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Abstract

:

Biofilm-related peri-implant diseases represent the major complication for osteointegrated dental implants, requiring complex treatments or implant removal. Microbial biosurfactants emerged as new antibiofilm coating agents for implantable devices thanks to their high biocompatibility. This study aimed to assess the efficacy of the rhamnolipid 89 biosurfactant (R89BS) in limiting Streptococcus oralis biofilm formation and dislodging sessile cells from medical grade titanium, but preserving adhesion and proliferation of human osteoblasts. The inhibitory activity of a R89BS coating on S. oralis biofilm formation was assayed by quantifying biofilm biomass and microbial cells on titanium discs incubated up to 72 h. R89BS dispersal activity was addressed by measuring residual biomass of pre-formed biofilms after rhamnolipid treatment up to 24 h. Adhesion and proliferation of human primary osteoblasts on R89BS-coated titanium were evaluated by cell count and adenosine-triphosphate quantification, while cell differentiation was studied by measuring alkaline phosphatase activity and observing mineral deposition. Results showed that R89BS coating inhibited S. oralis biofilm formation by 80% at 72 h and dislodged 63–86% of pre-formed biofilms in 24 h according to concentration. No change in the adhesion of human osteoblasts was observed, whereas proliferation was reduced accompanied by an increase in cell differentiation. R89BS effectively counteracts S. oralis biofilm formation on titanium and preserves overall osteoblasts behavior representing a promising preventive strategy against biofilm-related peri-implant diseases.
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1. Introduction


Dental implantology has gained high success rates enabling the effective replacement of missing teeth with satisfactory results in terms of both aesthetic and functional restoration [1,2]. However, a non-negligible fraction of implants still undergoes infective complications and possible failure due to the formation of microbial biofilm at the surface of implants and trans-mucosal implant components [3]. Biofilms are complex microbial communities adherent to abiotic or biotic surfaces, embedded in an extracellular matrix, and difficult to eradicate as highly resistant and resilient to conventional antimicrobial therapy. Biofilms on dental implants are responsible for severe associated diseases, such as mucositis and peri-implantitis, that affect the tissue around the implant, bringing to their potential failure [4,5], and influencing negatively the quality of life of patients, impairing their nutrition and wellbeing and increasing stress and anxiety [6]. Nowadays, peri-implantitis affects 22% of dental implants, with a constantly growing prevalence [7]. The most common clinical treatment is based on biofilm removal by mechanical debridement which may be associated with chemical decontamination [8]. However, the clinical outcomes of these treatments are suboptimal with no significant evidence of the usefulness of currently available chemical decontamination methods [9] indicating the need to identify new prevention and treatment approaches, able to inhibit microbial adhesion and biofilm formation on dental implants and trans-mucosal implant components as well as to remove already consolidated biofilm [10,11].



Microbial biosurfactants (BSs) are a group of natural molecules that have gained a great interest for their numerous physiochemical and biological properties. BSs have strong antimicrobial, antiadhesive and antibiofilm activity against a wide range of bacterial species, having a set of properties such as the ability to cause changes in cell membrane permeability and integrity, to promote membrane disfunction, to disrupt protein structures and to interfere with gene expression and quorum sensing signaling of microorganisms embedded within the biofilm matrix [12]. When applied as coating agents on abiotic surfaces, BSs induce changes in the physicochemical properties of the interface, such as roughness and hydrophobicity, thus making them less attractive to microbial colonization and adhesion [13,14]. BSs are also characterized by low toxicity and high biocompatibility toward eukaryotic cells, making them excellent candidates for different applications in pharmaceutical and biomedical fields [15,16,17]. Among the most promising BSs, rhamnolipids have shown the ability to exploit both strong antiadhesive characteristics and strong to moderate antimicrobial properties [18,19,20,21].



In the context of oral health and focusing on implant-associated infection and treatment, the number of the studies conducted on BSs is limited, suggesting that the application of BSs in this field is still at an early stage [22]. Rhamnolipids from Burkholderia thailandensis E264, mixed rhamnolipids JBR425 and lactonic sophorolipids showed a good antimicrobial activity against oral pathogens such as Streptococcus mutans, Streptococcus oralis, Streptococcus sanguinis, Actinomyces naeslundii and Neisseria mucosa planktonic and sessile cells. In addition, BSs demonstrated the ability to prevent the formation of oral pathogens biofilms on polystyrene both when added in free-form to a solution and when applied in the form of coating over a surface [23,24]. In 2019, Tahmourespour et al. evaluated the antibiofilm activities of a biosurfactant from Lactobacillus rhamnosus ATCC7469 against S. mutans and its effect on the expression level of the adhesion-related genes showing significant inhibitory activity on S. mutans adhesion and biofilm formation, with a downregulation of gtfB/C and ftf associated genes [25]. More recently, we tested for the first time the in vitro efficacy of a rhamnolipid coating on different commercial titanium surfaces against microbial colonization [21,26]. The rhamnolipid 89 biosurfactant (R89BS), composed by 70.6% of mono-rhamnolipids and 20.8% of di-rhamnolipids with a 91.4% purity grade [27], when coated to titanium, acted as an efficient antiadhesive agent, significantly inhibiting the formation of both single (Staphylococcus aureus and Staphylococcus epidermidis) and bacterial/fungal (S. aureus/Candida albicans) dual biofilms, limiting both biofilm biomass and microorganisms’ metabolic activity [21,26]. Experiments addressing the biocompatibility showed the eluate from R89BS-coated titanium discs was non-cytotoxic for both fibroblasts [21] and osteoblasts [26].



Following these encouraging results, this study further investigates the safety and efficacy of R89BS as antibiofilm agent in dental implantology. To this aim, we first evaluated the effect of R89BS on formation, growth and dispersal of S. oralis microbial biofilm on medial grade titanium, and, second, we characterized the impact of the R89BS coating on the adhesion, proliferation and differentiation of primary human osteoblasts on titanium.




2. Results


2.1. Antibacterial Activity on Planktonic Cells


The antibacterial activity of R89BS against S. oralis planktonic cells was assessed by the microdilution method. Results are summarized in Table 1, where OD600nm values and percentages of growth inhibition at the different R89BS concentrations are reported. The values measured for the cells co-incubated with the rhamnolipid significantly differ from that observed for the positive control of growth, as confirmed by one-way ANOVA (p < 0.001). The inhibitory effect of R89BS gradually increased following a concentration-dependent trend, with a maximum at 30 µg/mL (MIC), for which no bacterial growth was observed with unaided eyes and a percentage of inhibition equal to 99% was found by the spectrophotometric analysis.




2.2. Effects on Bacterial Cell Surface Hydrophobicity and Membrane Permeability


Changes in S. oralis cell surface properties, such as surface hydrophobicity and membrane permeability, were investigated after 1 h treatment with R89BS at MIC value. The rhamnolipid altered both cell surface hydrophobicity and membrane permeability, compared to S. oralis untreated cells. In particular, cell surface hydrophobicity was significantly reduced from 99% (control) to 32% (treated sample) (p < 0.001). On the contrary, the exposure to R89BS induced a significant increase in crystal violet entrapment, from 57% (untreated control) to 79% (treated sample) (p < 0.001), affecting significantly bacterial cell membrane permeability.




2.3. Dislodging Activity on Pre-Formed Bacterial Biofilm


The ability of R89BS to dislodge S. oralis pre-formed biofilms on titanium surfaces was evaluated after 4 h and 24 h of co-incubation, through biomass quantification, using the CV assay.



Results are summarized in Table 2, where A570nm values and percentages of removal efficacy at the different R89BS concentrations are reported. S. oralis biofilm biomass was significantly affected by both R89BS concentration (p < 0.001) and incubation time (p < 0.001), as confirmed by two-way ANOVA. Pre-formed biofilms were already significantly reduced by the R89BS after 4 h of co-incubation but a prolonged exposure (24 h) increased the removal of the biofilms from the discs. In particular, biofilm dislodgement rates ranged from 36% to 59% at 4 h and from 63% to 86% at 24 h.




2.4. Inhibitory Activity on Bacterial Biofilm Formation


The ability of TDs coated with R89BS in inhibiting S. oralis biofilm growth was investigated after 24 h, 48 h and 72 h of incubation by CV and viable cell counting methods.



S. oralis biofilm gradually grew over time, both on uncoated and R89BS-coated discs (Figure 1), but a markedly lower amount in biofilm biomass (Figure 1a) and number of CFU/disc (Figure 1b) was found in R89BS coated samples. A significant difference in terms of biomass and cell viability was present between the values measured for biofilms on coated titanium surfaces compared to those detected for uncoated controls at each experimental timepoint (Figure 1).



SEM imaging of TDs showed a markedly lower amount of bacterial cells adhering on R89BS-coated TDs with respect to uncoated TDs at all the investigated time-points (Figure 2). No morphological modification in terms of S. oralis cell shape and size was observed between the two experimental conditions. Three-dimensional organization of the bacterial biofilm was observed only on uncoated TDs, while bacteria were organized in a single layer at the surface of R89BS-coated titanium.



As summarized in Table 3, the coating with R89BS significantly reduced S. oralis biofilm formation on titanium surface up to 72 h of incubation. Biofilm biomass formed on coated discs was inhibited more than 90% (with respect to the uncoated surface) up to 48 h (p < 0.001) whereas it was detected a lower even if significant reduction of 61% at 72 h (p < 0.001). A higher impact of R89BS coating on the number of viable cells was obtained, with inhibition percentages > 98% (p < 0.001) up to 72 h of incubation.




2.5. hOBs Adhesion and Proliferation


The adhesion and proliferation behavior of hOBs on the surface of uncoated and R89BS-coated TDs was investigated using orange acridine fluorescent dye at different time-points.



Results of tests performed at 1, 3 and 24 h showed no significant differences in hOBs adhesion on R89BS-coated and uncoated TDs. Cell morphology showed similar features on both surfaces, indicating a good cell adhesion and spreading with filopodia protrusion. Representative images of hOBs adhering on R89BS-coated and uncoated TDs are shown in Figure 3a. Inspection of images collected at lower magnification revealed a homogeneous and comparable cell distribution over the titanium surface, irrespectively from the presence of the coating. At higher magnification, on both surfaces, cells showed extended filopodia, indicating a good cell-substrate interaction and no cell damage or distress.



The quantification of adherent cells obtained by cell enumeration at 1, 3 and 24 h is presented in the graph of Figure 3b. Adherent cells ranged from 72% to 95% of the initially seeded cells (1 × 104 hOBs/disc). No significant differences in adhering cell count were present between R89BS-coated and uncoated TDs at any of the tested time-points, indicating no adverse effect of R89BS coating on the efficiency of the cell adhesion process.



Representative images of cell morphology and distribution at later time-points (6 and 12 days) are shown in Figure 4a, displaying comparable cell morphology and the typical flattened healthy osteoblasts shape on both tested surfaces. No sign of cell distress was visible.



A lower osteoblast cell number was observed on the R89BS-coated TDs surface at both 6 and 12 days. This evaluation (Figure 4a) was confirmed by quantitative cell counting (Figure 4b). Indeed, hOBs seeded on uncoated TDs exhibited a significantly higher proliferation rate on day 6, with a 104% increase in cell count compared to the initial number of seeded cells (2 × 103 hOBs/disc). Differently, hOBs on R89BS-coated TDs showed only a 23% increase from initial cell number at the same time-point. This trend consolidated at 12 days, with uncoated TDs showing a significantly higher cell proliferation (increased by 292%) compared to R89BS-coated TDs showing an increase in cell number limited to 34%.




2.6. Cell Differentiation on R89BS-Coated and Uncoated TDs


The differentiative activity of human osteoblasts was assessed at 6 and 12 days on R89BS-coated and uncoated discs. At 6 days after seeding, total alkaline-phosphatase (ALP) values (Figure 5a) were significantly higher in hOBs growing on uncoated TDs with respect to R89BS-coated TDs (p < 0.05). This difference was no more present at 12 days when quantification of total adenosine-triphosphate (ALP) indicated no difference between the two testing conditions. Results of concomitant ATP tests (Figure 5b) confirmed the proliferation data obtained with cell enumeration (Figure 4b). The calculation of ALP expression normalized to ATP data (i.e., normalized to cells number) indicates a similar ALP single cell activity at day 6 irrespectively from the presence of the R89BS coating, and a significantly higher ALP production per single cell at day 12 for hOBs grown on R89BS-coated TDs (Figure 5c).



Test performed at 21 days from seeding, using both the standard culture medium and the same medium supplemented with dexamethasone, confirmed that no differences were present in the micro-morphological aspect of cells and their capability of differentiating toward a mature form when exposed to an appropriate stimulus (Figure 6a). Further, calcium phosphate deposits were identified by EDX analysis in hOBs at 21 days stimulated with dexamethasone, documenting their ability to create mineralized structures irrespectively from the presence of the R89BS coating (Figure 6b).





3. Discussion


R89BS has demonstrated its antibiofilm potential as a coating agent on different medical grade materials, including silicone, titanium and titanium alloys [21,26,28]. Antibiofilm activity was not limited to monomicrobial biofilm, but resulted effective also in case of polymicrobial biofilm, including bacterial and fungal species of clinical relevance for implant-associated infections [29]. The application of the R89BS coating on medical grade titanium has recently shown promising results for developing innovative strategies to prolong the lifespan of dental implants by limiting adhesion and reducing biofilm formation of S. aureus and S. epidermidis [21,26]. These findings opened new perspectives on mitigating the impact of infective-related peri-implant diseases such as mucositis and peri-implantitis.



In this study, the antimicrobial and antibiofilm activity of R89BS was evaluated against a different bacterial species, S. oralis, which has been identified as an important member of the oral microbiome, playing not only a crucial role in the maintenance of oral health but also in the development of oral diseases, such as periodontitis [30,31,32]. Indeed, S. oralis can significantly contribute to the formation of oral multispecies biofilms, being one of the early colonizer bacteria of the salivary pellicle-coated surfaces in the oral cavity [33,34].



The antibacterial activity of R89BS in aqueous solution resulted to be concentration dependent. A concentration of 30 μg/mL inhibited 99% of S. oralis growth indicating a strong antimicrobial effect of this compound at concentrations that are non-cytotoxic for eucaryotic cells [21]. The chemic-physical action of the R89BS on S. oralis cell wall was also documented, by the significant reduction in cell surface hydrophobicity and the increase in cell membrane permeability. In principle, these characteristics allow R89BS to effectively interfere with cell–cell and cell–surface contact mechanisms, reducing the hydrophobic interactions that cause the bacteria to initially adhere to the implant surface [35]. It is known that rhamnolipids BS can interact with the phospholipidic bilayer of bacterial membrane altering membrane integrity and protein structure, interfering in the electron transport chain and energy generation and can also increase membrane permeability through the release of lipopolysaccharide and the formation of transmembrane pores, causing a loss of intracellular metabolites and cell lysis [12,15]. Moreover, it was observed that the treatment with rhamnolipids modifies cell surface composition, solubilizing and releasing apolar components causing a reduction in surface hydrophobicity [36].



The effect of R89BS was also tested on preformed biofilms on titanium discs for a short period of 4 h and for a prolonged exposure of 24 h to further increase the removal of biofilms from the discs. Previous studies reported about the good disrupting efficacy of rhamnolipid BS on pre-formed biofilm, recognizing the alteration of the extracellular matrix and an impairment of the biofilm structure stability [28,37,38,39]. In this study, the biofilm dislodgement rates of R89BS ranged from 36% to 59% at 4 h and from 63% to 86% at 24 h, demonstrating the effectiveness of R89BS in dislodging pre-formed biofilms of S. oralis from titanium surfaces. The results also emphasized the impact of incubation time on the efficacy of R89BS. The longer exposure of 24 h led to a higher rate of biofilm removal, indicating that extended treatment duration can enhance the biofilm-dislodging properties of R89BS. Although these in vitro data require additional investigation using polymicrobial biofilm, R89BS deserves potential as a decontaminating agent to assist debridement procedures in the conservative treatment of peri-implantitis, currently lacking effective solutions [8,9,40].



Remarkable results were finally obtained in tests addressing the inhibitory effect of R89BS coating on de novo formation of S. oralis biofilm. Significant differences were observed in terms of biomass and cell viability between the S. oralis biofilms formed on coated titanium surfaces and those on uncoated controls up to 3 days. The coating with R89BS resulted in more than 90% inhibition of biofilm formation on titanium surfaces up to 48 h, with a lower but significant reduction of 61% at 72 h. In the same experimental conditions, R89BS had a higher impact on the number of viable cells, with inhibition percentages exceeding 98% (p < 0.001) up to 72 h of incubation. Differences between inhibition percentages obtained between biofilm biomass and cell viability could be related to the fact that the crystal-violet staining, used for biomass determination, quantifies live cells, dead cells and extracellular matrix of the biofilm, without distinction. Further, surviving microbial cells exposed to the biosurfactant possibly increase the extracellular matrix production, as previously observed in response to treatment with antibiotics, and as a general defense mechanism to chemical insults, being the matrix the main responsible for the biofilm’s long-term survival under adverse conditions [41]. Overall, inhibition outcomes are in agreement with the hypothesis that R89BS effectively alters the surface properties, inhibiting effectively the attachment and growth of bacterial biofilms.



Intriguingly, these changes in attachment and growth of bacterial biofilm did not reflect into a detrimental interaction with eukaryotic cells. Different BSs have demonstrated to possess a positive effect on bone tissue formation. Surfactin, a lipopeptide biosurfactant, proved to induce higher expression of ALP and to increase the calcium deposit in an in vitro culture of bone marrow mesenchymal stem cells [42]. Moreover, it reduced the osteogenic differentiation of bone marrow macrophages, exerting a preventive activity against bone loss [42]. BSs have been also added to bioglasses and cements used in bone regeneration suggesting that they could be a valuable factor with different activities on microorganisms, inflammatory microenvironment and eukaryotic cells [43,44].



In a previous study, we investigated the cytotoxic effect of R89 biosurfactant on hOBs proving that concentrations up to 50 µg/mL in the culture medium did not compromise cell viability [26]. Furthermore, no cytotoxic effect was observed on hOBs cultured in the eluate obtained from titanium discs coated with R89BS [26]. In the present work, we performed in vitro tests to evaluate the effect of R89BS on hOBs growing in direct contact with a R89BS-coated titanium surface. hOBs behavior was characterized by comparing adhesion/proliferation of cells and their differentiation activity on coated and uncoated titanium discs. Orange acridine fluorescent images taken at an early time-point of 3 h did not show any sign of cell distress presenting a similar cell morphology and spreading on the discs surface irrespectively from the presence of the R89BS coating. The good cell adhesion we qualitatively observed using optical microscopy, was confirmed by direct cell count, presenting comparable numbers of adherent cells at 1 h, 3 h and 24 h after seeding. Cellular adhesion is a key mechanism that paves the base for osseointegration and regulates many aspects of hOBs behavior such as cell survival, proliferation and differentiation. Adhesion starts with the physical attachment of cells to the surface, followed by spreading [35,45]. A range of molecules are involved in the adhesion process at the interface between the cell membrane and the surface. The presence of the R89BS coating is supposed to have a major impact on these molecular processes, but unfortunately, at present, no studies have investigated in detail the involvement of rhamnolipids in the adhesion of eukaryotic cells. Possibly also micromorphological aspects (e.g., changes in the surface roughness induced by the coating) have to be considered in osteoblasts adhesion given the recognized importance of the relation between surface roughness and adhesion of human primary bone cells [45]. BSs are widely used because of their non-attachment properties for prokaryotic cells [46], and our results indicate that no relevant impairment in the adhesion process was present in our experimental conditions for eukaryotic cells.



Longer time-points were investigated to understand late effects of R89BS coating on hOBs in terms of proliferation and differentiation. Qualitative evaluation of cell morphology confirmed that no sign of cells distress was present at any of the tested time-points, in agreement with [47]. However, both direct cell enumeration and ATP quantification at day 6 and at day 12 evidenced a reduction in hOBs proliferation on R89BS-coated titanium with respect to the uncoated samples. Together with the reduction in hOBs proliferation, a decrease in the total ALP expression was observed on R89BS coated titanium at 6 days but not at 12 days. ALP data, normalized to the number of hOBs on R89BS-coated TDs, indicated no difference in single cell ATP production at day 6 and a higher ALP single cell production at day 12. These preliminary results, according to [48,49], suggest that the rhamnolipid coating does not reduce cell viability, but rather favors the transition to mature osteoblasts while moderately reducing cells proliferation [49]. The evolution of cell morphology from elongated-fused fibroblast-like cells to mature trapezoidal osteoblasts was observed at days 6, 12 and 21. The morphological changes in adult primary osteoblasts have been previously related to cell proliferation or differentiation [47]. Similarly, anisotropic surfaces, inducing low surface enlargement, generally favored cell proliferation, whereas the proliferation rate decreased on surfaces with increased isotropy [50]. Moreover, in osteoblasts, when proliferation ceases, alkaline phosphatase levels increase and then an ordered deposition of minerals is initiated within the extracellular matrix of these nodules resulting in the development of a bone tissue-like organization [47]. In this study, a qualitative assessment of cell morphology was obtained by fluorescence imaging taken at 6 and 12 days after seeding. For both experimental conditions, hOBs grown on R89BS-coated and uncoated TDs showed a flattened morphology comparable to healthy osteoblasts. At 12 days, R89BS decreased hOBs proliferation not impairing cell viability, an effect that can be explained by osteoblast differentiation induction. Indeed, hOBs in proliferative phase have high ATP rate and low differentiative markers such as ALP, osteopontin, collagen type I or bone sialoprotein [48], which conversely are highly expressed when the osteoblast is in the differentiative phase alongside with a decrease in ATP production. The formation of cell-induced mineral deposits on titanium was investigated by SEM-EDXS. On both coated and uncoated samples, mineral formation was microscopically observed at 21 days of culture. Composition of mineral deposits was investigated by elemental analysis demonstrating the presence of calcium and phosphorus. Mineral deposits were not observed in the absence of cells, strongly suggesting that the mineral deposits were produced by hOBs. Overall, morphological and compositional data indicate no compromission of the hOBs’ differentiative process in presence of R89BS, when proper stimuli are provided (e.g., dexamethasone).



Study Limitations


Despite obtained results are encouraging, several aspects remain to be evaluated. Among these, the efficacy of BSs against complex polymicrobial biofilm, such as those typical of the oral cavity, has still to be addressed. Immediately after a pellicle of proteins from saliva has adsorbed on implant surface [51,52], primary colonizer microorganisms, such as S. oralis [51], express surface adhesins and bind to implant components and peri implant tissues. Biofilm formation progress by co-aggregation of a number of different additional species, depending on the surface properties, nutrient quality and availability, oxygen levels and microbial interactions including intra and inter-regnum interactions [53]. Although polymicrobial in-vitro models are reported in the literature [53,54,55], major technical limitations occur in mimicking the complexity of the peri-implant microbiota using reliable and reproducible in vitro biofilm models, encompassing the stringent culturing conditions of most of the oral microorganisms [56,57] and moving from two-dimensional to novel three-dimensional biofilm models [58]. Overall, further studies are needed to evaluate the long-term effectiveness and safety of R89BS coating in more complex environments, in in vivo conditions and finally in clinical settings. Additional confirmatory experiments should also complement and confirm the preliminary data on hOBs differentiation reported here.



The methodological approach implemented in this study should be extended to different titanium surface morphologies, including rough finishing such as those obtained by sand blasting, acid etching, laser ablation and their combinations, which are frequently applied in commercially available implants [59,60]. Results of previous studies showed that equivalent biofilm inhibition was obtained using R89BS coating, irrespectively on surface morphology, on three different commercial surface finishing, including both rough and smooth morphologies [21]. Although the preservation of the rough, bone-contacting implant surface is mandatory, the relevance of smooth titanium finishing in limiting colonization of the implant should not be underestimated. Smooth finishing are widely used in coronal implant portions and transmucosal components, playing a key-role in favoring soft tissue integration, generation of effective mucosal seal and limiting microbial penetration toward apical areas of the implant [61].



From a clinical perspective, the antibiofilm efficacy up to 72 h against S. oralis documented here, summed to previous results indicating similar efficacy on biofilm of other bacterial and fungal species [21,26], let foresee a relevant impact of the R89BS coating in safeguarding the implant in the short term after surgical placement. However, an extended efficacy to prevent the development of peri-implant diseases during the later stages is highly desirable and could require further development in terms of coating stability and durability at the titanium surface [21].





4. Materials and Methods


4.1. Streptococcus oralis Growth Conditions


Biofilm-producer S. oralis DSMZ 20379 was stored at −80 °C in Brain Heart Infusion Broth (Scharlab Italia S.r.l., Milan, Italy) enriched with 1% glucose (Scharlab Italia S.r.l., Milan, Italy) (BHI + 1%Glucose) and supplemented with 25% glycerol. The strain was grown on Brain Heart Infusion Agar (Scharlab Italia S.r.l., Milan, Italy) for 72 h at 37 °C and further processed according to Elshikh et al. [24]. In detail, a few colonies were inoculated into 40 mL of BHI + 1%Glucose and incubated at 37 °C for 16–20 h. The culture was centrifuged for 15 min at 4000 rpm, the pellet was washed twice with phosphate buffer saline (PBS) and finally resuspended in the adequate medium, according to the experimental protocols detailed below.




4.2. Biosurfactant Production


Rhamnolipids-producing Pseudomonas aeruginosa 89 was grown on Tryptic Soy Agar (Scharlab Italia S.r.l., Milan, Italy) for 16–20 h at 37 °C. The production, extraction and chemical characterization of the R89BS was performed as reported in Ceresa et al. [28]. Briefly, some colonies from the overnight culture were grown in 40 mL of Nutrient Broth II (Sifin Diagnostics GmbH, Berlin, Germany) at 37 °C for 4 h at 140 rpm. An amount of 24 mL milliliters of the resulting bacterial suspension was added to 1.2 L of Siegmund–Wagner medium and incubated at 37 °C for five days at 120 rpm. The culture was then centrifuged (Sorvall RC-5B Plus Superspeed Centrifuge, Fisher Scientific Italia, Milan, Italy) at 7000 rpm for 20 min and the supernatant collected. After acidification at pH 2.2 with 6M H2SO4 and storage overnight at 4 °C, R89BS was finally extracted three times with ethyl acetate (Merck KGaA, Darmstadt, Germany) and the organic phase was evaporated to dryness under vacuum conditions. The composition of R89BS by mass spectrometry analysis was previously reported in Allegrone et al. [27].




4.3. Antibacterial Activity of R89BS on Planktonic Cells


The susceptibility of S. oralis planktonic cells to R89BS (final concentrations ranging from 1.87 to 30 µg/mL) was determined according to the broth microdilution method described by Wiegand et al. [62], with some modifications. Briefly, 100 µL of double-concentrated R89BS solutions, freshly prepared in PBS, were added into 96-well plates and mixed with 100 µL of a S. oralis suspension at the concentration of 106 Colony Forming Unit per mL (CFU/mL), prepared in double-strength (2×) BHI+1%Glucose. As a positive control of growth, wells were filled with the same volume of bacterial inoculum and PBS. Blank wells, containing an equal volume of BHI + 1%Glucose 2× and PBS, were also included. Plates were incubated at 37 °C for 16–20 h.



The minimal inhibitory concentration (MIC) of R89BS was defined as the lowest concentration of the rhamnolipid that prevents the visible growth of S. oralis. Moreover, the optical density (OD) at 600 nm was measured for each well (Ultramark Microplate Imaging System, Bio-Rad Laboratories S.r.l., Segrate, Italy), data were normalized to the blank value, and the percentages of bacterial growth reduction were calculated according to [24], using the following formula:


  G r o w t h   r e d u c t i o n    ( % )  =  (  1 −   O  D  R 89 B S     O  D  c o n t r o l      )  × 100  








where ODR89BS is the optical density mean value of samples treated with the different concentrations of R89BS and ODcontrol is the optical density mean value of the positive control of growth. Assays were performed in triplicate and repeated in three different experimental sessions.




4.4. Effects of R89BS on Bacterial Cell Surface Hydrophobicity


S. oralis cells surface hydrophobicity after R89BS treatment was evaluated by measuring bacterial adhesion to hexadecane according to Rosenberg et al. [63]. Suspensions with an OD600nm = 0.5 were prepared in PBS and co-incubated with R89BS (at MIC) at 37 °C for 1 h at 150 rpm. Bacterial suspensions without treatment were used as negative control. After centrifugation for 15 min at 4000 rpm bacterial cells were resuspended in phosphate urea magnesium (PUM) buffer and the OD550nm of the suspensions was measured (Genova Plus, Jenway, UK). An amount of 4 mL of bacterial suspensions was then mixed with 1 mL of hexadecane (Scharlab Italia S.r.l., Milan, Italy) in a glass tube, stirred at high speed for 2 min and left to rest for 10 min. Afterward, OD550nm of the aqueous phases was measured and surface hydrophobicity was calculated as described in [29]. Assays were carried out in triplicate and repeated in two different experimental sessions.




4.5. Effects of R89BS on Bacterial Cell Membrane Permeability


The permeability of S. oralis cell membrane after R89BS treatment was determined by checking the increased penetration of the hydrophobic dye crystal violet (CV) in cells, as proposed by Sana et al. [64]. Suspensions with an OD600nm equal to 0.5 were prepared in PBS and co-incubated with R89BS (at MIC) at 37 °C for 1 h at 150 rpm. Bacterial suspensions without treatment were used as negative control. After centrifugation for 15 min at 4000 rpm bacterial cells were resuspended in a crystal violet solution (10 µg/mL) (Merck KGaA, Darmstadt, Germany) and incubated at 37 °C for 30 min at 150 rpm. Afterward, the suspensions were centrifuged at 4000 rpm for 15 min and the absorbance at 590 nm of the supernatants was measured. The percentage of entrapped crystal violet was estimated as indicated in [29]. Assays were carried out in triplicate and repeated in two different experimental sessions.




4.6. 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 and subsequently polished with increasing fine-grained silicon-carbide abrasive paper up to 4000 grit to obtain a mirror surface. Before use for testing with bacterial and eukaryotic cells, TDs were cleaned and disinfected as reported in Tambone et al. [21]. Briefly, TDs were sonicated for 15 min each in three consecutive solutions (acetone, 70% v/v ethanol in deionized water and deionized water), to remove impurities and grinding residues, and then disinfected by immersion for at least 24 h in 70% v/v ethanol in water. To prevent microbial contamination, TDs were stored in 70% v/v ethanol in deionized water and dried in 24-well plates under a laminar flow immediately before testing.




4.7. R89BS Dislodging Activity on Pre-Formed Bacterial Biofilm


S. oralis suspensions were prepared in BHI + 1%Glucose and cell density was adjusted to 107 CFU/mL. TDs were placed in sterile 24-well polystyrene plates, completely submerged with 1 mL of bacterial suspension, and incubated for 24 h at 37° C. Biofilms formed on TDs surfaces were then exposed to different concentrations of R89BS (final concentrations ranging from 30 µg/mL to 120 µg/mL in BHI + 1%Glucose), and incubated for 4 h and 24 h at 37 °C. A set of not-treated biofilms were included as positive control of growth. In addition, as blank, a number of not-treated and R89BS-treated TDs was dipped in sterile medium and incubated at the same culturing conditions. At the end of the incubation periods, the supernatants were removed and biofilms were gently washed twice with PBS.



The dislodging activity of R89BS against S. oralis pre-formed biofilm was evaluated by biomass quantification using the crystal violet (CV) staining method as described in [21]. Briefly, biofilms/blank TDs were air-dried and then stained with 1 mL of CV solution (0.2% w/v) for 10 min. Biofilms/blank TDs were washed with deionized water to remove dye excess and then air-dried overnight. Finally, the CV bound to the biofilms/blank TDs was solubilized with 1 mL of acetic acid (33% v/v; Scharlab Italia S.r.l., Milan, Italy) and spectrophotometrically determined by measuring the absorbance at 570 nm (VICTOR3V™, PerkinElmer Inc., Waltham, MA, USA). Data were normalized to the blank values and the percentage of biofilm biomass inhibition was estimated as indicated in [21]. Assays were conducted in triplicate and repeated in two different experimental sessions.




4.8. Titanium Surface Coating Process


The surfaces of TDs were coated with R89BS by physical adsorption, using the procedure described in [21]. Briefly, TDs, placed in 24-well polystyrene plates, were dipped in 1 mL of R89BS (4 mg/mL in PBS) and incubated at 37 °C for 24 h at 70 rpm. Afterward, the discs were transferred into new 24-well polystyrene plates and dried under a laminar flow to set the BS coating at the surface.




4.9. Antibiofilm Activity of R89BS-Coated TDs


S. oralis suspensions were prepared in BHI + 1%Glucose and cell density was adjusted to 107 CFU/mL. R89BS-coated and uncoated TDs (as positive control of growth) were placed in sterile 24-well polystyrene plates, submerged with 1 mL of bacterial suspension, and incubated up to 72 h at 37 °C. In addition, as a blank, a set of R89BS-coated and uncoated TDs was dipped in sterile medium and incubated at the same culturing conditions. Every 24 h, fresh medium was provided to sessile cells by transferring TDs into new plates containing 1 mL of BHI + 1%Glucose. At the end of the incubation time, the supernatants were removed, and biofilms were gently washed twice with PBS.



Biofilms were quantified by CV staining and viable cell counting method as described in [26]. Briefly, TDs were placed in 50 mL tubes containing 10 mL of NaCl solution (0.9% w/v) (Sigma-Aldrich, St. Louis, MO, USA) and sessile cells were detached from the titanium surface with three cycles of sonication and stirring, for 30 s each. The resulting suspensions were serially diluted 1:10 v/v in NaCl solution (0.9% w/v). An aliquot of 100 µL of each dilution was plated on BHI agar plates. Plates were incubated at 37 °C for 24 h and colonies were then manually enumerated. Data were expressed as log10 CFU/disc and the inhibition percentage of biofilm formation was determined as indicated in [26]. Assays were performed in quadruplicate and repeated in three different experimental sessions.



A qualitative micro-morphological analysis of S. oralis biofilms formed on TDs at the different time-points was performed by scanning electron microscopy (SEM), according to the protocol described in [26]. Briefly, biofilms were immersed in 1 mL of glutaraldehyde solution (2.5% w/v; Scharlab Italia S.r.l., Milan, Italy) in 0.1 M N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (Sigma-Aldrich, Milan, Italy) buffer at 4 °C. After 24 h, each biofilm 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. Afterward, dried samples were coated with Pt/Pd alloy (80/20) using a Q150R sputter coater (LOT-Quantum Design, Germany) to improve their electrical conductivity and thermal stability. SEM observations were performed using a FE-SEM in high-vacuum mode (Zeiss supra 40, Carl Zeiss, Oberkochen, Germany). The primary beam energy was regulated from 3 to 5 keV to minimize the damage to the biological structures. Possible artifacts due to sample preparation were taken into consideration according to previous indications [65,66] and experiences in imaging microbial biofilm on dental implants and transmucosal components [67,68].




4.10. Isolation of hOBs from Human Trabecular Bone Fragments


Human primary osteoblasts (hOBs) were obtained from human trabecular bone fragments provided by the Orthopaedic and Traumatology Unit of the hospital “Maggiore della Carità”, Novara, Italy. In accordance with Rec(2006)4 guidelines of the Committee of Ministers of the Council of Europe to member states on research on biological materials of human origin [69], each patient signed an informed consent form before the collection of the biological materials, agreeing that the leftover tissue intended for disposal was made available for research purposes.



Collected trabecular bone fragments were washed in PBS and then digested in collagenase/elastase as previously described in [70]. hOBs grew from the digested bone fragments within ten days and formed a confluent monolayer on a culture dish in 3–4 weeks. hOB cells were characterized by checking osteoblastic morphology, alkaline phosphatase (ALP) expression and hormone responsiveness (PTH, 1.25(OH)2-D3) as previously reported in [71]. Cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM, Euroclone, Milan, Italy) supplemented with 10% foetal bovine serum (FBS, Hyclone GE Healthcare, Chicago, IL, USA), penicillin/streptomycin (50 U/mL and 15 μg/mL) and 2 mM L-glutamine (L-Glu) at 37 °C in 5% CO2 and used within the eighth passage. Where not specified, reagents were from Sigma-Aldrich (Milan, Italy).




4.11. hOB Adhesion and Proliferation Tests


hOBs were cultured on uncoated and R89BS-coated TDs to evaluate and compare cell adhesion, morphology and proliferation at different time-points. Experimental protocol was adapted from [72]. More in details, R89BS-coated and uncoated TDs were placed in a 48-well microplate and 1 × 104 hOBs/disc (in 1 mL of culture medium per each well) were seeded for experiments with a short time-points (1, 3 and 24 h). Differently, 2 × 103 hOBs/disc (in 1 mL of culture medium per each well) were seeded for longer time-points experiments (6 and 12 days). When samples achieved the intended time-points, the culture medium was discarded, the TDs were washed with PBS, adhering hOBs were fixed for 20 min at 60 °C, and finally stained with 1 mL of orange acridine solution (2.5% in PBS) for 3 min at room temperature in dark conditions. Stained samples were washed with PBS and distilled water, and dried at room temperature before imaging adherent hOBs under a fluorescence optical inverted microscope (DMRB, Leica Microsystems, Milan, Italy). A set of representative images, at a magnification ranging from 10× to 40×, were collected to qualitatively assess hOBs morphology and distribution on R89BS-coated and uncoated TDs at each time-point. To assess cell proliferation, cell number was evaluated on eight random fields of view (having an area of 0.162 mm2 each) collecting the images using a 20× objective. Experiments were carried out in triplicate. Data were expressed as cells/disc considering the area of the disc equal to 78.5 mm2.




4.12. hOBs Differentiation Tests


To assess the differentiation fate of hOBs growing on R89BS-coated and uncoated TDs, a total of 5 × 103 hOBs/disc were seeded and cultured for 6 and 12 days to quantify ALP activity and ATP levels. When samples achieved the intended time-points, culture medium was removed, hOBs on TDs were washed three times with Tris HCl 0.05 M, pH 7.4, and a drop of 150 µL of lysis pre-heated solution (SDS 0.05% in Tris HCl 0.05 M pH 8) was placed on top of each disc and recovered in 10 min. Cell lysate was used to quantify both ALP and ATP. In details, ALP activity, a marker of osteoblast differentiation, was quantified in 100 µL of cell lysate added to 100 µL of substrate solution (5 mg/mL of p-nitrophenyl phosphate substrate, MgCl2 10 mM in Tris HCl 0.25 M, pH 9.5). After 3 h of incubation in dark and humidified conditions at 37 °C the absorbance of p-nitrophenol formed was read at 450 nm using a spectrophotometer (VICTOR3V™, PerkinElmer Inc., Waltham, MA, USA). ATP level, correlating with cell number, was assessed using “ATP ViaLight™” kit (Lonza Bioscience, Basel, Switzerland), adding 25 µL of cell lysate to 50 µL of Tris HCl 0.05 M and 75 µL of luciferase which catalyzes the formation of light from ATP and luciferin. Light produced, that was linearly related to the intracellular ATP concentration, was measured by a luminometer and expressed as relative luminescence units (RLUs). Experiments were carried out twice in duplicate.



The micro-morphology of the adherent osteoblasts was qualitatively assessed by scanning electron microscopy (SEM). An amount of 2 × 103 hOBs/disc was seeded on uncoated and R89BS-coated TDs and cultured for 21 days and grown in culture medium with and without dexamethasone (10 mM) used as positive control. When the time-point was achieved, culture medium was removed, samples were washed with cacodylate buffer (pH 7.4) and fixed in Karnowsky’s solution (4% paraformaldehyde + 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4) for 30 min at 4 °C. After washing in cacodylate buffer, cells were dehydrated in ethanol (50–100%) and then in hexamethyldisilazane [73].



Samples were observed without a metallic layer coating, to avoid interference in elemental composition determination. The observations were performed using a Quanta 200 (FEI-Philips, Eindhoven, The Netherlands) SEM in the high-vacuum mode at 10 keV beam energy. Relevant chemical composition was evaluated by energy dispersive X-ray spectroscopy (EDXS, Thermo Fisher Scientific Inc., Waltham, MA, USA) using an electron beam energy of 15 keV to address qualitatively the presence of the elements calcium and phosphorus, characterizing the mineral matrix deposited by mature osteoblasts.




4.13. Data Analysis and Statistics


The single TD was considered as the statistical unit. Quantitative data were expressed as mean value and standard deviation of replicated measurements after checking for normality of data distribution using Shapiro–Wilk test.



The effects of the different concentrations of R89BS on S. oralis planktonic and sessile cells, in comparison to uncoated controls, were evaluated with one-way ANOVA and two-way ANOVA followed by Sidak post-hoc test, respectively. A two-sample t-test was used to evaluate the significance of data in cell surface hydrophobicity, membrane permeability and antibiofilm assays. Results of adhesion, proliferation and differentiation tests were analyzed using two-way ANOVA followed by Sidak post-hoc test. All analyses used two-sided tests with a significance level of p < 0.05. Statistical tests were performed using Prism 9 software (GraphPad Software, San Diego, CA, USA).





5. Conclusions


R89BS effectively counteracts S. oralis biofilm formation on medical grade titanium and preserves overall osteoblasts behavior representing a promising preventative strategy against biofilm-related oral diseases. This microbial biosurfactant is also able to disruption 24 h old S. oralis biofilm from a titanium surface deserving potential as decontaminating agent in the treatment of implants affected by mucositis and peri-implantitis.







Author Contributions


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




Funding


This research was co-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 (Italian 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) supported by Università degli Studi del Piemonte Orientale, which is deeply acknowledged. F.T. holds a fixed-term researcher position supported by the European Union—Fondo Sociale Europeo Recovery Assistance for Cohesion and the Territories of the European Union (FSE-REACT-EU), Programma Operativo Nazionale (PON), Azione IV.4—Research and Innovation, DM 1062/2021. 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 obtained from each subject before the biological material was collected for the extraction of primary human osteoblasts.




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 Stefania Filippi for technical assistance with SEM imaging and EDXS analysis. CLC Scientific, Vicenza, Italy is kindly acknowledged for providing the titanium discs used in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Raikar, S.; Talukdar, P.; Kumari, S.; Panda, S.K.; Oommen, V.M.; Prasad, A. Factors Affecting the Survival Rate of Dental Implants: A Retrospective Study. J. Int. Soc. Prev. Community Dent. 2017, 7, 351–355. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.; Parihar, A.S.; Vaibhav, V.; Kumar, K.; Singh, R.; Jerry, J.J. A 10 Years Retrospective Study of Assessment of Prevalence and Risk Factors of Dental Implants Failures. J. Family Med. Prim. Care 2020, 9, 1617–1619. [Google Scholar] [CrossRef] [PubMed]

	



Berglundh, T.; Armitage, G.; Araujo, M.G.; Avila-Ortiz, G.; Blanco, J.; Camargo, P.M.; Chen, S.; Cochran, D.; Derks, J.; Figuero, E.; et al. Peri-Implant Diseases and Conditions: Consensus Report of Workgroup 4 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases and Conditions. J. Clin. Periodontol. 2018, 45 (Suppl. 20), S286–S291. [Google Scholar] [CrossRef] [PubMed]

	



Blank, E.; Grischke, J.; Winkel, A.; Eberhard, J.; Kommerein, N.; Doll, K.; Yang, I.; Stiesch, M. Evaluation of Biofilm Colonization on Multi-Part Dental Implants in a Rat Model. BMC Oral. Health 2021, 21, 313. [Google Scholar] [CrossRef]

	



Salvi, G.E.; Cosgarea, R.; Sculean, A. Prevalence and Mechanisms of Peri-Implant Diseases. J. Dent. Res. 2017, 96, 31–37. [Google Scholar] [CrossRef]

	



Varoni, E.M.; Rimondini, L. Oral Microbiome, Oral Health and Systemic Health: A Multidirectional Link. Biomedicines 2022, 10, 186. [Google Scholar] [CrossRef]

	



Derks, J.; Tomasi, C. Peri-Implant Health and Disease. A Systematic Review of Current Epidemiology. J. Clin. Periodontol. 2015, 42 (Suppl. S16), S158–S171. [Google Scholar] [CrossRef]

	



de Waal, Y.C.M.; Winning, L.; Stavropoulos, A.; Polyzois, I. Efficacy of Chemical Approaches for Implant Surface Decontamination in Conjunction with Sub-Marginal Instrumentation, in the Non-Surgical Treatment of Peri-Implantitis: A Systematic Review. J. Clin. Periodontol. 2023, 50 (Suppl. S26), 212–223. [Google Scholar] [CrossRef]

	



Kotsailidi, E.A.; Michelogiannakis, D.; Al-Zawawi, A.S.; Javed, F. Surgical or Non-Surgical Treatment of Peri-Implantitis—What Is the Verdict? Surg. Pract. Sci. 2020, 1, 100010. [Google Scholar] [CrossRef]

	



Chen, Z.; Wang, Z.; Qiu, W.; Fang, F. Overview of Antibacterial Strategies of Dental Implant Materials for the Prevention of Peri-Implantitis. Bioconjug Chem. 2021, 32, 627–638. [Google Scholar] [CrossRef]

	



Esteves, G.M.; Esteves, J.; Resende, M.; Mendes, L.; Azevedo, A.S. Antimicrobial and Antibiofilm Coating of Dental Implants-Past and New Perspectives. Antibiotics 2022, 11, 235. [Google Scholar] [CrossRef]

	



Banat, I.M.; Franzetti, A.; Gandolfi, I.; Bestetti, G.; Martinotti, M.G.; Fracchia, L.; Smyth, T.J.; Marchant, R. Microbial Biosurfactants Production, Applications and Future Potential. Appl. Microbiol. Biotechnol. 2010, 87, 427–444. [Google Scholar] [CrossRef] [PubMed]

	



Holban, A.-M.; Farcasiu, C.; Andrei, O.-C.; Grumezescu, A.M.; Farcasiu, A.-T. Surface Modification to Modulate Microbial Biofilms-Applications in Dental Medicine. Materials 2021, 14, 6994. [Google Scholar] [CrossRef]

	



Kligman, S.; Ren, Z.; Chung, C.-H.; Perillo, M.A.; Chang, Y.-C.; Koo, H.; Zheng, Z.; Li, C. The Impact of Dental Implant Surface Modifications on Osseointegration and Biofilm Formation. J. Clin. Med. 2021, 10, 1641. [Google Scholar] [CrossRef]

	



Ceresa, C.; Fracchia, L.; Fedeli, E.; Porta, C.; Banat, I.M. Recent Advances in Biomedical, Therapeutic and Pharmaceutical Applications of Microbial Surfactants. Pharmaceutics 2021, 13, 466. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Naughton, P.J.; Marchant, R.; Naughton, V.; Banat, I.M. Microbial Biosurfactants: Current Trends and Applications in Agricultural and Biomedical Industries. J. Appl. Microbiol. 2019, 127, 12–28. [Google Scholar] [CrossRef]

	



Kumar, R.; Das, A.J. Application of Rhamnolipids in Medical Sciences. In Rhamnolipid Biosurfactant: Recent Trends in Production and Application; Kumar, R., Das, A.J., Eds.; Springer: Singapore, 2018; pp. 79–87. ISBN 9789811312892. [Google Scholar]

	



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. [Google Scholar] [CrossRef]

	



Thakur, P.; Saini, N.K.; Thakur, V.K.; Gupta, V.K.; Saini, R.V.; Saini, A.K. Rhamnolipid the Glycolipid Biosurfactant: Emerging Trends and Promising Strategies in the Field of Biotechnology and Biomedicine. Microb. Cell Fact. 2021, 20, 1. [Google Scholar] [CrossRef]

	



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, 49. [Google Scholar] [CrossRef]

	



Elshikh, M.; Marchant, R.; Banat, I.M. Biosurfactants: Promising Bioactive Molecules for Oral-Related Health Applications. FEMS Microbiol. Lett. 2016, 363, fnw213. [Google Scholar] [CrossRef] [PubMed]

	



Elshikh, M.; Moya-Ramírez, I.; Moens, H.; Roelants, S.; Soetaert, W.; Marchant, R.; Banat, I.M. Rhamnolipids and Lactonic Sophorolipids: Natural Antimicrobial Surfactants for Oral Hygiene. J. Appl. Microbiol. 2017, 123, 1111–1123. [Google Scholar] [CrossRef] [PubMed]

	



Elshikh, M.; Funston, S.; Chebbi, A.; Ahmed, S.; Marchant, R.; Banat, I.M. Rhamnolipids from Non-Pathogenic Burkholderia Thailandensis E264: Physicochemical Characterization, Antimicrobial and Antibiofilm Efficacy against Oral Hygiene Related Pathogens. N. Biotechnol. 2017, 36, 26–36. [Google Scholar] [CrossRef] [PubMed]

	



Tahmourespour, A.; Kasra-Kermanshahi, R.; Salehi, R. Lactobacillus Rhamnosus Biosurfactant Inhibits Biofilm Formation and Gene Expression of Caries-Inducing Streptococcus Mutans. Dent. Res. J. 2019, 16, 87–94. [Google Scholar] [CrossRef]

	



Tambone, E.; Marchetti, A.; Ceresa, C.; Piccoli, F.; Anesi, A.; Nollo, G.; Caola, I.; Bosetti, M.; Fracchia, L.; Ghensi, P.; et al. Counter-Acting Candida Albicans-Staphylococcus Aureus Mixed Biofilm on Titanium Implants Using Microbial Biosurfactants. Polymers 2021, 13, 2420. [Google Scholar] [CrossRef]

	



Allegrone, G.; Ceresa, C.; Rinaldi, M.; Fracchia, L. Diverse Effects of Natural and Synthetic Surfactants on the Inhibition of Staphylococcus Aureus Biofilm. Pharmaceutics 2021, 13, 1172. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Ceresa, C.; Rinaldi, M.; Tessarolo, F.; Maniglio, D.; Fedeli, E.; Tambone, E.; Caciagli, P.; Banat, I.M.; Diaz De Rienzo, M.A.; Fracchia, L. Inhibitory Effects of Lipopeptides and Glycolipids on C. Albicans–Staphylococcus Spp. Dual-Species Biofilms. Front. Microbiol. 2021, 11, 545654. [Google Scholar] [CrossRef]

	



Socransky, S.S.; Haffajee, A.D.; Cugini, M.A.; Smith, C.; Kent, R.L. Microbial Complexes in Subgingival Plaque. J. Clin. Periodontol. 1998, 25, 134–144. [Google Scholar] [CrossRef]

	



Jenkinson, H.F. Beyond the Oral Microbiome. Environ. Microbiol. 2011, 13, 3077–3087. [Google Scholar] [CrossRef]

	



Baker, J.L.; Bor, B.; Agnello, M.; Shi, W.; He, X. Ecology of the Oral Microbiome: Beyond Bacteria. Trends Microbiol. 2017, 25, 362–374. [Google Scholar] [CrossRef] [PubMed]

	



Kommerein, N.; Doll, K.; Stumpp, N.S.; Stiesch, M. Development and Characterization of an Oral Multispecies Biofilm Implant Flow Chamber Model. PLoS ONE 2018, 13, e0196967. [Google Scholar] [CrossRef] [PubMed]

	



Ingendoh-Tsakmakidis, A.; Eberhard, J.; Falk, C.S.; Stiesch, M.; Winkel, A. In Vitro Effects of Streptococcus Oralis Biofilm on Peri-Implant Soft Tissue Cells. Cells 2020, 9, 1226. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Guo, Y.; Liu, R.; Wu, S.; Fang, J.; Huang, B.; Li, Z.; Chen, Z.; Chen, Z. Tuning Surface Properties of Bone Biomaterials to Manipulate Osteoblastic Cell Adhesion and the Signaling Pathways for the Enhancement of Early Osseointegration. Colloids Surf. B Biointerfaces 2018, 164, 58–69. [Google Scholar] [CrossRef]

	



de Freitas Ferreira, J.; Vieira, E.A.; Nitschke, M. The Antibacterial Activity of Rhamnolipid Biosurfactant Is PH Dependent. Food Res. Int. 2019, 116, 737–744. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Das, P.; Yang, 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. [Google Scholar] [CrossRef]

	



Diaz De Rienzo, M.A.; Stevenson, P.S.; Marchant, R.; Banat, I.M. Effect of Biosurfactants on Pseudomonas Aeruginosa and Staphylococcus Aureus Biofilms in a BioFlux Channel. Appl. Microbiol. Biotechnol. 2016, 100, 5773–5779. [Google Scholar] [CrossRef]

	



Wilensky, A.; Shapira, L.; Limones, A.; Martin, C. The Efficacy of Implant Surface Decontamination Using Chemicals during Surgical Treatment of Peri-Implantitis: A Systematic Review and Meta-Analysis. J. Clin. Periodontol. 2023, 50 (Suppl. 26), 336–358. [Google Scholar] [CrossRef]

	



Skogman, M.E.; Vuorela, P.M.; Fallarero, A. Combining Biofilm Matrix Measurements with Biomass and Viability Assays in Susceptibility Assessments of Antimicrobials against Staphylococcus Aureus Biofilms. J. Antibiot. 2012, 65, 453–459. [Google Scholar] [CrossRef]

	



Kuang, Z.; Yang, X.; Cao, Z.; Li, Y.; Hu, J.; Hong, X.; Li, B.; Wu, C.; Qi, Q.; Liu, X.; et al. Surfactin Suppresses Osteoclastogenesis via the NF-ΚB Signaling Pathway, Promotes Osteogenic Differentiation in Vitro, and Inhibits Oestrogen Deficiency-Induced Bone Loss in Vivo. Int. Immunopharmacol. 2023, 117, 109884. [Google Scholar] [CrossRef] [PubMed]

	



Cichoń, E.; Czechowska, J.P.; Krok-Borkowicz, M.; Allinson, S.L.; Stępień, K.; Smith, A.; Pamuła, E.; Douglas, T.E.L.; Zima, A. Biosurfactants as Foaming Agents in Calcium Phosphate Bone Cements. Biomater. Adv. 2023, 145, 213273. [Google Scholar] [CrossRef] [PubMed]

	



Orshesh, Z.; Borhan, S.; Kafashan, H. Physical, Mechanical and in Vitro Biological Evaluation of Synthesized Biosurfactant-Modified Silanated-Gelatin/Sodium Alginate/45S5 Bioglass Bone Tissue Engineering Scaffolds. J. Biomater. Sci. Polym. Ed. 2020, 31, 93–109. [Google Scholar] [CrossRef]

	



Anselme, K.; Bigerelle, M. On the Relation between Surface Roughness of Metallic Substrates and Adhesion of Human Primary Bone Cells. Scanning 2014, 36, 11–20. [Google Scholar] [CrossRef] [PubMed]

	



Pardhi, D.S.; Panchal, R.R.; Raval, V.H.; Joshi, R.G.; Poczai, P.; Almalki, W.H.; Rajput, K.N. Microbial Surfactants: A Journey from Fundamentals to Recent Advances. Front. Microbiol. 2022, 13, 982603. [Google Scholar] [CrossRef]

	



Lian, J.B.; Stein, G.S. Development of the Osteoblast Phenotype: Molecular Mechanisms Mediating Osteoblast Growth and Differentiation. Iowa Orthop. J. 1995, 15, 118–140. [Google Scholar]

	



Huang, W.; Yang, S.; Shao, J.; Li, Y.-P. Signaling and Transcriptional Regulation in Osteoblast Commitment and Differentiation. Front. Biosci. 2007, 12, 3068–3092. [Google Scholar] [CrossRef]

	



Owen, T.A.; Aronow, M.; Shalhoub, V.; Barone, L.M.; Wilming, L.; Tassinari, M.S.; Kennedy, M.B.; Pockwinse, S.; Lian, J.B.; Stein, G.S. Progressive Development of the Rat Osteoblast Phenotype in Vitro: Reciprocal Relationships in Expression of Genes Associated with Osteoblast Proliferation and Differentiation during Formation of the Bone Extracellular Matrix. J. Cell Physiol. 1990, 143, 420–430. [Google Scholar] [CrossRef]

	



Kilian, K.A.; Bugarija, B.; Lahn, B.T.; Mrksich, M. Geometric Cues for Directing the Differentiation of Mesenchymal Stem Cells. Proc. Natl. Acad. Sci. USA 2010, 107, 4872–4877. [Google Scholar] [CrossRef]

	



Dorkhan, M.; Svensäter, G.; Davies, J.R. Salivary Pellicles on Titanium and Their Effect on Metabolic Activity in Streptococcus Oralis. BMC Oral. Health 2013, 13, 32. [Google Scholar] [CrossRef]

	



Martínez-Hernández, M.; Reyes-Grajeda, J.P.; Hannig, M.; Almaguer-Flores, A. Salivary Pellicle Modulates Biofilm Formation on Titanium Surfaces. Clin. Oral. Investig. 2023. [Google Scholar] [CrossRef] [PubMed]

	



Neilands, J.; Svensäter, G.; Boisen, G.; Robertsson, C.; Wickström, C.; Davies, J.R. Formation and Analysis of Mono-Species and Polymicrobial Oral Biofilms in Flow-Cell Models. Methods Mol. Biol. 2023, 2674, 33–54. [Google Scholar] [CrossRef]

	



Brown, J.L.; Butcher, M.C.; Veena, C.L.R.; Chogule, S.; Johnston, W.; Ramage, G. Generation of Multispecies Oral Bacteria Biofilm Models. Methods Mol. Biol. 2023, 2588, 187–199. [Google Scholar] [CrossRef] [PubMed]

	



Prado, M.M.; Figueiredo, N.; Pimenta, A.d.L.; Miranda, T.S.; Feres, M.; Figueiredo, L.C.; de Almeida, J.; Bueno-Silva, B. Recent Updates on Microbial Biofilms in Periodontitis: An Analysis of In Vitro Biofilm Models. Adv. Exp. Med. Biol. 2022, 1373, 159–174. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez, M.C.; Llama-Palacios, A.; Blanc, V.; León, R.; Herrera, D.; Sanz, M. Structure, Viability and Bacterial Kinetics of an in Vitro Biofilm Model Using Six Bacteria from the Subgingival Microbiota. J. Periodontal Res. 2011, 46, 252–260. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Ramachandra, S.S.; Wright, P.; Han, P.; Abdal-Hay, A.; Lee, R.S.B.; Ivanovski, S. Evaluating Models and Assessment Techniques for Understanding Oral Biofilm Complexity. Microbiologyopen 2023, 12, e1377. [Google Scholar] [CrossRef]

	



Wennerberg, A.; Albrektsson, T. Effects of Titanium Surface Topography on Bone Integration: A Systematic Review. Clin. Oral. Implants Res. 2009, 20 (Suppl. 4), 172–184. [Google Scholar] [CrossRef]

	



Rodriguez-González, R.; Monsalve-Guil, L.; Jimenez-Guerra, A.; Velasco-Ortega, E.; Moreno-Muñoz, J.; Nuñez-Marquez, E.; Pérez, R.A.; Gil, J.; Ortiz-Garcia, I. Relevant Aspects of Titanium Topography for Osteoblastic Adhesion and Inhibition of Bacterial Colonization. Materials 2023, 16, 3553. [Google Scholar] [CrossRef]

	



Rompen, E.; Domken, O.; Degidi, M.; Farias Pontes, A.E.; Piattelli, A. The Effect of Material Characteristics, of Surface Topography and of Implant Components and Connections on Soft Tissue Integration: A Literature Review. Clin. Oral. Implant. Res. 2006, 17, 55–67. [Google Scholar] [CrossRef]

	



Wiegand, I.; Hilpert, K.; Hancock, R.E.W. Agar and Broth Dilution Methods to Determine the Minimal Inhibitory Concentration (MIC) of Antimicrobial Substances. Nat. Protoc. 2008, 3, 163–175. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, M.; Gutnick, D.; Rosenberg, E. Adherence of Bacteria to Hydrocarbons: A Simple Method for Measuring Cell-Surface Hydrophobicity. FEMS Microbiol. Lett. 1980, 9, 29–33. [Google Scholar] [CrossRef]

	



Sana, S.; Datta, S.; Biswas, D.; Sengupta, D. Assessment of Synergistic Antibacterial Activity of Combined Biosurfactants Revealed by Bacterial Cell Envelop Damage. Biochim. Biophys. Acta Biomembr. 2018, 1860, 579–585. [Google Scholar] [CrossRef] [PubMed]

	



Little, B.; Wagner, P.; Ray, R.; Pope, R.; Scheetz, R. Biofilms: An ESEM Evaluation of Artifacts Introduced during SEM Preparation. J. Ind. Microbiol. 1991, 8, 213–221. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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

	



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, 635348. [Google Scholar] [CrossRef]

	



Council of Europe, Committee of Ministers. Recommendation Rec(2006)4 of the Committee of Ministers to Member States on Research on Biological Materials of Human Origin. Jahrb. Für Wiss. Und Ethik 2006, 11, 387–394. [Google Scholar] [CrossRef]

	



Bosetti, M.; Fusaro, L.; Nicolì, E.; Borrone, A.; Aprile, S.; Cannas, M. Poly-L-Lactide Acid-Modified Scaffolds for Osteoinduction and Osteoconduction. J. Biomed. Mater. Res. A 2014, 102, 3531–3539. [Google Scholar] [CrossRef]

	



Bosetti, M.; Santin, M.; Lloyd, A.W.; Denyer, S.P.; Sabbatini, M.; Cannas, M. Cell Behaviour on Phospholipids-Coated Surfaces. J. Mater. Sci. Mater. Med. 2007, 18, 611–617. [Google Scholar] [CrossRef]

	



Lusvardi, G.; Malavasi, G.; Menabue, L.; Menziani, M.C.; Pedone, A.; Segre, U.; Aina, V.; Perardi, A.; Morterra, C.; Boccafoschi, F.; et al. Properties of Zinc Releasing Surfaces for Clinical Applications. J. Biomater. Appl. 2008, 22, 505–526. [Google Scholar] [CrossRef] [PubMed]

	



Nation, J.L. A New Method Using Hexamethyldisilazane for Preparation of Soft Insect Tissues for Scanning Electron Microscopy. Stain. Technol. 1983, 58, 347–351. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 14014 g001] 





Figure 1. S. oralis DSMZ 20379 biofilm formation on R89BS-coated TDs (Ti+R89BS) with respect to uncoated controls (Ti). Results are presented in terms of biomass (a) and cell viability (b), obtained with CV staining and viable cell counting methods respectively, after 24 h, 48 h and 72 h. Error bars represent standard deviation. *** p < 0.001. 
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Figure 2. S. oralis biofilm grown on uncoated control TDs (Ti, panels (a,c,e)) and R89BS-coated TDs (Ti+R89BS, panels (b,d,f), after 24 h, 48 h and 72 h of incubation. Representative images were obtained by scanning electron microscopy in high-vacuum mode. Original magnification: 10,000× (insets 4000×). 
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Figure 3. Results of adhesion tests with human primary osteoblasts seeded on R89BS-coated (Ti+R89BS) and uncoated (Ti) discs. (a) Representative fields of view acquired in fluorescence optical microscopy. Images were taken at 3 h post-seeding at 1 × 104 cells/disc. Acridine orange stain. Original magnification 40×, bar is 20 µm (10× inset, bar is 200 µm). (b) Number of cells per disc at 1 h, 3 h and 24 h after seeding obtained by direct cell enumeration. Error bars represent standard deviation. 
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Figure 4. Results of proliferation tests with human primary osteoblasts seeded on R89BS-coated (Ti+R89BS) and uncoated (Ti) discs. (a) Representative fields of view acquired in fluorescence optical microscopy. Images were taken at 6 and 12 days after seeding at 2 × 103 cells/disc. Acridine orange stain. Original magnification 10×, bar is 100 µm. (b) number of cells per discs at 6 and 12 days after seeding obtained by direct cell enumeration. Error bars represent standard deviation. * p < 0.05; *** p < 0.001. 
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Figure 5. hOBs differentiation assessment. 5 × 103 cells/disc were seeded on R89BS-coated (Ti+R89BS) and uncoated discs (Ti). At day 6 and 12 ALP (a) and ATP (b) quantification were performed. ALP/ATP ratio was calculated (c). Error bars represent standard deviation, * p < 0.05. ** p < 0.01. 






Figure 5. hOBs differentiation assessment. 5 × 103 cells/disc were seeded on R89BS-coated (Ti+R89BS) and uncoated discs (Ti). At day 6 and 12 ALP (a) and ATP (b) quantification were performed. ALP/ATP ratio was calculated (c). Error bars represent standard deviation, * p < 0.05. ** p < 0.01.



[image: Ijms 24 14014 g005]







[image: Ijms 24 14014 g006] 





Figure 6. Results of differentiation tests with human primary osteoblasts after 21 days from seeding. (a) Morphological appearance of hOBs on uncoated and R89BS-coated TDs, and cultured in medium with (DEX) and without (no supplement) dexamethasone. Representative fields of view acquired at scanning electron microscopy using backscattered electron signal on samples without metallic coating. Original magnification 500×. (b) Elemental composition of calcium-phosphate deposits present on both uncoated and R89BS-coated TDs, when hOBs were cultured using dexamethasone-added culture medium. EDX spectrum was collected using a 15 keV electron beam. Image was collected using secondary electron signal. Original magnification 10,000×. 
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Table 1. Effect of different concentrations of R89BS on S. oralis DSMZ 20379 planktonic cells. Results are expressed as OD600nm mean values and standard deviations (SD). The percentages of growth inhibition, with respect to untreated controls (0 µg/mL), are also reported.






Table 1. Effect of different concentrations of R89BS on S. oralis DSMZ 20379 planktonic cells. Results are expressed as OD600nm mean values and standard deviations (SD). The percentages of growth inhibition, with respect to untreated controls (0 µg/mL), are also reported.





	R89BS

(µg/mL)
	Planktonic Cells Concentration OD at 600 nm

(Mean ± SD)
	Growth Inhibition

(%)





	0.0
	0.668 ± 0.031
	-



	3.8
	0.568 ± 0.030
	15



	7.5
	0.442 ± 0.029
	34



	15
	0.176 ± 0.028
	74



	30
	0.007 ± 0.001
	99










 





Table 2. Dislodging activity of R89BS on S. oralis DSMZ 20379 pre-formed biofilms, after 4 h and 24 h. Results are expressed as A570nm mean values and standard deviations (SD). The percentages of biofilm removal, with respect to untreated controls (0 µg/mL), are also reported.
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R89BS (µg/mL)

	
4 h

	
24 h




	
Biofilm Biomass

(Mean ± SD)

	
Removal Efficacy

(%)

	
Biofilm Biomass

(Mean ± SD)

	
Removal Efficacy (%)






	
0.0

	
5.77 ± 0.38

	
-

	
8.82 ± 0.73

	
-




	
30

	
3.67 ± 0.40

	
36

	
3.26 ± 0.63

	
63




	
60

	
3.60 ± 0.67

	
38

	
2.86 ± 0.44

	
68




	
120

	
2.38 ± 0.39

	
59

	
1.20 ± 0.30

	
86











 





Table 3. Inhibition percentages of S. oralis biofilm formation determined by CV staining (biomass) and viable cell counting (cell viability), after 24 h, 48 h and 72 h. Data are reported as mean ± standard deviation.
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Incubation Time

(h)

	
Inhibition

(%)




	
Biomass

	
Cell Viability






	
24

	
99.4 ± 0.2

	
99.99 ± 0.01




	
48

	
91.0 ± 2.5

	
98.79 ± 0.17




	
72

	
60.8 ± 4.2

	
98.84 ± 0.23
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