-points, with a reduc-
tion of 59%, 73% and 76% after 24, 48 and 72 h respectively (p < 0.001).

Figure 1. Biomass (a), metabolic activity (b) and cell viability (c) of C. albicans ATCC ®® 10231 and S. aureus ATCC ®® 6538
single- and multi-species biofilm formed on untreated titanium discs. Results were obtained by mean CV staining, MTT
reduction assay and viable cell counting respectively. Single- and multi-species cultures were grown in YNBD + 10% FBS
and were evaluated after 24, 48 and 72 h of incubation. The multi-species biofilm composition (d) was determined by viable
cell counting on selective agar media (Mannitol Salt Agar, selective for Staphylococcus, and Sabouraud Chloramphenicol
Agar, selective for fungal growth) at the same time-points (24 h: internal pie; 48 h: middle pie; 72 h: external pie). * p < 0.05.

The composition of the multi-species biofilm was finally determined on MSA, selective
for Staphylococcus, and on SCA, selective for fungal growth. The percentages of C. albicans
and S. aureus at the different time-points are shown in Figure 1d. Multi-species biofilm
results were mainly composed of C. albicans cells while the percentage of S. aureus was
approximately halved every 24 h, resulting in 3% after 72 h of incubation. C. albicans,
therefore, resulted the best biofilm producer, not only in a single culture but also when
co-incubated with the bacterial strain.

3.2. Anti-Biofilm Activity of R89BS-Coated Titanium Discs against Multi-Species Biofilm

The ability of TDs coated with 4 mg/mL R89BS solution to inhibit C. albicans-S. aureus
multi-species biofilm formation was evaluated by CV method, MTT reduction assay and
viable cell counting performed at 24, 48 and 72 h of incubation.

As observed in the previous phase of the study, multi-species biofilm developed
on uncoated control titanium discs gradually increased over time, in terms of biomass,
metabolic activity and cell viability, and a similar trend was observed for the biofilm
formed on R89BS-coated TDs (Figure 2). However, comparing the two surfaces (coated and
uncoated), significantly lower values were observed on coated TDs for biofilm biomass, cell
metabolic activity and the number of viable cells up to 48 h of incubation. R89BS coating
resulted more effective in inhibiting biofilm biomass (Figure 2a) rather than cell metabolic
activity and cell viability (Figure 2b,c).
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Figure 2. Biomass (a), metabolic activity (b) and cell viability (c) of C. albicans-S. aureus multi-species biofilm formed on
untreated control TDs (dark bars) and TDs coated with 4 mg/mL R89BS (light bars). Results were obtained by means of CV
staining, MTT reduction assay and viable cell counting respectively, after 24, 48 and 72 h of incubation. The composition of
the multi-species biofilm formed on R89BS-coated TDs (d) was determined by viable cell counting on selective agar media
(Mannitol Salt Agar, selective for Staphylococcus, and Sabouraud Chloramphenicol Agar, selective for fungal growth) at the
same time-points (24 h: internal pie; 48 h: middle pie; 72 h: external pie). Error bars represent standard deviation. * p < 0.05.

From a quantitative point of view, the highest ability of R89BS-coated TDs to re-
duce biofilm formation was shown at 24 h, with an inhibition of the biofilm biomass, cell
metabolic activity, and cell viability higher than 90% (p < 0.001). After 48 h, the inhibition
of biofilm biomass and cell viability reached 36% (p < 0.001) and 29% (p < 0.01), respec-
tively, while a less marked effect was observed for metabolic activity, with an inhibition
of 14% (p < 0.01). No significant difference was observed comparing the values obtained
for biofilm grown on control and coated discs after 72 h of incubation. Table 1 summa-
rizes the percentages of biomass, metabolic activity and cell viability inhibition at the
different time-points.

Table 1. Inhibition percentages of C. albicans-S. aureus multi-species biofilm determined by CV
staining (biomass), MTT reduction assay (metabolic activity) and viable cell counting (cell viability),
after 24, 48 and 72 h. Data are reported as mean and standard deviation.

Incubation Time (h)
Inhibition (%)

Biomass Metabolic Activity Cell Viability

24 96.3 (1.2) * 95.9 (1.8) * 90.6 (1.1) *
48 36.1 (6.7) * 14.0 (7.7) * 29.1 (9.8) *
72 4.4 (6.7) 5.3 (7.8) 5.4 (4.5)

* p < 0.05.

To evaluate whether the R89BS coating was able to contrast mainly one of the two
species within the multi-species biofilm, the number of cells of C. albicans and S. aureus
were determined for both coated and uncoated discs. At 24 h, R89BS coating resulted more
effective in reducing the number of fungal cells, with an inhibition of 92% for C. albicans
and 81% for S. aureus. In contrast, after 48 h of incubation S. aureus was the species showing
the highest inhibition, with a reduction in the cells number of 69% for the bacterial strain
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and of 27% for the fungal strain. At 72 h, the cells number of each species on R89BS-coated
TDs was comparable to that on uncoated control discs (p > 0.05).

Using selective media (MSA for Staphylococcus, and SCA for Candida) a higher preva-
lence of fungal cells was observed on coated discs, at all the time-points, as shown in
Figure 2d. The composition of the biofilm on control discs resulted the same as observed
in the first phase of the study (Figure 1d). Interestingly, at 24 h, the R89BS coating of the
titanium surface was associated with a doubling of S. aureus percentage compared to that
observed for the controls. At prolonged incubation times, the percentage of the bacterial
strains was significantly reduced and remained constant between 48 and 72 h.

Images obtained by SEM inspection of the biofilm grown on R89BS coated and un-
treated TDs are presented in Figure 3.

Figure 3. Architecture of C. albicans-S. aureus dual-species biofilm grown on uncoated control TDs
(CTRL, panels (a,c,e)) and R89BS-coated TDs (R89BS, panels (b,d,f), after 24, 48 and 72 h of incubation.
Representative images were obtained by scanning electron microscopy in high-vacuum mode. Areas
free of adherent microorganisms in (b) are well representing the micro-morphology of both coated
and uncoated titanium discs. Original magnification: 4000× (insets 500×).

Both microbial species were present at all time-points in both treated and untreated
samples, confirming quantitative data presented in Figure 2d. A clear difference in the
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amount of both species at the titanium surface was evident at 24 h. The comparison
of treated and untreated samples at 48 h of incubation showed differences in the three-
dimensional development of the biofilm, being thicker on uncoated than coated samples.
No major differences were found in the amount of titanium cell-free surface, being the
samples mostly covered by both microorganisms irrespectively from the treatment.

Coccoid cells were found prevalently at the titanium surface or along with Candida
hyphal bodies. Interestingly, bacterial cells appeared to prefer deeper layers in the three-
dimensional structured biofilm imaged at 48 and 72 h.

3.3. R89BS Effect on Eucaryotic Cell Viability

Results of R89BS activity on hOBs viability are shown in Figure 4. A reduction of
hOBs cell viability below 70% occurred for R89BS concentrations higher than 50 µg/mL
(Figure 4a).

Figure 4. Results of the eucaryotic cell viability MTT test: (a) hOBs viability data with R89BS added as
aqueous solution at concentrations ranging from 200 to 0 µg/mL (Ctrl −); (b) Viability data obtained
from hOBs cultured in the eluate from R89BS-coated discs (R89BS-TDs) and uncoated titanium discs
(Ctrl −). Triton X-100 was used as positive control (Ctrl +). Error bars represent standard deviations.
(* p < 0.05).

No interference with hOBs growth was found for concentrations equal and lower than
50 µg/mL, resulting in cell viability >80%. Furthermore, no cytotoxic effect was observed
on hOBs cultured in the eluate from the R89BS-coated titanium. MTT data were comparable
to those obtained from cells grown in the eluate of untreated titanium discs at 24 h. The
extension of the experiment to longer time-points (48 and 72 h) showed no decrease in cell
viability as reported in Figure 4b, showing data obtained at 72 h of incubation.

4. Discussion

Limited data are currently available in the literature about biosurfactants activity
against mixed cultures of microorganisms, although polymicrobial infections are held
responsible for several human diseases, including infections of skin, urinary tract and
oral cavity, otitis media, foot wound infections in diabetic patients and chronic infection
in the cystic fibrosis lung [16,72]. Zezzi do Valle Gomes and Nitschke [73] observed
that a polystyrene surface pre-conditioned with 1% aqueous solution of rhamnolipid
produced by P. aeruginosa LBI, reduced by 44.5% the adhesion of a mixed culture of the two
food-borne pathogenic bacteria S. aureus and Listeria monocytogenes. Dìaz De Rienzo and
collaborators [74] reported the ability of a 5% v/v solution of sophorolipid S1, produced by
C. bombicola ATCC ® 22214, to disrupt pre-formed biofilms of S. aureus and Bacillus subtilis.

Recently, the authors observed that the rhamnolipid R89 used in this study has re-
markable antibacterial and anti-biofilm properties against Staphylococcus spp. The raw
extract of R89BS is a mixture of homologues of mono- (75%) and di-rhamnolipids (25%),
as detected by mass spectrometry [59]. R89BS has proven to limit the biofilm formation
of single cultures of S. aureus and Staphylococcus epidermidis when used as a coating agent
of different medical-grade surfaces, like silicone [59] and titanium [60], demonstrating
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the potential applicability of this molecule in preventing the colonization of indwelling
and implantable medical devices. Furthermore, in a recent work [75], R89BS also showed
significant anti-biofilm properties against polymicrobial cultures of C. albicans and Staphylo-
coccus spp. Polystyrene and medical-grade silicone surfaces were coated with R89BS, and
their anti-biofilm efficacy was evaluated against mixed cultures of C. albicans-S. aureus and
C. albicans-S. epidermidis up to 72 h, resulting in an overall inhibition greater than 90% in
both cases.

In this study, the rhamnolipids-coating was realized by R89BS physical adsorption
at the titanium surface, and its anti-biofilm efficacy was investigated on C. albicans and
S. aureus dual-species culture up to three days. Among fungal-bacterial cultures, the
binomial C. albicans-S. aureus is among the most studied, as both microorganisms are
often co-isolated in several pathologies, including oral diseases like periodontitis, denture
stomatitis and medical devices related infections [16,30,76]. Enteric rods were recovered
more frequently and at higher levels in peri-implantitis compared with periodontitis [77],
and P. aeruginosa, S. aureus and C. albicans were frequent in peri-implantitis, suggesting
they may be associated with implant failure [78]. These microorganisms may co-exist,
cooperating to increase mutual resistance to antimicrobial treatments and immune system,
representing a significant therapeutic challenge [16,19,79].

We showed the ability of C. albicans and S. aureus to co-colonize the surface of medical-
grade titanium typically used for both dental implants and trans-mucosal abutments.
The designed experimental model allowed the reproducible formation of a thick and well-
adherent multi-species biofilm up to 72 h, composed mainly of fungal cells. The comparison
between single- and multi-species biofilms revealed that an antagonistic relationship was
established between C. albicans and S. aureus, in which both species, and especially S. aureus,
were impacted by the co-incubation. Shirtliff et al. [19] proposed that at some point during
the biofilm formation process, the initially synergistic interaction between C. albicans and
S. aureus may turn to a competitive or antagonistic relationship. A possible explanation for
this type of interaction is that microorganisms compete for the available nutrients [80]. In
addition, both species showed an affinity for the titanium surface when grown individually,
forming a stable and solid biofilm, up to 72 h. Therefore, a further possible explanation
for the antagonistic interaction is that the two species compete for the available adhesion
sites, preventing in this way the other species adhesion to the surface, with a mechanism
called “surface blanketing” [81]. Although the mechanisms behind microbial interactions
have not been fully elucidated, different solutions have been proposed to explain the
antagonism between the different species. Microorganisms can produce a wide range of
secondary metabolites which may be toxic to other species or may interfere with biofilm
development, hampering initial adhesion or cell to cell communication, inducing matrix
degradation or biofilm dispersion [81]. For example, it was observed that farnesol, a
quorum-sensing molecule produced by Candida, compromises S. aureus biofilm formation,
and has a toxic effect on cells and increase susceptibility to several antimicrobial agents [82].
In contrast, other authors reported that C. albicans and S. aureus established a synergistic
relationship with a significant increase of biofilm biomass when co-incubated [75,83,84].
However, the interactions between the different microorganisms are complex and strongly
dependent on the context. In an in vitro model, for example, several factors influence
microbial interaction, such as the medium, the surface, cell concentration, and when
microorganisms are added to the culture (simultaneously or at different times during
biofilm development) [85].

The designed model of C. albicans-S. aureus dual-species biofilm was then exploited to
evaluate the anti-biofilm activity of a titanium surface coated with R89BS. Rhamnolipids-
coating was able to significantly reduce microbial adhesion over time, showing a remark-
able effect at 24 h with a biofilm inhibition of about 94%. The inhibition efficacy decreased
with time but was still able to guarantee a significantly lower amount of biofilm in coated
samples compared to uncoated controls at 48 h. Both species within the mixed culture, but
mostly S. aureus, were affected by R89BS. In this regard, it should be considered that the
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anti-biofilm activity observed against S. aureus is related to a double action of the biosurfac-
tants, being both anti-adhesive and antibacterial in respect to this species. S. aureus, in fact,
showed a significant susceptibility to R89BS, with a minimal inhibitory concentration (MIC)
of 0.06 mg/mL, as reported in previous work [59]. On the contrary, R89BS showed only
an anti-adhesive activity against C. albicans, since no antimicrobial activity was observed
against the fungus at the tested concentrations (unpublished data).

The anti-adhesive activity of biosurfactants can be related to their ability to modify the
properties of both coated surfaces and cellular membranes of the microorganisms they come
into contact with. It is known that the BS adsorbed on a surface forms a thin layer which,
thanks to the orientation of the BS amphiphilic molecules, reduces its hydrophobicity
and surface tension and increases its wettability [86]. It has also been proposed that BS
may alter microbial cell membrane hydrophobicity and electric charges [87,88]. Thanks
to these properties, BS can interfere with cell–cell and cell–surface interactions, reducing
the hydrophobic interactions responsible for the initial adhesion of the microorganism to
the surface. Moreover, microbial adhesion can be hindered by the electrostatic repulsion
established between the negative charges of the anionic rhamnolipid and the negative
charges on the microbial surface [73,89].

The spatial organization of C. albicans and S. aureus within the dual-species biofilm
was observed at SEM, confirming quantitative data. In agreement with our findings, other
authors have reported that, in a dual-species biofilm, C. albicans and S. aureus are in close
contact with each other, with bacterial cells preferentially attached to the fungal hyphae [90],
and a key role in this interaction is played by the fungal adhesine Als3p [91]. This affinity
of S. aureus for C. albicans hyphae could play a crucial role in the increased virulence
of infection sustained by this fungal-bacterial biofilm. In fact, the ability of C. albicans
hyphae to penetrate through the epithelium and mucous membranes [92] can lead to the
dissemination of S. aureus from the oral cavity to the bloodstream, resulting in systemic
infection as observed by Schlecht et al. [93] in immunocompromised mice with an oral
co-infection of these two microorganisms.

A relevant aspect that makes BS good candidates in medical applications is their
biocompatibility due to their low toxicity towards eukaryotic cells. Previous studies on
medical-grade silicone coated with R89BS assessed in-vitro cytotoxicity of R89BS using
immortalized human lung fibroblasts (MRC5) [59]. The biocompatibility of titanium discs
coated with R89BS was also assessed, testing the release of the molecule from the coated
titanium implant into the aqueous environment. No cytotoxic effect was found against
MRC5 cell line when exposed to the R89BS-coated titanium discs eluate [60]. In agreement
with the previously reported data, the results of the cell viability test performed in this
study showed no change in the viability of primary osteoblasts when put in contact with
the eluate of the R89BS-coated titanium. Of note, these data were experimentally confirmed
also at 48 and 72 h of incubation, a time markedly longer than that usually recommended
in the standards.

Although the reported results are relevant for defining new anti-biofilm strategies
for dental implant applications, some study limitations should be considered. The two
selected microorganisms are widely recognized as biofilm former strains, but further tests
must be performed, possibly including biofilm-forming strains of relevance for the peri-
implant diseases [94]. In addition, the currently available knowledge of the peri-implant
microbiome can also indicate the most appropriate strains to be considered for further
tests [10,95]. Major limitations occur, however, in realizing reliable biofilm models in-vitro
due to complex culturing conditions required by most of the oral microorganisms. Better
testing conditions could be possibly presented by animal in-vivo studies, which should be
considered in the future.

A second technical limitation is the progressive loss of the anti-biofilm efficacy with
time. The anti-biofilm activity reported in this study showed significant effects limited
to 48 h. This short-term effect is relevant to protect the implant after surgical placement,
but extended efficacy is needed to prevent the onset of the peri-implant diseases at later
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stages after installation. Alternative bonding strategies, strengthening the coating adhesion
or limiting the anti-biofilm molecule released into the aqueous environment should be
considered to improve the durability of R89BS-coating and its anti-biofilm efficacy. How-
ever, the development of alternative strategies is complicated by the need to preserve
implant biocompatibility.

5. Conclusions

In conclusion, considering the anti-biofilm and the toxicity test results, a satisfactory
balance was obtained in-vitro by the use of R89BS-coated titanium, preventing on the
one hand a good anti-biofilm effect that could impact implant septic failure and, on the
other hand, a minimal cytotoxic effect that should not impair osseointegration process.
Overall, these data enlarge the body of evidence that supports further testing toward
in-vivo applications.

Looking forward to the potential clinical applicability of the coating in contrasting
biofilm-related implant diseases, several different ways of use can be identified, according
to where and when the coating is applied. Among possible applicative scenarios, the
R89BS coating could be potentially applied on the implant itself, or in its most coronal
portion, or could be used to coat the transmucosal prosthetic components, where microbial
colonization is early and massive. As for the timing, it could be applied during the
industrial production of the implants and related components or considered for a local
application by the dentist during the implant positioning or maintenance therapy.

Author Contributions: Conceptualization, F.T. and E.T.; methodology, E.T., M.B. and C.C.; formal
analysis, F.T., A.A., M.B., L.F., G.N., I.C. and P.G.; investigation, E.T., F.P. and A.M.; resources, F.T.,
L.F., G.N., A.A. and M.B.; data curation, E.T., F.T. and A.M.; writing—original draft preparation, E.T.,
F.T., P.G. and A.M.; writing—review and editing, C.C., G.N., I.C., M.B. and L.F.; supervision, F.T., L.F.
and M.B.; project administration, E.T. and F.T.; funding acquisition, E.T, P.G. and C.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fondazione Cassa di Risparmio di Trento e Rovereto (Grant
for young researchers involved in excellence research projects, ref. n 2017.0340) and by the SIdP (Ital-
ian Society of Periodontology and Implantology), Firenze, Italy in the call Periodontology/Implant
Dentistry 2016. C.C. holds a temporary research fellowship (Bando Fondazione CRT, Id. 393) sup-
ported by Università degli Studi del Piemonte Orientale, which is deeply acknowledged. The funding
bodies listed above have no role in the design of the study, the collection, analysis, and interpretation
of data and in writing the manuscript.

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to the fact that residual material destined to be disposed of could be used for research, in agreement
with Rec(2006)4 of the Committee of Ministers Council of Europe on research on biological materials
of human origin.

Informed Consent Statement: Written informed consent, was obtaines by each subject before the
biological materials were collected.

Data Availability Statement: The datasets used and analyzed during the current study are available
from the corresponding author on reasonable request.

Acknowledgments: The authors are grateful to CLC Scientific, Vicenza, Italy for kindly providing
the titanium discs used in this study. The company was not involved in the study design, collection,
analysis, interpretation of data, the writing of this article or the decision to submit it for publication.

Conflicts of Interest: The authors declare no conflict of interest. The funders of the study and the
companies that provided the titanium discs had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.



Polymers 2021, 13, 2420 15 of 18

References
1. Dewhirst, F.E.; Chen, T.; Izard, J.; Paster, B.J.; Tanner, A.C.R.; Yu, W.-H.; Lakshmanan, A.; Wade, W.G. The Human Oral

Microbiome. J. Bacteriol. 2010, 192, 5002–5017. [CrossRef]
2. Khurshid, Z.; Naseem, M.; Sheikh, Z.; Najeeb, S.; Shahab, S.; Zafar, M.S. Oral antimicrobial peptides: Types and role in the oral

cavity. Saudi Pharm. J. 2016, 24, 515–524. [CrossRef]
3. Marsh, P.D.; Zaura, E. Dental biofilm: Ecological interactions in health and disease. J. Clin. Periodontol. 2017, 44, S12–S22.

[CrossRef]
4. Montelongo-Jauregui, D.; Lopez-Ribot, J.L. Candida Interactions with the Oral Bacterial Microbiota. J. Fungi 2018, 4, 122.

[CrossRef] [PubMed]
5. Negrini, T.D.C.; Koo, H.; Arthur, R.A. Candida–Bacterial Biofilms and Host–Microbe Interactions in Oral Diseases. Adv. Exp. Med.

Biol. 2019, 1197, 119–141. [CrossRef] [PubMed]
6. Smeets, R.; Henningsen, A.; Jung, O.; Heiland, M.; Hammächer, C.; Stein, J.M. Definition, etiology, prevention and treatment of

peri-implantitis—A review. Head Face Med. 2014, 10, 34. [CrossRef]
7. Lindhe, J.; Meyle, J.; Group D of the European Workshop on Periodontology. Peri-implant diseases: Consensus Report of the

Sixth European Workshop on Periodontology. J. Clin. Periodontol. 2008, 35, 282–285. [CrossRef] [PubMed]
8. Pye, A.; Lockhart, D.; Dawson, M.; Murray, C.; Smith, A. A review of dental implants and infection. J. Hosp. Infect. 2009, 72,

104–110. [CrossRef]
9. Ata-Ali, J.; Candel-Marti, M.; Flichy-Fernandez, A.; Penarrocha-Oltra, D.; Balaguer-Martinez, J.; Penarrocha, M. Peri-implantitis:

Associated microbiota and treatment. Med. Oral Patol. Oral Cir. Bucal 2011, 16, e937–e943. [CrossRef]
10. Ghensi, P.; Manghi, P.; Zolfo, M.; Armanini, F.; Pasolli, E.; Bolzan, M.; Bertelle, A.; Dell’Acqua, F.; Dellasega, E.; Waldner, R.; et al.

Strong oral plaque microbiome signatures for dental implant diseases identified by strain-resolution metagenomics. NPJ Biofilms
Microbiomes 2020, 6, 1–12. [CrossRef] [PubMed]

11. Najeeb, S.; Mali, M.; Syed, A.U.Y.; Zafar, M.S.; Khurshid, Z.; Alwadaani, A.; Matinlinna, J.P. Dental implants materials and surface
treatments. In Advanced Dental Biomaterials; Elsevier BV: Amsterdam, The Netherlands, 2019; pp. 581–598.

12. Berbel, L.O.; Banczek, E.D.P.; Karousis, I.K.; Kotsakis, G.A.; Costa, I. Determinants of corrosion resistance of Ti-6Al-4V alloy
dental implants in an In Vitro model of peri-implant inflammation. PLoS ONE 2019, 14, e0210530. [CrossRef]

13. Elias, C.N.; Lima, J.H.C.; Valiev, R.; Meyers, M. Biomedical applications of titanium and its alloys. JOM 2008, 60, 46–49. [CrossRef]
14. Li, Y.; Yang, C.; Zhao, H.; Qu, S.; Li, X.; Li, Y. New Developments of Ti-Based Alloys for Biomedical Applications. Materials 2014,

7, 1709–1800. [CrossRef] [PubMed]
15. Belibasakis, G.N.; Charalampakis, G.; Bostanci, N.; Stadlinger, B. Peri-Implant Infections of Oral Biofilm Etiology. Adv. Exp. Med.

Biol. 2015, 830, 69–84. [CrossRef] [PubMed]
16. Harriott, M.M.; Noverr, M.C. Importance of Candida–bacterial polymicrobial biofilms in disease. Trends Microbiol. 2011, 19,

557–563. [CrossRef]
17. Elias, S.; Banin, E. Multi-species biofilms: Living with friendly neighbors. FEMS Microbiol. Rev. 2012, 36, 990–1004. [CrossRef]
18. Burmølle, M.; Ren, D.; Bjarnsholt, T.; Sørensen, S. Interactions in multispecies biofilms: Do they actually matter? Trends Microbiol.

2014, 22, 84–91. [CrossRef]
19. Shirtliff, M.E.; Peters, B.M.; Jabra-Rizk, M.A. Cross-kingdom interactions: Candida albicansand bacteria. FEMS Microbiol. Lett.

2009, 299, 1–8. [CrossRef]
20. Diaz, P.I.; Strausbaugh, L.D.; Edongari-Bagtzoglou, A. Fungal-bacterial interactions and their relevance to oral health: Linking

the clinic and the bench. Front. Cell. Infect. Microbiol. 2014, 4, 101. [CrossRef]
21. Rodrigues, M.E.; Gomes, F.; Rodrigues, C.F. Candida spp./Bacteria Mixed Biofilms. J. Fungi 2019, 6, 5. [CrossRef]
22. Ghannoum, M.A.; Jurevic, R.J.; Mukherjee, P.K.; Cui, F.; Sikaroodi, M.; Naqvi, A.; Gillevet, P.M. Characterization of the Oral

Fungal Microbiome (Mycobiome) in Healthy Individuals. PLoS Pathog. 2010, 6, e1000713. [CrossRef]
23. Samaranayake, L.P.; Leung, W.K.; Jin, L. Oral mucosal fungal infections. Periodontology 2000 2009, 49, 39–59. [CrossRef] [PubMed]
24. Mayer, F.L.; Wilson, D.; Hube, B. Candida albicans pathogenicity mechanisms. Virulence 2013, 4, 119–128. [CrossRef] [PubMed]
25. Bertolini, M.; Dongari-Bagtzoglou, A. The Dysbiosis and Inter-Kingdom Synergy Model in Oropharyngeal Candidiasis, a New

Perspective in Pathogenesis. J. Fungi 2019, 5, 87. [CrossRef] [PubMed]
26. Mombelli, A.; Décaillet, F. The characteristics of biofilms in peri-implant disease. J. Clin. Periodontol. 2011, 38, 203–213. [CrossRef]

[PubMed]
27. Canullo, L.; Penarrocha-Oltra, D.; Covani, U.; Rossetti, P. Microbiologic and Clinical Findings of Implants in Healthy Condition

and with Peri-Implantitis. Int. J. Oral Maxillofac. Implant. 2015, 30, 834–842. [CrossRef]
28. Morales, D.; Hogan, D.A. Candida albicans Interactions with Bacteria in the Context of Human Health and Disease. PLoS Pathog.

2010, 6, e1000886. [CrossRef]
29. Tamai, R.; Sugamata, M.; Kiyoura, Y. Candida albicans enhances invasion of human gingival epithelial cells and gingival fibroblasts

by Porphyromonas gingivalis. Microb. Pathog. 2011, 51, 250–254. [CrossRef]
30. Baena-Monroy, T.; Moreno-Maldonado, V.; Franco-Martínez, F.; Aldape-Barrios, B.; Quindós, G.; Sánchez-Vargas, L.O. Candida

albicans, Staphylococcus aureus and Streptococcus mutans colonization in patients wearing dental prosthesis. Med. Oral Patol. Oral
Cir. Bucal 2005, 10 (Suppl. S1), E27–E39.

http://doi.org/10.1128/JB.00542-10
http://doi.org/10.1016/j.jsps.2015.02.015
http://doi.org/10.1111/jcpe.12679
http://doi.org/10.3390/jof4040122
http://www.ncbi.nlm.nih.gov/pubmed/30400279
http://doi.org/10.1007/978-3-030-28524-1_10
http://www.ncbi.nlm.nih.gov/pubmed/31732939
http://doi.org/10.1186/1746-160X-10-34
http://doi.org/10.1111/j.1600-051X.2008.01283.x
http://www.ncbi.nlm.nih.gov/pubmed/18724855
http://doi.org/10.1016/j.jhin.2009.02.010
http://doi.org/10.4317/medoral.17227
http://doi.org/10.1038/s41522-020-00155-7
http://www.ncbi.nlm.nih.gov/pubmed/33127901
http://doi.org/10.1371/journal.pone.0210530
http://doi.org/10.1007/s11837-008-0031-1
http://doi.org/10.3390/ma7031709
http://www.ncbi.nlm.nih.gov/pubmed/28788539
http://doi.org/10.1007/978-3-319-11038-7_4
http://www.ncbi.nlm.nih.gov/pubmed/25366221
http://doi.org/10.1016/j.tim.2011.07.004
http://doi.org/10.1111/j.1574-6976.2012.00325.x
http://doi.org/10.1016/j.tim.2013.12.004
http://doi.org/10.1111/j.1574-6968.2009.01668.x
http://doi.org/10.3389/fcimb.2014.00101
http://doi.org/10.3390/jof6010005
http://doi.org/10.1371/journal.ppat.1000713
http://doi.org/10.1111/j.1600-0757.2008.00291.x
http://www.ncbi.nlm.nih.gov/pubmed/19152525
http://doi.org/10.4161/viru.22913
http://www.ncbi.nlm.nih.gov/pubmed/23302789
http://doi.org/10.3390/jof5040087
http://www.ncbi.nlm.nih.gov/pubmed/31546600
http://doi.org/10.1111/j.1600-051X.2010.01666.x
http://www.ncbi.nlm.nih.gov/pubmed/21323716
http://doi.org/10.11607/jomi.3947
http://doi.org/10.1371/journal.ppat.1000886
http://doi.org/10.1016/j.micpath.2011.06.009


Polymers 2021, 13, 2420 16 of 18

31. Pereira, C.A.; Toledo, B.C.; Santos, C.T.; Costa, A.C.B.P.; Back-Brito, G.N.; Kaminagakura, E.; Jorge, A.O.C. Opportunistic
microorganisms in individuals with lesions of denture stomatitis. Diagn. Microbiol. Infect. Dis. 2013, 76, 419–424. [CrossRef]

32. Otto, M. Staphylococcal Biofilms. Gram Posit. Pathog. 2019, 6, 699–711. [CrossRef]
33. Fürst, M.M.; Salvi, G.E.; Lang, N.P.; Persson, G.R. Bacterial colonization immediately after installation on oral titanium implants.

Clin. Oral Implant. Res. 2007, 18, 501–508. [CrossRef] [PubMed]
34. Salvi, G.E.; Fürst, M.M.; Lang, N.P.; Persson, G.R. One-year bacterial colonization patterns of Staphylococcus aureus and other

bacteria at implants and adjacent teeth. Clin. Oral Implant. Res. 2008, 19, 242–248. [CrossRef] [PubMed]
35. Persson, G.R.; Renvert, S. Cluster of Bacteria Associated with Peri-Implantitis. Clin. Implant. Dent. Relat. Res. 2014, 16, 783–793.

[CrossRef] [PubMed]
36. Zhuang, L.-F.; Watt, R.M.; Mattheos, N.; Si, M.-S.; Lai, H.-C.; Lang, N.P. Periodontal and peri-implant microbiota in patients with

healthy and inflamed periodontal and peri-implant tissues. Clin. Oral Implant. Res. 2014, 27, 13–21. [CrossRef]
37. Qin, S.; Xu, K.; Nie, B.; Ji, F.; Zhang, H. Approaches based on passive and active antibacterial coating on titanium to achieve

antibacterial activity. J. Biomed. Mater. Res. Part A 2018, 106, 2531–2539. [CrossRef]
38. Chouirfa, H.; Bouloussa, H.; Migonney, V.; Falentin-Daudré, C. Review of titanium surface modification techniques and coatings

for antibacterial applications. Acta Biomater. 2019, 83, 37–54. [CrossRef]
39. Ghensi, P.; Bettio, E.; Maniglio, D.; Bonomi, E.; Piccoli, F.; Gross, S.; Caciagli, P.; Segata, N.; Nollo, G.; Tessarolo, F. Dental Implants

with Anti-Biofilm Properties: A Pilot Study for Developing a New Sericin-Based Coating. Materials 2019, 12, 2429. [CrossRef]
40. De Avila, E.D.; Van Oirschot, B.A.; Van Den Beucken, J.J. Biomaterial-based possibilities for managing peri-implantitis.

J. Periodontal Res. 2019, 55, 165–173. [CrossRef]
41. Bumgardner, J.D.; Adatrow, P.; O Haggard, W.; Norowski, P.A. Emerging antibacterial biomaterial strategies for the prevention of

peri-implant inflammatory diseases. Int. J. Oral Maxillofac. Implant. 2011, 26, 553–560.
42. Santos, D.K.F.; Rufino, R.D.; Luna, J.M.; Santos, V.A.; Sarubbo, L.A. Biosurfactants: Multifunctional Biomolecules of the 21st

Century. Int. J. Mol. Sci. 2016, 17, 401. [CrossRef] [PubMed]
43. Skoula, M.; Harborne, J.B.; Harborne, J.B. The Taxonomy and Chemistry of Origanum. Available online: https://www.

taylorfrancis.com/ (accessed on 9 May 2019).
44. Naughton, P.; Marchant, R.; Naughton, V.; Banat, I. Microbial biosurfactants: Current trends and applications in agricultural and

biomedical industries. J. Appl. Microbiol. 2019, 127, 12–28. [CrossRef]
45. Ceresa, C.; Fracchia, L.; Fedeli, E.; Porta, C.; Banat, I. Recent Advances in Biomedical, Therapeutic and Pharmaceutical Applica-

tions of Microbial Surfactants. Pharmaceutics 2021, 13, 466. [CrossRef]
46. Rodrigues, L.; Banat, I.; Teixeira, J.; Oliveira, R. Biosurfactants: Potential applications in medicine. J. Antimicrob. Chemother. 2006,

57, 609–618. [CrossRef]
47. Banat, I.M.; Franzetti, A.; Gandolfi, I.; Bestetti, G.; Martinotti, M.G.; Fracchia, L.; Smyth, T.; Marchant, R. Microbial biosurfactants

production, applications and future potential. Appl. Microbiol. Biotechnol. 2010, 87, 427–444. [CrossRef]
48. Gudiña, E.; Rangarajan, V.; Sen, R.; Rodrigues, L.R. Potential therapeutic applications of biosurfactants. Trends Pharmacol. Sci.

2013, 34, 667–675. [CrossRef]
49. Varvaresou, A.; Iakovou, K. Biosurfactants in cosmetics and biopharmaceuticals. Lett. Appl. Microbiol. 2015, 61, 214–223.

[CrossRef]
50. Chen, J.; Wu, Q.; Hua, Y.; Chen, J.; Zhang, H.; Wang, H. Potential applications of biosurfactant rhamnolipids in agriculture and

biomedicine. Appl. Microbiol. Biotechnol. 2017, 101, 8309–8319. [CrossRef] [PubMed]
51. Kumar, R.; Das, A.J. Application of Rhamnolipids in Medical Sciences. In Rhamnolipid Biosurfactant; Springer Science and Business

Media LLC: Berlin/Heidelberg, Germany, 2018; pp. 79–87.
52. Elshikh, M.; Marchant, R.; Banat, I.M. Biosurfactants: Promising bioactive molecules for oral-related health applications. FEMS

Microbiol. Lett. 2016, 363, fnw213. [CrossRef]
53. Dusane, D.H.; Dam, S.; Nancharaiah, Y.V.; Kumar, A.R.; Venugopalan, V.P.; Zinjarde, S.S. Disruption of Yarrowia lipolytica

biofilms by rhamnolipid biosurfactant. Aquat. Biosyst. 2012, 8, 17. [CrossRef] [PubMed]
54. Singh, N.; Pemmaraju, S.C.; Pruthi, P.A.; Cameotra, S.S.; Pruthi, V. Candida Biofilm Disrupting Ability of Di-rhamnolipid (RL-2)

Produced from Pseudomonas aeruginosa DSVP20. Appl. Biochem. Biotechnol. 2013, 169, 2374–2391. [CrossRef]
55. Edas, P.; Eyang, X.-P.; Ma, L.Z. Analysis of biosurfactants from industrially viable Pseudomonas strain isolated from crude oil

suggests how rhamnolipids congeners affect emulsification property and antimicrobial activity. Front. Microbiol. 2014, 5, 696.
[CrossRef]

56. Hajfarajollah, H.; Mehvari, S.; Habibian, M.; Mokhtarani, B.; Noghabi, K.A. Rhamnolipid biosurfactant adsorption on a plasma-
treated polypropylene surface to induce antimicrobial and antiadhesive properties. RSC Adv. 2015, 5, 33089–33097. [CrossRef]

57. De Araujo, L.V.; Guimarães, C.R.; Marquita, R.L.D.S.; Santiago, V.M.; De Souza, M.P.; Nitschke, M.; Freire, D.M.G. Rhamnolipid
and surfactin: Anti-adhesion/antibiofilm and antimicrobial effects. Food Control. 2016, 63, 171–178. [CrossRef]

58. Elshikh, M.; Funston, S.; Chebbi, A.; Ahmed, S.; Marchant, R.; Banat, I.M. Rhamnolipids from non-pathogenic Burkholderia thai-
landensis E264: Physicochemical characterization, antimicrobial and antibiofilm efficacy against oral hygiene related pathogens.
New Biotechnol. 2017, 36, 26–36. [CrossRef]

http://doi.org/10.1016/j.diagmicrobio.2013.05.001
http://doi.org/10.1128/9781683670131.ch43
http://doi.org/10.1111/j.1600-0501.2007.01381.x
http://www.ncbi.nlm.nih.gov/pubmed/17501978
http://doi.org/10.1111/j.1600-0501.2007.01470.x
http://www.ncbi.nlm.nih.gov/pubmed/18177429
http://doi.org/10.1111/cid.12052
http://www.ncbi.nlm.nih.gov/pubmed/23527870
http://doi.org/10.1111/clr.12508
http://doi.org/10.1002/jbm.a.36413
http://doi.org/10.1016/j.actbio.2018.10.036
http://doi.org/10.3390/ma12152429
http://doi.org/10.1111/jre.12707
http://doi.org/10.3390/ijms17030401
http://www.ncbi.nlm.nih.gov/pubmed/26999123
https://www.taylorfrancis.com/
https://www.taylorfrancis.com/
http://doi.org/10.1111/jam.14243
http://doi.org/10.3390/pharmaceutics13040466
http://doi.org/10.1093/jac/dkl024
http://doi.org/10.1007/s00253-010-2589-0
http://doi.org/10.1016/j.tips.2013.10.002
http://doi.org/10.1111/lam.12440
http://doi.org/10.1007/s00253-017-8554-4
http://www.ncbi.nlm.nih.gov/pubmed/29018916
http://doi.org/10.1093/femsle/fnw213
http://doi.org/10.1186/2046-9063-8-17
http://www.ncbi.nlm.nih.gov/pubmed/22839701
http://doi.org/10.1007/s12010-013-0149-7
http://doi.org/10.3389/fmicb.2014.00696
http://doi.org/10.1039/C5RA01233C
http://doi.org/10.1016/j.foodcont.2015.11.036
http://doi.org/10.1016/j.nbt.2016.12.009


Polymers 2021, 13, 2420 17 of 18

59. Ceresa, C.; Tessarolo, F.; Maniglio, D.; Tambone, E.; Carmagnola, I.; Fedeli, E.; Caola, I.; Nollo, G.; Chiono, V.; Allegrone, G.; et al.
Medical-Grade Silicone Coated with Rhamnolipid R89 Is Effective against Staphylococcus spp. Biofilms. Molecules 2019, 24, 3843.
[CrossRef] [PubMed]

60. Tambone, E.; Bonomi, E.; Ghensi, P.; Maniglio, D.; Ceresa, C.; Agostinacchio, F.; Caciagli, P.; Nollo, G.; Piccoli, F.; Caola, I.; et al.
Rhamnolipid coating reduces microbial biofilm formation on titanium implants: An in vitro study. BMC Oral Health 2021, 21,
1–13. [CrossRef] [PubMed]

61. Foster, K.R.; Bell, T. Competition, Not Cooperation, Dominates Interactions among Culturable Microbial Species. Curr. Biol. 2012,
22, 1845–1850. [CrossRef]

62. Ceresa, C.; Tessarolo, F.; Caola, I.; Nollo, G.; Cavallo, M.; Rinaldi, M.; Fracchia, L. Inhibition of Candida albicans adhesion on
medical-grade silicone by a Lactobacillus -derived biosurfactant. J. Appl. Microbiol. 2015, 118, 1116–1125. [CrossRef] [PubMed]

63. Little, B.; Wagner, P.; Ray, R.; Pope, R.; Scheetz, R. Biofilms: An ESEM evaluation of artifacts introduced during SEM preparation.
J. Ind. Microbiol. Biotechnol. 1991, 8, 213–221. [CrossRef]

64. Hrubanova, K.; Krzyzanek, V.; Nebesarova, J.; Ruzicka, F.; Pilat, Z.; Samek, O. Monitoring Candida parapsilosis and Staphylococcus
epidermidis Biofilms by a Combination of Scanning Electron Microscopy and Raman Spectroscopy. Sensors 2018, 18, 4089.
[CrossRef]

65. Tessarolo, F.; Caola, I.; Fedel, M.; Stacchiotti, A.; Caciagli, P.; Guarrera, G.; Motta, A.; Nollo, G. Different experimental protocols
for decontamination affect the cleaning of medical devices. A preliminary electron microscopy analysis. J. Hosp. Infect. 2007, 65,
326–333. [CrossRef] [PubMed]

66. Signoretto, C.; Marchi, A.; Bertoncelli, A.; Burlacchini, G.; Milli, A.; Tessarolo, F.; Caola, I.; Papetti, A.; Pruzzo, C.; Zaura, E.; et al.
Effects of mushroom and chicory extracts on the shape, physiology and proteome of the cariogenic bacterium Streptococcus
mutans. BMC Complement. Altern. Med. 2013, 13, 117. [CrossRef]

67. Signoretto, C.; Marchi, A.; Bertoncelli, A.; Burlacchini, G.; Tessarolo, F.; Caola, I.; Pezzati, E.; Zaura, E.; Papetti, A.;
Lingström, P.; et al. Effects of Mushroom and Chicory Extracts on the Physiology and Shape of Prevotella intermedia, a
Periodontopathogenic Bacterium. J. Biomed. Biotechnol. 2011, 2011, 1–8. [CrossRef]

68. Tessarolo, F.; Piccoli, F.; Caola, I.; Tomasi, C.; Bressan, E.; Nollo, G.; Caciagli, P. Optimizing Protocols for Preparation and Imaging
of Natural Teeth, Dental Implant and Peri-Implant Tissues in High Vacuum, Low Vacuum, and Environmental SEM. J. Appl.
Biomater. Biomech. (JABB) 2009, 7, 73.

69. Bressan, E.; Tessarolo, F.; Sbricoli, L.; Caola, I.; Nollo, G.; Di Fiore, A. Effect of Chlorhexidine in Preventing Plaque Biofilm on
Healing Abutment. Implant. Dent. 2014, 23, 64–68. [CrossRef]

70. Bosetti, M.; Fusaro, L.; Nicoli, E.; Borrone, A.; Aprile, S.; Cannas, M. Poly-L-lactide acid-modified scaffolds for osteoinduction and
osteoconduction. J. Biomed. Mater. Res. Part A 2013, 102, 3531–3539. [CrossRef]

71. Bosetti, M.; Santin, M.; Lloyd, A.W.; Denyer, S.P.; Sabbatini, M.; Cannas, M. Cell behaviour on phospholipids-coated surfaces.
J. Mater. Sci. Mater. Electron. 2007, 18, 611–617. [CrossRef] [PubMed]

72. Peters, B.M.; Jabra-Rizk, M.A.; O’May, G.A.; Costerton, J.W.; Shirtliff, M.E. Polymicrobial Interactions: Impact on Pathogenesis
and Human Disease. Clin. Microbiol. Rev. 2012, 25, 193–213. [CrossRef] [PubMed]

73. Gomes, M.Z.D.V.; Nitschke, M. Evaluation of rhamnolipid and surfactin to reduce the adhesion and remove biofilms of individual
and mixed cultures of food pathogenic bacteria. Food Control. 2012, 25, 441–447. [CrossRef]

74. De Rienzo, M.A.D.; Banat, I.; Dolman, B.; Winterburn, J.; Martin, P. Sophorolipid biosurfactants: Possible uses as antibacterial and
antibiofilm agent. New Biotechnol. 2015, 32, 720–726. [CrossRef]

75. Ceresa, C.; Rinaldi, M.; Tessarolo, F.; Maniglio, D.; Fedeli, E.; Tambone, E.; Caciagli, P.; Banat, I.M.; De Rienzo, M.A.D.; Fracchia, L.
Inhibitory Effects of Lipopeptides and Glycolipids on C. albicans–Staphylococcus spp. Dual-Species Biofilms. Front. Microbiol.
2021, 11. [CrossRef]

76. Cuesta, A.I.; Jewtuchowicz, V.; I Brusca, M.; Nastri, M.L.; Rosa, A.C. Prevalence of Staphylococcus spp. and Candida spp. in the
oral cavity and periodontal pockets of periodontal disease patients. Acta Odontol. Latinoam. 2010, 23, 20–26.

77. Listgarten, M.A.; Lai, C.-H. Comparative Microbiological Characteristics of Failing Implants and Periodontally Diseased Teeth.
J. Periodontol. 1999, 70, 431–437. [CrossRef]

78. Albertini, M.; López-Cerero, L.; O’Sullivan, M.G.; Chereguini, C.F.; Ballesta, S.; Ríos, V.; Herrero-Climent, M.; Bullón, P.
Assessment of periodontal and opportunistic flora in patients with peri-implantitis. Clin. Oral Implant. Res. 2015, 26, 937–941.
[CrossRef]

79. Carolus, H.; Van Dyck, K.; Van Dijck, P. Candida albicans and Staphylococcus Species: A Threatening Twosome. Front. Microbiol.
2019, 10, 2162. [CrossRef] [PubMed]

80. Russel, J.; Røder, H.L.; Madsen, J.S.; Burmølle, M.; Sørensen, S.J. Antagonism correlates with metabolic similarity in diverse
bacteria. Proc. Natl. Acad. Sci. USA 2017, 114, 10684–10688. [CrossRef] [PubMed]

81. Rendueles, O.; Ghigo, J.-M. Multi-species biofilms: How to avoid unfriendly neighbors. FEMS Microbiol. Rev. 2012, 36, 972–989.
[CrossRef]

82. Jabra-Rizk, M.A.; Meiller, T.F.; James, C.; Shirtliff, M.E. Effect of Farnesol on Staphylococcus aureus Biofilm Formation and
Antimicrobial Susceptibility. Antimicrob. Agents Chemother. 2006, 50, 1463–1469. [CrossRef] [PubMed]

http://doi.org/10.3390/molecules24213843
http://www.ncbi.nlm.nih.gov/pubmed/31731408
http://doi.org/10.1186/s12903-021-01412-7
http://www.ncbi.nlm.nih.gov/pubmed/33541349
http://doi.org/10.1016/j.cub.2012.08.005
http://doi.org/10.1111/jam.12760
http://www.ncbi.nlm.nih.gov/pubmed/25644534
http://doi.org/10.1007/BF01576058
http://doi.org/10.3390/s18124089
http://doi.org/10.1016/j.jhin.2006.10.015
http://www.ncbi.nlm.nih.gov/pubmed/17241696
http://doi.org/10.1186/1472-6882-13-117
http://doi.org/10.1155/2011/635348
http://doi.org/10.1097/ID.0000000000000018
http://doi.org/10.1002/jbm.a.35016
http://doi.org/10.1007/s10856-007-2309-1
http://www.ncbi.nlm.nih.gov/pubmed/17546421
http://doi.org/10.1128/CMR.00013-11
http://www.ncbi.nlm.nih.gov/pubmed/22232376
http://doi.org/10.1016/j.foodcont.2011.11.025
http://doi.org/10.1016/j.nbt.2015.02.009
http://doi.org/10.3389/fmicb.2020.545654
http://doi.org/10.1902/jop.1999.70.4.431
http://doi.org/10.1111/clr.12387
http://doi.org/10.3389/fmicb.2019.02162
http://www.ncbi.nlm.nih.gov/pubmed/31620113
http://doi.org/10.1073/pnas.1706016114
http://www.ncbi.nlm.nih.gov/pubmed/28923945
http://doi.org/10.1111/j.1574-6976.2012.00328.x
http://doi.org/10.1128/AAC.50.4.1463-1469.2006
http://www.ncbi.nlm.nih.gov/pubmed/16569866


Polymers 2021, 13, 2420 18 of 18

83. Zago, C.E.; Silva, S.; Sanitá, P.V.; Barbugli, P.; Dias, C.M.I.; Lordello, V.B.; Vergani, C.E. Dynamics of Biofilm Formation and
the Interaction between Candida albicans and Methicillin-Susceptible (MSSA) and -Resistant Staphylococcus aureus (MRSA).
PLoS ONE 2015, 10, e0123206. [CrossRef] [PubMed]

84. Kean, R.; Rajendran, R.; Haggarty, J.; Townsend, E.; Short, B.; Burgess, K.; Lang, S.; Millington, O.; Mackay, W.; Williams, C.; et al.
Candida albicans Mycofilms Support Staphylococcus aureus Colonization and Enhances Miconazole Resistance in Dual-Species
Interactions. Front. Microbiol. 2017, 8, 258. [CrossRef] [PubMed]

85. Gabrilska, R.A.; Rumbaugh, K.P. Biofilm models of polymicrobial infection. Futur. Microbiol. 2015, 10, 1997–2015. [CrossRef]
[PubMed]

86. Neu, T.R. Significance of Bacterial Surface-Active Compounds in Interaction of Bacteria with Interfaces. Microbiol. Rev. 1996,
60, 151. [CrossRef]
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