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Abstract: Background


Recurrent oral infections, as manifested by endodontic and periodontal disease, are often caused by Enterococcus faecalis (E. faecalis) and Candida albicans (C. albicans). Here, we assessed the anti-biofilm activity of ceragenin CSA-44 against these microbes growing as a biofilm in the presence of saliva on the surface of human teeth and dental composite (composite filling) subjected to mechanical stresses. Methods: Biofilm mass analysis was performed using crystal violet (CV) staining. The morphology, viscoelastic properties of the biofilm after CSA-44 treatment, and changes in the surface of the composite in response to biofilm presence were determined by AFM microscopy. Results: CSA-44 prevented biofilm formation and reduced the mass of biofilm formed by tested microorganisms on teeth and dental composite. Conclusion: The ability of CSA-44 to prevent the formation and to reduce the presence of established biofilm on tooth and composite filling suggests that it can serve as an agent in the development of new methods of combating oral pathogens and reduce the severity of oral infections.







Keywords:


ceragenin; CSA-44; Candida albicans; Enterococcus faecalis; biofilm eradication; dental composite












1. Introduction


Biofilm is an organized structure consisting mainly of bacteria, possibly fungi, and protozoa, which bonds firmly to the colonized surface [1,2]. Dental biofilm formed by physiological microflora may be beneficial because it hinders colonization by exogenous, unfavorable microorganisms or pathogens. On the other hand, changes in the microflora composition of the biofilm (dysbiosis) may result in disease development [3]. Oral infections, manifested by endodontic and periodontal disease, can be caused by C. albicans and E. faecalis. Propagation of dental biofilm may cause diseases in the oral cavity, including dental caries, pulpitis, and apical periodontitis [3,4,5,6,7,8]. Bacteria colonize every surface in the oral cavity: teeth, dental fillings, fixed and removable prosthetic restorations, fixed orthodontic appliances, and mucosa. Dental plaque on the teeth is formed by ecological succession: early colonizers adhere weakly to pellicle-covered enamel [3], followed by stronger adhesion through glycoprotein receptors and bacterial surface adhesins [3,9]. Initial colonizers are often Gram-positive streptococci, followed by Gram-positive rods, and then other Gram-positive bacteria. Biofilms that are formed on dental fillings can destroy the structure of the filling components, which results in a rougher surface of the material [10], and rough surfaces are more susceptible to colonization [10,11]. Bacteria can penetrate between the filling components and the tooth structure [12], which may cause secondary caries [13] and pulp inflammation. During maturation of the biofilm, microbes are metabolically active, and they use endogenous components from saliva to form an extracellular matrix that helps with co-adhesion [14]. In a fully-fledged biofilm, bacteria reduce metabolic activity and become less susceptible to eradication by the host’s immune system, to mechanical removal [14,15], and to the action of microbicidal agents [16]. In addition, biofilm subpopulations on dental materials can trigger gene expression, resulting in increased resistance to antibiofilm molecules. There are reports of agents added to dental materials that inhibit biofilm formation or kill the bacteria within its structure, such as silver, zinc oxide and bioglass particles, MDPB monomers, and nanoparticles of quaternary ammonium polyethylenimine (QPEI) [9]. Over time, most of these undergo chemical and mechanical degradation, which reduces their effectiveness [17]. Accordingly, other antimicrobials and nanosystems are being sought to inhibit biofilm growth or biofilm degradation.



In our study, we assessed an antimicrobial from the ceragenin family of compounds, termed CSA-44 (cationic steroid antibiotics), for the prevention of biofilm formation and eradication of an existing biofilm. As with other ceragenins, CSA-44 mimics the activity of natural antimicrobial peptides (AMPs) that function as effector molecules of the innate immune system and have broad-spectrum antimicrobial activity. Bacteria, in general, are susceptible to this class of antimicrobials, and wide-spread resistance to those molecules has not been reported. AMPs and ceragenins associate with phospholipids in bacterial membranes, resulting in a change in the structure of the membranes and causing depolarization. Because ceragenins are non-peptide bases, they are insensitive to proteolysis, which is an advantage over AMPs [18,19]. In addition to antibacterial activity, ceragenins display, antiviral, sporicidal, antiparasitic, and anticancer activities [19,20]. In a recent study, we showed that ceragenins decrease the adherence of biofilms on surfaces and display antimicrobial activity against bacteria and fungi associated with oral infections. These observations motivated us to evaluate the activity of CSA-44 (a ceragenin with high biocompatibility) against established biofilms developed on teeth and composite fillings and its ability to disrupt biofilm adhesion to those materials.




2. Results


2.1. Biofilm Mass Studies


Biofilm of Candida albicans ATCC 26790 (C. albicans), Enterococcus faecalis ATCC 29212 (E. faecalis), and Enterococcus faecalis ATCC 29212 + Candida albicans ATCC 26790 (E. faecalis/C. albicans) on human teeth or dental composites was generated for 3- and 6-week time periods (for composite, a time period of 72 h was evaluated as well). For one set of experiments, biofilm was grown in the presence of CSA-44 on the composite material for 72 h to assess the ability of CSA-44 to prevent biofilm formation. The data demonstrate the comparison of the results between the untreated control and samples under the exposure to CSA-44. Figure 1A shows the reduction of 3- or 6-week biofilms on human teeth, measured with crystal violet staining, treated with the indicated concentrations of CSA-44 for 2 h in human saliva. The mass of 3-week biofilm, after exposure to CSA-44 (10 µg/mL), decreased by 66–78% compared to untreated control. This effect was even more pronounced after treatment with 20 µg/mL of CSA-44, where an 83–89% decrease in biofilm mass was observed. A 30–42% and 55–74% reduction in the 6-week biofilm mass was observed after exposure to CSA-44 (10 µg/mL and 20 µg/mL, respectively).



Prevention of biofilm formation was measured over 72 h by adding CSA-44 to dental composites and then inoculating (Figure 1B). CSA-44 inhibited biofilm formation on the dental composites, and the greatest antibiofilm activities of CSA-44 were observed with C. albicans. Compared with the untreated control, exposure to 10 µg/mL CSA-44 resulted in a decrease in C. albicans biofilm mass by 72%, and with 20 µg/mL CSA-44, the reduction of biofilm mass reached 84%. Prevention of biofilm formation recorded for E. faecalis and E. faecalis/C. albicans in response to 20 µg/mL of CSA-44 were 75 and 79%, respectively.



Panel 1C presents the disruption of preformed biofilm on polymer composite after 72 h and 3 and 6 weeks upon treatment with CSA-44 (2 h, RT; 10 or 20 µg/mL). With each microorganism, a significant decrease in the biofilm mass was observed with concentrations of 10 and 20 µg/mL. This effect was particularly evident with the 20 µg/mL concentration; with E. faecalis and 72 h biofilm, a reduction of approximately 99% of biofilm mass in relation to the untreated control was observed. The reduction of preformed biofilm mass after incubation with CSA-44 indicates that this ceragenin possesses the capacity to disrupt the mature biofilms in a concentration-dependent manner. Notably, the duration of biofilm pre-growth significantly impacted the reductions by both concentrations of CSA-44.




2.2. Microscopic Studies of the Surfaces of Teeth and Dental Composites


The morphology of the biofilm formed on teeth and the biofilm surface topography after treatment with CSA-44 were assessed using atomic force microscopy. The microscopic images provide additional information on the structure of the biofilms, demonstrate the ability of CSA-44 to inhibit biofilm growth, and show the nature of ceragenin action on the biofilms and on the morphology of individual bacterial and fungal cells. Figure 2 shows the morphology of 3- and 6-week biofilms of E. faecalis, C. albicans, and E. faecalis/C. albicans treated with ceragenin CSA-44 at a concentration 20 µg/mL on the surface of human teeth.



Figure 3 shows the topography of mature (72 h) biofilm formed on the surface of a dental composite and the preventive effects of CSA-44 on biofilm growth. Initially, we imaged the surface of control sample composites kept in growth medium (labeled as CT−) and dental composite samples with biofilm of E. faecalis, C. albicans, and E. faecalis/C. albicans (labeled as CT+). Gray arrows indicate the surface of the clean dental composite. The surface shows unevenness due to processing, typical of dental work during the cavity filling process. A developed biofilm was observed on the surface of the CT+ samples, which included E. faecalis cells (orange arrows) and C. albicans cells (green arrows). Images of the preformed biofilm after CSA-44 addition (final concentrations of 10 and 20 µg/mL) are presented. Representative pictures of preventative effects of CSA-44 show reduced numbers of bacterial and fungal cells. Areas of the exposed composite (with no biofilm growth) indicate the preventive effect of the applied ceragenin. Additionally, with higher concentrations of ceragenin, less biofilm adhered to the composite surface.



The effects of ceragenin CSA-44 on preformed biofilms on the composite surface were substantial. The topography images show destruction of the cells within the biofilm and changes in the organizational futures of the biofilm network. Cell destruction (e.g., outflows, cell perforation) is indicated by red arrows. AFM scan traces indicate decreased cell adhesion and changes in cell rheology.



Actions of CSA-44 on biofilms formed on the dental composite over long term (3 and 6 week) are shown in Figure 4. Topography assessment shows the nature of the surface of the non-inoculated composite (CT−), structures of established biofilms (CT+), and the destruction of biofilm-forming cells upon CSA-44 addition (10 and 20 µg/mL).



The effect of ceragenin on the overall biofilm mass was characterized by studying the biofilm rheology with a dedicated AFM spherical tip. Figure 5 shows changes in biofilm rheological properties upon CSA-44 addition. A 6-week mature biofilm grown on the dental composite surface was evaluated. Modulus of elasticity values (Young’s modulus) of biofilm were obtained using an AFM indentation technique and calibrated on force-indentation curves. Among the control biofilms, the C. albicans biofilm had the highest modulus of elasticity 1.4 MPa, while the E. faecalis biofilm had the lowest modulus of elasticity of 0.3 MPa. In each case, after ceragenin addition, the elasticity of the formed biofilms decreased, which suggests an effect of the compound on the structures of the biofilm networks. After treatment, the stiffness of the E. faecalis biofilm decreased by 82%, that of the C. albicans biofilm decreased by 70%, and that of the mixed biofilm decreased by 72%.



Additionally, the effect of microorganisms on the surface futures of dental composites was investigated. AFM topography and the values of Young’s modulus and adhesion of composite surfaces before and after biofilm removal are presented in Figure 6. Surface alterations that might develop on dental composite upon microorganism growth were investigated as well. Figure panels of the surface topography of the composites after biofilm removal using sonication do not indicate a definite influence of biofilm on the polymer structure. No obvious damage in the form of micro-cracks or other mechanical destruction was observed, while studies of the physicochemical properties of the surfaces indicated changes in properties after biofilm formation and removal. The Young’s modulus of the surface on which the C. albicans biofilm grew increased from 2.8 to 3.6 GPa. Furthermore, the mixed biofilm, in which the C. albicans was also present, caused an increase of stiffness of the dental composite surface. Growth of the bacterial biofilm did not increase the stiffness. Surface adhesion decreased in each case. The Young’s modulus distributions indicate two mechanical phases in the composite structure. In the area of the tested material, there are zones of increased stiffness, probably related to the presence of the biofilm matrix.





3. Discussion


Since the formation of biofilm on teeth and dental fillings, typically made of composite materials, is a serious threat that can result in the development of caries and various periodontal diseases, we examined the potential of ceragenin CSA-44 to target mature biofilms and its ability to prevent biofilm formation in vitro on the surfaces of extracted teeth and composite discs. We optimized our experimental conditions to closely mimic the natural environment in which oral biofilm develop by integrating human saliva (50%) into the medium supporting biofilm culture and subjecting the composite material to the mechanical stresses that are usually induced during chewing before culturing of the preformed biofilm was begun. CSA-44 activity was tested against E. faecalis because it has been previously described as a bacterium difficult to eliminate, especially during root canal therapy, and C. albicans because it is an opportunistic fungus that very often becomes pathogenic when the oral environment is disrupted as a result of antibiotic therapy [21,22]. It is worth noting that C. albicans has virulence factors that enable it to adhere to and colonize mucous membranes as well as implants and dentures, tooth fillings, root canals, or dental cements. It also has the ability to change its morphological form from yeast to hyphae. Different steps account for Candida biofilm development: adhesion, initiation (cells take a filamentous form), and then mature biofilm. The last phase is dispersion: the release of more virulent Candida cells from the biofilm into the surrounding environment. It has been noted that for patients who use removable prosthetic restorations, it is necessary to repair or replace a restoration made of acrylic after C. albicans infection [23,24,25,26]. The question is still unclear whether similar procedures should be performed for composite fillings and filled root canals. The biofilm present in the human oral cavity in vivo is a mixture of different microorganisms, and the elimination of biofilm in certain clinical conditions that affect an oral cavity may be the only way to avoid pathological consequences of biofilm development.



The preventive effect of ceragenin CSA-44 on biofilm adhesion to teeth and composite surfaces was evaluated using AFM. AFM topography provides valuable information on the changes occurring in the structure of biofilm-forming cells under the influence of bactericidal compounds. These changes were previously observed for human antibacterial peptides, their synthetic analogues, and some nanosystems [20,27,28,29,30,31]. Studying the biofilm surface has been previously explored to provide valuable information regarding biofilm mass and the antimicrobial activity of tested compounds [29].



In the present study, the antibiofilm activities of CSA-44 were assessed in a similar manner. We observed that treated biofilm samples had fewer visible clusters of biofilm structures. The effect of the ceragenin on biofilm formation was also evident based on the observed destruction of bacterial and fungal cells. Cell lysis is manifested by damage to the cell membranes and outflow of the cell interior. A change in the cell shapes were visible as well as the increase in cell adhesion parameters. These are typical ceragenin effects on the microbial cell membranes, resulting in membrane perturbation, as was previously reported [32,33,34,35]. It is worth underlining that the here-observed ability of CSA-44 to decrease adhesion of developed biofilm indicates the ability of this agent to maintain its activity within the network of negatively charged biopolymers that compose the extracellular matrix of biofilm. However, it is unclear whether the molecular action of CSA-44 requires direct, charge-dependent interaction with these biopolymers and whether it is regulated by charge distribution in CSA-44 molecules.



Interestingly, the stiffnesses of biofilms formed by E. faecalis, C. albicans, and E. faecalis/C. albicans differ from each other, suggesting that stiffness may be a species-specific feature. The biofilm formed by C. albicans cells was stiffer than that from E. faecalis. A large part of the biofilm structure stiffness originates from the stiffness of the cells themselves, which might be considered as elastic, deformable spheres [36,37]. In a previous report [35], the Young’s modulus of Bacillus subtillis cells surface was determined to be about 800 kPa. Others [38] determined the Young’s modulus of fungal cells to be up to 760 kPa, but a different report [36] estimated the Young’s modulus of C. albicans cells as only 360 kPa. Based on these conflicting reports [39], it is also not possible to state unequivocally which cells are stiffer when measured using AFM microscopy. The stiffness appears to depend on the type of cell, the type of substrate on which the biofilm is formed, and the external conditions. However, we can conclude that in each case, extracellular polysaccharide (EPS) affects the stiffness of the biofilm in only a small way.



In the case of our measurements, the shape of the AFM tip was of great importance. Given the diameter of the sphere at the tip and the size of the bacterial cells, the cells may have been more susceptible to deformation and displacement together with the EPS. Taking into account the geometry of the AFM tip, a biofilm that contained larger fungal cells may have had higher stiffness.



The purpose of this aspect of the study was to measure the change in stiffness of the formed biofilm under the influence of CSA-44. The decreases in Young’s modulus that we recorded indicate that the biofilm was loosened upon CSA-44 treatment. An additional part of the study was to determine the effect of the formed biofilm on the physical properties of the dental composite surfaces. Our results indicate that the biofilm composed of C. albicans cells caused a local increase in the stiffness of the dental composite material. Similar changes in mechanical properties due to biofilm influence have been reported for polymeric vocal prostheses [31]. Additionally, microbial cells were found to grow inside the polymers and caused cracking. Another study proved that biofilm can damage even hard metallic biomaterials [40]. Considering the influence of all biofilm components, enzymatic degradation was identified as one of the pathways toward biomaterials degradation in the oral cavity [40,41,42,43,44]. When biofilm is present, changes in material mechanics caused by the presence of microorganisms can also proceed locally, causing heterogeneities in material structure and mechanics [31,45]. Heterogeneities in the physical properties of the material (as indicated by recorded changes in Young’s modulus and surface adhesion), which are not visible in AFM topography images, can cause unexpected accumulations of adverse stresses under cyclic loading and differences in thermal conductivity causing thermal stress. This condition can cause micro-cracking of the material [45,46], which in the long run, can cause macroscopic cracking and material failure [45,46,47,48].




4. Materials and Methods


4.1. Collection of Human Tooth and Fabrication of Composite Disc


A collection of 60 natural, single-root teeth from healthy patients removed for orthodontic and occlusive indications were used. Extractions were performed under local anesthesia, according to the atraumatic removal procedure (protocol approved by the Ethics Committee in Research of Medical University of Bialystok, IRB approval: R-I-002/178/2019). After extraction, teeth were cleaned with 30% hydrogen peroxide and wiped with a sodium hypochlorite solution (6 % NaOCl, CanalPro COLTENE). Before tests, teeth were stored in PBS medium. In addition to human teeth, dental composites were been prepared. Dental composites are the most popular material in modern dentistry, consisting of a polymerizable resin matrix, reinforced glass particle fillers, and silane coupling agents [46]. A set of 25 round-shaped discs (10 mm diameter, 6 mm thickness) were fabricated using conventional light-cured composites according to manufacturers’ instructions [49]. Dental composite discs were prepared using a polymethyl methacrylate mold in the form of two-piece plates with holes of appropriate dimensions, screwed together during polymerization. After polymerization, the surfaces of the produced dental composite discs were polished with a finishing bur to achieve a surface roughness compatible with standard dental procedures. Next, the dental composite samples were aged for 3 months [46] and daily brushed with a standard toothbrush with a popular commercial toothpaste to imitate conditions in the human oral cavity. In an oral environment, dental composites may undergo material property changes due to mechanical factors, such as toothbrushing, wear by chewing, and abrasion. In order to mimic the mechanical stresses present in the oral cavity, which can cause micro-cracking and wear of dental materials in normal use, composite samples at the end of the aging time were subjected to fatigue wear using a friction machine for mimicking chewing forces. Courtesy of the Faculty of Mechanical Engineering of the Białystok University of Technology, a pin-on-disc friction tester was used. The counter sample in pin-on-disc tester was an Al2O3 ceramic disc. The ceramic disc was rotated at a constant speed of 50 rpm, while the front surface of the composite was pressed against the disc with a constant force of 100 N. The treatment was carried out in a saline solution of 0.9% NaCl for 1 h for each sample, which is a friction distance of about 1.88 × 105 mm, a condition that corresponds to the pressure in the mouth during chewing. After fatigue cycling and before biological testing and AFM research, each disc or tooth was placed in a 6- or 12-well culture plate under sterile conditions. Tested dental composite discs were attached (worn surface up) inside the wells using bonding resin, whereas teeth were attached using hard wax. UVC lamp was used for sterilization. A portion of filtered saliva prior to biofilm development was added to each well as required. Saliva was collected from a healthy volunteer [49] who afforded written formal acceptance according to a protocol approved by the Ethics Committee in Research of Medical University of Bialystok (IRB approval: R-I-002/178/2019).




4.2. Strains of Microorganism


E. faecalis ATCC 29212 and C. albicans ATCC 26790, obtained from ATCC-American Type Culture Collection, were used in this study. The tested strains were cultured and maintained on the recommended media, i.e., blood agar with the addition of 5% defibrinated sheep blood (BioMaxima, Poland) for E. faecalis ATCC 29212 and Sabouraud Dextrose agar with the chloramphenicol (BioMaxima, Poland) for C. albicans ATCC 26790.




4.3. Ceragenin


CSA-44 was synthesized as described previously [50] and afterwards dissolved in phosphate-buffered saline (PBS, Thermo Fisher Scientific, Waltham, MA, USA). Prepared solutions of CSA-44 were stored in 4 °C.




4.4. Prevention of Biofilm Formation


The strains of E. faecalis and C. albicans in logarithmic growth phase cultured on appropriate media (blood agar with the addition of 5% defibrinated sheep blood or Sabouraud Dextrose agar with the chloramphenicol addition) were harvested and suspended at a population of 108 CFU/mL in the mixture of Luria–Bertani broth (Biomaxima, Poland) and filtered patient’s saliva in a 1:1 ratio. Prepared suspensions of microorganisms (E. faecalis, C. albicans, and E. faecalis/C. albicans in a ratio 1:1) were added to 6-well, white-bottom plates with CSA-44 at concentrations of 10 and 20 µg/mL. Dental composites, prepared as described above, were added to the wells. The culture was maintained at 37 °C in aerobic conditions for 72 h. A medium (the mixture of Luria–Bertani broth and filtered patient’s saliva in a 1:1 ratio) was changed every single day before adding the next dose of CSA-44. To determine the antibiofilm properties of CSA-44, crystal violet (CV) staining (0.1%) was performed. After incubation, the plates with the dental composites were washed with PBS to remove the unadhered microorganisms. Then, plates were stained using the 0.1% crystal violet (Sigma-Aldrich, Saint Louis, MO, USA) for 15 min at room temperature. Excess stain was removed, and dental composites were carefully rinsed using deionized water and left to dry. To solubilize the crystal violet, 98% ethanol was added for 15 min at room temperature. Finally, the optical density of the dye attached to stained biofilms was measured at a wavelength of 580 nm using a Labsystem Varioscan Lux (Thermo Fisher Scientific, Waltham, MA, USA).




4.5. Disruption of Established Biofilms


Single colonies of E. faecalis and C. albicans, in mid-log phase growth from an overnight culture in an appropriate medium at 37 °C in aerobic conditions, were suspended in sterile Luria–Bertani broth mixed with filtered human saliva (1:1). Cell densities of microorganisms were adjusted to 108 cells/mL. Biofilms of E. faecalis, C. albicans, and E. faecalis/C. albicans, in a proportion 1:1, were grown in 6-well white-bottom plates with (i) teeth for 3 or 6 weeks or (ii) dental composites for 72 h or 3 or 6 weeks. The culture was maintained at 37 °C in aerobic conditions through the end of required incubation time, and then, CSA-44 was added in concentrations of 10 and 20 µg/mL. After exposure for 2 h, plates were washed 3× with PBS to remove planktonic cells. The mass of biofilm was investigated using crystal violet staining (0.1%) following a previously mentioned protocol.




4.6. Evaluation of Antibiofilm Activity-AFM Measurements


Topography and rheological properties of dental composites, teeth, and biofilms on surfaces were measured using an atomic force microscope (AFM) NanoWizard 4 BioScience AFM (JPK Instruments, Bruker USA) equipped with a liquid setup. Due to the lateral forces that occurred during topography measurements between AFM probe and biofilm, force curves-based imaging mode JPK QI™ (Quantitative Imaging mode) was used. Topography maps size of 10 μm × 10 μm and 5 μm × 5 μm were carried out with resolution of 128 pixels per line to show characteristic of the dental composite material surfaces and biofilm morphology. E. faecalis, C. albicans, and E. faecalis/C. albicans biofilms formed on dental composite were measured after 72 h and 3 and 6 weeks of growth. Biofilms formed on teeth were measured after 3 and 6 week of growth. Surfaces of composite materials after 6-week biofilm removal were also evaluated. Biofilm topography maps were collected using a silicon nitride cantilever Bruker MSCT (Bruker, Billerica, MA, USA), with a nominal spring constant of 0.07 N/m and measured spring constant in the range of 0.06–0.09 N/m. For cantilever calibration, the thermal tune method was used. Topography maps of dental composite material were collected using a silicon nitride cantilever HQ:NSC36/NoAl MikroMasch (NanoAndMore GMBH) with a nominal spring constant of 0.6 N/m and spring constant in the range of 0.5–0.7 N/m measured using the thermal tune method. In this case, QI maps were also used to determine composite surface elastic modulus (i.e., the Young’s modulus) and adhesion forces between composite surfaces and the AFM probe.



To determine the Young’s modulus, measured force-indentation curves were fitted to the Hertz–Sneddon contact model. Histograms of the Young’s modulus value distributions for each composite materials were prepared. The mean values of Young’s modulus as well as adhesion forces between AFM probe and composite material surfaces were also calculated. For biofilm (formed on composite materials) stiffness measurements, force-indentation curves were collected on a stiff substrate and on the elastic biofilm. Due to the overall biofilm mass high deformability, force-indentation curves were collected using a silicon nitride cantilever with a nominal spring constant of 0.2 N/m and spring constant in the range of 0.15–0.3 N/m measured using the thermal tune method, with a 4.5 μm diameter polystyrene bead attached. The cantilevers were manufactured by Novascan Technologies USA. Up to 5 force-indentation maps consisting of 16 × 16 points corresponding to a scan area of 50 × 50 μm were made for each sample. Maps were taken from multiple places on composites. After separation of the force-indentation curves recorded on the clean composite material surface and on the biofilm structures, we obtained properties of biofilms. Mean values ± standard deviation for biofilms treated using CSA-44 and untreated were calculated. All AFM experiments were made 1 h after sample preparation in wet conditions at room temperature. During the examination, teeth were glued into Petri dishes upright. Tooth biofilm topographies were measured from the tooth crown. The composites were also placed in the petri dishes and tested in wet conditions at room temperature.




4.7. Statistical Analysis


The significance of differences was determined using the two-tailed Student’s t-test. Statistical analyses were performed using Graph Pad Prism, version 8 (San Diego, CA, USA). * indicates statistical significance at ≤ 0.05, ** ≤ 0.01 and *** ≤ 0.001.





5. Conclusions


The ability of ceragenin CSA-44 to prevent the formation and adhesion of biofilm to surfaces of tooth and composite filling surfaces indicates that CSA-44 may be a molecule of use for combating oral pathogens that cause negative effects, including oral cavity infections. Ceragenins may serve as new ingredients in oral care products.







Author Contributions


Conceptualization, J.T., P.D., S.J.C., K.S., Ż.A.M., T.D., P.P., P.B.S. and R.B.; methodology, J.T., P.D., S.J.C., K.S., Ż.A.M., T.D., P.P. and R.B.; software, J.T., P.D., S.J.C., K.S. and T.D.; validation, J.T. and R.B.; formal analysis, J.T., P.D. and S.J.C.; investigation, J.T., P.D., S.J.C., Ż.A.M., A.T., M.G.-D. and T.D.; resources, A.T., T.D., P.B.S. and R.B.; data curation, J.T., P.D. and S.J.C.; writing—original draft preparation, J.T., P.D., S.J.C. and R.B.; writing—review and editing, P.D., S.J.C., A.T., T.D., P.B.S., M.G-D. and R.B.; visualization, J.T., P.D., S.J.C. and K.S.; supervision, P.D., M.G.-D. and R.B.; project administration, J.T. and P.D.; funding acquisition, R.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by grants from the National Science Centre, Poland (UMO-2018/31/B/NZ6/02476 to R.B.). Part of the study was conducted with the use of equipment purchased by the Medical University of Bialystok as part of the RPOWP 2007-2013 481 funding, Priority I, Axis 1.1, contract No. UDA- RPPD.01.01.00-20-001/15-00 dated 26.06.2015.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the Faculty of Medicine, Medical University of Bialystok, Bialystok, Poland (IRB approval: R-I-002/178/2019).




Informed Consent Statement


Informed consent was obtained from all patients involved in the study.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hofs, S.; Mogavero, S.; Hube, B. Interaction of Candida albicans with host cells: Virulence factors, host defense, escape strategies, and the microbiota. J. Microbiol. 2016, 54, 149–169. [Google Scholar] [CrossRef] [PubMed]

	



Donlan, R.M. Biofilms: Microbial life on surfaces. Emerg. Infect. Dis. 2002, 8, 881. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, T.; Fiehn, N.E. Dental biofilm infections–An update. Apmis 2017, 125, 376–384. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.; Xuan, S.; Wang, Z. Oral microbiota: A new view of body health. Food Sci. Hum. Wellness 2019, 8, 8–15. [Google Scholar] [CrossRef]

	



Mosaddad, S.A.; Tahmasebi, E.; Yazdanian, A.; Rezvani, M.B.; Seifalian, A.; Yazdanian, M.; Tebyanian, H. Oral microbial biofilms: An update. Eur. J. Clin. Microbiol. Infect. Dis. 2019, 38, 2005–2019. [Google Scholar] [CrossRef] [PubMed]

	



Zijnge, V.; van Leeuwen, M.B.M.; Degener, J.E.; Abbas, F.; Thurnheer, T.; Gmür, R.; Harmsen, H.J.M. Oral biofilm architecture on natural teeth. PLoS ONE 2010, 5, e9321. [Google Scholar] [CrossRef]

	



Yoo, Y.J.; Kim, A.R.; Perinpanayagam, H.; Han, S.H.; Kum, K.Y. Candida albicans Virulence Factors and Pathogenicity for Endodontic Infections. Microorganisms 2020, 8, 1300. [Google Scholar] [CrossRef]

	



Ohshima, T.; Ikawa, S.; Kitano, K.; Maeda, N. A proposal of remedies for oral diseases caused by Candida: A mini review. Front. Microbiol. 2018, 9, 1522. [Google Scholar] [CrossRef]

	



Zhang, K.; Baras, B.; Lynch, C.D.; Weir, M.D.; Melo, M.A.S.; Li, Y.; Reynolds, M.A.; Bai, Y.; Wang, L.; Wang, S.; et al. Developing a New Generation of Therapeutic Dental Polymers to Inhibit Oral Biofilms and Protect Teeth. Materials 2018, 11, 1747. [Google Scholar] [CrossRef]

	



Sousa, R.P.; Zanin, I.C.; Lima, J.P.; Vasconcelos, S.M.; Melo, M.A.; Beltrao, H.C.; Rodrigues, L.K. In situ effects of restorative materials on dental biofilm and enamel demineralisation. J. Dent. 2009, 37, 44–51. [Google Scholar] [CrossRef]

	



Raheem, N.; Straus, S.K. Mechanisms of Action for Antimicrobial Peptides with Antibacterial and Antibiofilm Functions. Front. Microbiol. 2019, 10, 2866. [Google Scholar] [CrossRef]

	



Pashley, D.H. Clinical considerations of microleakage. J. Endod. 1990, 16, 70–77. [Google Scholar] [CrossRef]

	



Suprewicz, L.; Tokajuk, G.; Ciesluk, M.; Deptula, P.; Sierpinska, T.; Wolak, P.; Wollny, T.; Tokajuk, J.; Gluszek, S.; Piktel, E.; et al. Bacteria Residing at Root Canals can Induce Cell Proliferation and Alter the Mechanical Properties of Gingival and Cancer Cells. Int. J. Mol. Sci. 2020, 21, 7914. [Google Scholar] [CrossRef]

	



Do, T.; Devine, D.; Marsh, P.D. Oral biofilms: Molecular analysis, challenges, and future prospects in dental diagnostics. Clin. Cosmet. Investig. Dent. 2013, 5, 11–19. [Google Scholar] [CrossRef]

	



Wright, C.J.; Burns, L.H.; Jack, A.A.; Back, C.R.; Dutton, L.C.; Nobbs, A.H.; Lamont, R.J.; Jenkinson, H.F. Microbial interactions in building of communities. Mol. Oral Microbiol. 2013, 28, 83–101. [Google Scholar] [CrossRef]

	



Rapala-Kozik, M.; Zawrotniak, M.; Gogol, M.; Bartnicka, D.; Satala, D.; Smolarz, M.; Karkowska- Kuleta, J.; Kozik, A. Interactions of Candida albicans Cells with Aerobic and Anaerobic Bacteria during Formation of Mixed Biofilms in the Oral Cavity. IntechOpen 2019, 119. [Google Scholar] [CrossRef]

	



Mitwalli, H.; Alsahafi, R.; Balhaddad, A.A.; Weir, M.D.; Xu, H.H.K.; Melo, M.A.S. Emerging Contact-Killing Antibacterial Strategies for Developing Anti-Biofilm Dental Polymeric Restorative Materials. Bioengineering 2020, 7, 83. [Google Scholar] [CrossRef]

	



Epand, R.M.; Epand, R.F.; Savage, P.B. Ceragenins (cationic steroid compounds), a novel class of antimicrobial agents. Drug News Perspect. 2008, 21, 307–311. [Google Scholar] [CrossRef]

	



Wnorowska, U.; Fiedoruk, K.; Piktel, E.; Prasad, S.V.; Sulik, M.; Janion, M.; Daniluk, T.; Savage, P.B.; Bucki, R. Nanoantibiotics containing membrane-active human cathelicidin LL-37 or synthetic ceragenins attached to the surface of magnetic nanoparticles as novel and innovative therapeutic tools: Current status and potential future applications. J. Nanobiotechnol. 2020, 18, 1–18. [Google Scholar] [CrossRef]

	



Chmielewska, S.J.; Sklodowski, K.; Piktel, E.; Suprewicz, L.; Fiedoruk, K.; Daniluk, T.; Wolak, P.; Savage, P.B.; Bucki, R. NDM-1 Carbapenemase-Producing Enterobacteriaceae are Highly Susceptible to Ceragenins CSA-13, CSA-44, and CSA-131. Infect. Drug Resist. 2020, 13, 3277–3294. [Google Scholar] [CrossRef]

	



Majima, T.; Ito-Kuwa, S.; Nagatomi, R.; Nakamura, K. Study of the oral carriage of Candida sp. in dental students and staff—Identification of Candida sp. and background survey. Oral Sci. Int. 2014, 11, 30–34. [Google Scholar] [CrossRef]

	



Camarillo-Marquez, O.; Cordova-Alcantara, I.M.; Hernandez-Rodriguez, C.H.; Garcia-Perez, B.E.; Martinez-Rivera, M.A.; Rodriguez-Tovar, A.V. Antagonistic Interaction of Staphylococcus aureus toward Candida glabrata during in vitro Biofilm Formation Is Caused by an Apoptotic Mechanism. Front. Microbiol. 2018, 9, 2031. [Google Scholar] [CrossRef] [PubMed]

	



Pereira-Cenci, T.; Fernandes, F.S.F.; Skupien, J.A.; Mesko, M.E.; Straioto, F.G.; Del Bel Cury, A.A. Can new dentures decrease Candida levels? Int. J. Prosthodont. 2013, 26, 470–477. [Google Scholar] [CrossRef]

	



Bulad, K.; Taylor, R.L.; Verran, J.; McCord, J.F. Colonization and penetration of denture soft lining materials by Candida albicans. Dent. Mater. 2004, 20, 167–175. [Google Scholar] [CrossRef]

	



Eguia, A.; Arakistain, A.; De-la-Pinta, I.; López-Vicente, J.; Sevillano, E.; Quindós, G.; Eraso, E. Candida albicans biofilms on different materials for manufacturing implant abutments and prostheses. Med. Oral Patol. Oral y Cirugía Bucal 2020, 25, e13. [Google Scholar] [CrossRef] [PubMed]

	



Bajunaid, S.O.; Baras, B.H.; Weir, M.D.; Xu, H.H. Denture Acrylic Resin Material with Antibacterial and Protein-Repelling Properties for the Prevention of Denture Stomatitis. Polymers 2022, 14, 230. [Google Scholar] [CrossRef]

	



Piktel, E.; Suprewicz, Ł.; Depciuch, J.; Cieśluk, M.; Chmielewska, S.; Durnaś, B.; Król, G.; Wollny, T.; Deptuła, P.; Kochanowicz, J. Rod-shaped gold nanoparticles exert potent candidacidal activity and decrease the adhesion of fungal cells. Nanomedicine 2020, 15, 2733–2752. [Google Scholar] [CrossRef] [PubMed]

	



Bucki, R.; Niemirowicz-Laskowska, K.; Deptuła, P.; Wilczewska, A.Z.; Misiak, P.; Durnaś, B.; Fiedoruk, K.; Piktel, E.; Mystkowska, J.; Janmey, P.A. Susceptibility of microbial cells to the modified PIP 2-binding sequence of gelsolin anchored on the surface of magnetic nanoparticles. J. Nanobiotechnol. 2019, 17, 81. [Google Scholar] [CrossRef]

	



Durnas, B.; Wnorowska, U.; Pogoda, K.; Deptula, P.; Watek, M.; Piktel, E.; Gluszek, S.; Gu, X.; Savage, P.B.; Niemirowicz, K.; et al. Candidacidal Activity of Selected Ceragenins and Human Cathelicidin LL-37 in Experimental Settings Mimicking Infection Sites. PLoS ONE 2016, 11, e0157242. [Google Scholar] [CrossRef]

	



Kim, K.S.; Kim, Y.S.; Han, I.; Kim, M.H.; Jung, M.H.; Park, H.K. Quantitative and qualitative analyses of the cell death process in Candida albicans treated by antifungal agents. PLoS ONE 2011, 6, e28176. [Google Scholar] [CrossRef]

	



Spałek, J.; Deptuła, P.; Cieśluk, M.; Strzelecka, A.; Łysik, D.; Mystkowska, J.; Daniluk, T.; Król, G.; Góźdź, S.; Bucki, R. Biofilm Growth Causes Damage to Silicone Voice Prostheses in Patients after Surgical Treatment of Locally Advanced Laryngeal Cancer. Pathogens 2020, 9, 793. [Google Scholar] [CrossRef]

	



Wnorowska, U.; Piktel, E.; Durnaś, B.; Fiedoruk, K.; Savage, P.B.; Bucki, R. Use of ceragenins as a potential treatment for urinary tract infections. BMC Infect. Dis. 2019, 19, 369. [Google Scholar] [CrossRef]

	



Wnorowska, U.; Niemirowicz, K.; Myint, M.; Diamond, S.L.; Wroblewska, M.; Savage, P.B.; Janmey, P.A.; Bucki, R. Bactericidal activities of cathelicidin LL-37 and select cationic lipids against the hypervirulent Pseudomonas aeruginosa strain LESB58. Antimicrob. Agents Chemother. 2015, 59, 3808–3815. [Google Scholar] [CrossRef]

	



Bucki, R.; Niemirowicz, K.; Wnorowska, U.; Byfield, F.J.; Piktel, E.; Wątek, M.; Janmey, P.A.; Savage, P.B. Bactericidal activity of ceragenin CSA-13 in cell culture and in an animal model of peritoneal infection. Antimicrob. Agents Chemother. 2015, 59, 6274–6282. [Google Scholar] [CrossRef]

	



Pogoda, K.; Piktel, E.; Deptula, P.; Savage, P.B.; Lekka, M.; Bucki, R. Stiffening of bacteria cells as a first manifestation of bactericidal attack. Micron 2017, 101, 95–102. [Google Scholar] [CrossRef]

	



Le, P.H.; Nguyen, D.H.; Medina, A.A.; Linklater, D.P.; Loebbe, C.; Crawford, R.J.; MacLaughlin, S.; Ivanova, E.P. Surface Architecture Influences the Rigidity of Candida albicans Cells. Nanomaterials 2022, 12, 567. [Google Scholar] [CrossRef]

	



Kreis, C.T.; Sullan, R.M.A. Interfacial nanomechanical heterogeneity of the E. coli biofilm matrix. Nanoscale 2020, 12, 16819–16830. [Google Scholar] [CrossRef]

	



Pillet, F.; Lemonier, S.; Schiavone, M.; Formosa, C.; Martin-Yken, H.; Francois, J.M.; Dague, E. Uncovering by atomic force microscopy of an original circular structure at the yeast cell surface in response to heat shock. BMC Biol. 2014, 12, 6. [Google Scholar] [CrossRef]

	



Elbourne, A.; Chapman, J.; Gelmi, A.; Cozzolino, D.; Crawford, R.J.; Truong, V.K. Bacterial-nanostructure interactions: The role of cell elasticity and adhesion forces. J. Colloid Interface Sci. 2019, 546, 192–210. [Google Scholar] [CrossRef]

	



Mystkowska, J.; Niemirowicz-Laskowska, K.; Łysik, D.; Tokajuk, G.; Dąbrowski, J.R.; Bucki, R. The role of oral cavity biofilm on metallic biomaterial surface destruction–corrosion and friction aspects. Int. J. Mol. Sci. 2018, 19, 743. [Google Scholar] [CrossRef]

	



Yulianto, H.D.K.; Rinastiti, M.; Cune, M.S.; de Haan-Visser, W.; Atema-Smit, J.; Busscher, H.J.; van der Mei, H.C. Biofilm composition and composite degradation during intra-oral wear. Dent. Mater. 2019, 35, 740–750. [Google Scholar] [CrossRef]

	



Richert, A.; Dąbrowska, G.B. Enzymatic degradation and biofilm formation during biodegradation of polylactide and polycaprolactone polymers in various environments. Int. J. Biol. Macromol. 2021, 176, 226–232. [Google Scholar] [CrossRef]

	



Gonzalez-Bonet, A.; Kaufman, G.; Yang, Y.; Wong, C.; Jackson, A.; Huyang, G.; Bowen, R.; Sun, J. Preparation of dental resins resistant to enzymatic and hydrolytic degradation in oral environments. Biomacromolecules 2015, 16, 3381–3388. [Google Scholar] [CrossRef]

	



Zhang, N.; Ma, Y.; Weir, M.D.; Xu, H.H.; Bai, Y.; Melo, M.A.S. Current insights into the modulation of oral bacterial degradation of dental polymeric restorative materials. Materials 2017, 10, 507. [Google Scholar] [CrossRef] [PubMed]

	



Awaja, F.; Zhang, S.; Tripathi, M.; Nikiforov, A.; Pugno, N. Cracks, microcracks and fracture in polymer structures: Formation, detection, autonomic repair. Prog. Mater. Sci. 2016, 83, 536–573. [Google Scholar] [CrossRef]

	



Drummond, J.L. Degradation, fatigue, and failure of resin dental composite materials. J. Dent. Res. 2008, 87, 710–719. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, D.; Botsis, J.; Drummond, J.L. Fracture studies of selected dental restorative composites. Dent. Mater. 1997, 13, 198–207. [Google Scholar] [CrossRef]

	



Bjerke, T.W. Thermomechanical Behavior of Amorphous Polymers during High-Speed Crack Propagation; U.S. Army Research, Laboratory Technical Report ARL-TR-2793; Army Research Lab Aberdeen Proving Ground: Adelphi, MD, USA, 2002. [Google Scholar]

	



Madeira, P.L.; Carvalho, L.T.; Paschoal, M.A.; De Sousa, E.M.; Moffa, E.B.; da Silva, M.A.; Tavarez, R.d.J.R.; Gonçalves, L.M. In vitro effects of lemongrass extract on Candida albicans biofilms, human cells viability, and denture surface. Front. Cell. Infect. Microbiol. 2016, 6, 71. [Google Scholar] [CrossRef]

	



Ding, B.; Guan, Q.; Walsh, J.P.; Boswell, J.S.; Winter, T.W.; Winter, E.S.; Boyd, S.S.; Li, C.; Savage, P.B. Correlation of the antibacterial activities of cationic peptide antibiotics and cationic steroid antibiotics. J. Med. Chem. 2002, 45, 663–669. [Google Scholar] [CrossRef]








[image: Pathogens 11 00491 g001 550] 





Figure 1. (A) Reduction of preformed biofilm mass of Enterococcus faecalis (E. f.), Candida albicans (C. a.), and Enterococcus faecalis/Candida albicans (E. f./C. a.), relative to untreated controls, on the surface of human teeth using CSA-44 in human saliva. (B) Prevention of biofilm formation on the surface of dental composites in the presence of CSA-44 during 72 h period of biofilm growth in saliva. CSA-44 was added to the culture medium for 2 h, then washed out, and CV staining was performed. (C) Reduction of preformed biofilm mass, relative to untreated controls, on the surface of composite fillings, using CSA-44 in saliva. For all plots, the relative weight of the biofilm was normalized to the original weight of the teeth and composite disks. The dye was absorbed by the samples themselves; the absorbance value of the negative control was subtracted from all the absorbance results obtained for the test samples and the positive control for each microorganism. The absorbance outcome for the positive control was considered as 100%. The results obtained for the test samples, i.e., under the treatment with CSA-44, were related to this value. Results show: mean ± SD from 3 measurements. * indicates statistical significance at ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001. 
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Figure 2. Atomic force microscopy assessment of 3- and 6-week biofilm topography formed on human teeth (representative images) by Enterococcus faecalis (E. f.), Candida albicans (C. a.), and Enterococcus faecalis/Candida albicans (E. f./C. a.) with and without treatment with CSA-44. Preformed biofilm on human tooth surfaces after of grown was subjected to ceragenin CSA-44 treatment at a concentration of 20 µg/mL. CT−, teeth stored in a growth medium without inoculation; CT+, untreated biofilms (3 or 6 weeks) on teeth of the indicated microorganisms; 20 µg/mL, biofilms on teeth treated with CSA-44 (20 µg/mL) for 2 h. Images were collected using AFM working in Quantitative Imaging mode (QI by JPK) in wet conditions. The arrows indicate important details on the tooth surface as well as the morphology of healthy and damaged cells of the microorganisms tested. Orange arrows indicate bacterial cells, green arrows indicate fungal cells, the red arrows indicate cellular destruction under the action of CSA-44, and gray arrows highlight the tooth surface. 
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Figure 3. AFM topography of microbial biofilms on dental composites. CT−, composite material stored in a growth medium without inoculation; CT+, untreated biofilms (72 h) of the indicated organisms on the composite; Prevention of biofilm formation, images of composite surfaces after exposure to the indicated organisms in the presence of CSA-44 (10 or 20 µg/mL) for 72 h; Activity on preformed biofilm, images of established biofilms (72 h) of the indicated organism treated with CSA-44 (10 or 20 µg/mL) after 2 h of incubation. The arrows indicate important details within the images. Orange arrows indicate bacterial cells, green arrows indicate fungal cells, the red arrows indicate cellular destruction under the action of CSA-44, and gray arrows highlight the composite surface. 
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Figure 4. Morphology of the biofilm formed by Enterococcus faecalis (E. f.), Candida albicans (C. a.), and Enterococcus faecalis/Candida albicans (E. f./C. a.) at 3 and 6 weeks on a composite surface with and without CSA-44 addition. CT−, composite material stored in growth medium without inoculation; CT+, untreated biofilms (3 and 6 weeks) of the indicated organisms on the composite; Activity on preformed biofilm, images of established biofilms (3 or 6 weeks) of the indicated organism treated with CSA-44 (10 or 20 µg/mL) after 2 h of incubation. 
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Figure 5. Stiffness of Enterococcus faecalis (E. f.), Candida albicans (C. a.), and Enterococcus faecalis/Candida albicans (E. f./C. a.) biofilm grown (6 weeks) on a dental composite before and after treatment with CSA-44 (20 µg/mL). First three bars indicating the Young’s modulus mean values of preformed biofilm composed of E. faecalis, C. albicans, and E. faecalis/C. albicans cells without ceragenin CSA-44 treatment. These biofilms were considered as control samples. The next bars show the changes in the stiffness of control preformed biofilms upon ceragenin CSA-44 addition at a concentration of 20 µg/mL. Young’s modulus values were measured using an AFM indentation technique. Force-indentation curves were collected using a silicon nitride cantilever with a polystyrene bead attached. The elastic modulus curves were fitted to the Hertz contact model. 
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Figure 6. Effect of microorganisms on the surface characteristics of dental composites. Examination of AFM topography and visualization of stiffness (Young’s modulus, E) and adhesion of composite surfaces before and after biofilm removal. Measurements were carried out using preformed 6-week-old biofilm (Enterococcus faecalis (E. f.), Candida albicans (C. a.), and Enterococcus faecalis/Candida albicans (E. f./C. a.)). Images were collected using AFM working in Quantitative Imaging (QI) mode in wet conditions. Local mechanical properties (Young’s modulus, adhesion) of the new composite and composites after incubation and biofilm removal were calculated based on collected force-indentation curves (elasticity maps) taken from AFM microscope measurements. Young’s modulus of composites was derived from the Hertz–Sneddon model. In each column, the Young’s modulus values distributions and mean values of Young’s modulus and adhesion forces between AFM cantilever and composite surface are shown. Composite samples stored in growth medium without microorganisms are labeled as CT−. All changes in physical properties were compared to a new sample (new composite sample). 
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