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Abstract

:

Bacterial adhesion and biofilm formation on the surface of titanium implants are the main causes of implant-associated infection. An antibacterial coating on the implant surface can reduce the risk of biofilm formation. The aim of this study was to investigate the bactericidal effects of a van-comycin-loaded polymer coated on an implant surface. For this purpose, poly(N-isopropylacrylamide) (PNIPAAm) was first synthesized as a homopolymer or by co-polymerization with acrylamide (PNIPAAm-AAm) at a 5% weight ratio. Then, thin and uniform polymer coatings were prepared using the spin coating technique. The degree of surface hydro-philicity of the polymer coatings was evaluated by measuring the water contact angle (CA). For the antibacterial tests, the polymer-coated surfaces were loaded with vancomycin. The tests were performed in three conditions: on a glass surface (control), on a PNIPAAm-AAm-coated surface, and on a PNIPAAm-AAm-coated surface loaded with vancomycin. The death rates of the bacteria in contact with the coated surfaces were evaluated at different temperatures with fluorescence microscopy. A scanning electron microscopy (SEM) analysis of cross sections of the polymer coatings revealed a uniform thin film of approximately 200 nm in thickness. The water contact angle analysis performed at different temperatures revealed that the polymer-coated surfaces were more hydrophobic (CAs ranging between 53° and 63°) than the uncoated glass surface (CA ranging between 15° and 35°). The bacterial death rate, measured at 40 °C or while continuously switching the temperature between 37 °C and 40 °C, was higher in the presence of the surface coated with vancomycin-loaded PNIPAAm-AAm than when using the other surfaces (p-value ≤ 0.001). The vancomycin-loaded polymer coating evaluated in this study exhibited effective antibacterial properties when the polymer reached the phase transition temperature.
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1. Introduction


Implantable devices are used extensively in the orthopedic and dental fields. In orthopedics, implants are utilized mainly for hip and knee joint replacements, while in dentistry, they are applied to replace missing teeth. In both fields, the use of these implants may greatly improve patients’ quality of life. Titanium (Ti) and its alloys are the most commonly used implant materials due to their excellent biocompatibility and good mechanical properties [1]. However, bacterial infection at the implant site can lead to peri-implant mucositis or peri-implantitis, which are difficult to treat and may cause implant failure [2]. Bacterial adhesion to an implant surface can be followed by biofilm formation, which promotes bacterial resistance to antimicrobial treatments [3]. Some investigations revealed that bacterial colonization can occur shortly after implant placement and may take place at the tissue–implant interface [4].



As such, preventing bacterial attachment to the implant could be the most effective strategy to reduce the risk of biofilm formation on its surface [3]. To that end, a systemic antibiotic prophylaxis is routinely administered soon after implant placement and can help avoid postsurgical infection [5]. Nevertheless, the systemic administration of antibiotics has some limitations, e.g., the drug concentration reached at the treatment site may be low, and the drugs may have toxic effects. Furthermore, some reports showed that biofilms can work as a mechanical barrier to certain drugs, which can limit the effect of systemic antibiotics in preventing implant-associated infections [6].



Thus, the localized application of antibiotics at the implant site has been suggested as an alternative approach to prevent bacterial infection. This approach requires coating the implant surface with the drug, incorporating the drug into the implant surface, or using a carrier material to release the antibacterial agent at the bone–implant interface [7]. This method is often preferable to the systemic treatment because it allows for achieving effective antibacterial doses using small amounts of the therapeutic agent, thus reducing the potential risks associated with systemic administration [8]. Moreover, the local release of antibiotics allows for specific peri-implantitis pathogens to be targeted, helping to control possible antibiotic resistance.



Various techniques can be used to incorporate therapeutic agents into an implant surface, including plasma spray and dip coating [9,10,11]. It is believed that to achieve effective drug release at the implant site, both the coating layer and the antibiotics must meet specific requirements. In fact, the coating layer should be able to control and sustain drug release for the determined treatment period, while the selected antibiotic agents should be effective against a broad bacterial spectrum and be stable at high body temperatures. Several antibiotics have been examined to treat implant-associated infections. Among these, vancomycin has been investigated by many researchers after local release around implants because of its efficacy against Gram-positive microorganisms such as methicillin-resistant Staphylococcus aureus (MRSA) [12]. Another commonly used antibiotic for such applications is gentamicin, as it has a broad antibacterial spectrum [13]. In an in vitro study, Li et al. found that gentamicin loaded into a Ti implant coating and subjected to gamma radiation maintained its antibacterial effect [14]. Other antibiotics that are commonly used in implant coating include amoxicillin, cephalothin, and tobramycin [15].



The proper release of antibiotics from the coating layer is essential for their effectiveness and is affected by the method of implant coating and drug incorporation. Some studies reported that the use of nanotechnologies in drug delivery applications can provide the sustained release of drugs and enhance the bioavailability of small molecules [16,17]. Many researchers investigated the application of polymeric materials as carriers of therapeutic agents within implants. The advantage of these polymeric materials is that they can absorb and carry large amounts of therapeutic agents, which could facilitate the sustained release of a wide range of drugs. Furthermore, some studies reported that implants coated with a polymer layer can allow for limited burst release, improving the drug release characteristics and prolonging the overall release [14]. According to some reports, implant integration with the bone can be improved using polymer coatings, as this can result in good osteoblast adhesion to the implant and cell proliferation [18,19]. However, there is a lack of information about the possible risks of local toxicity at the release site, which requires further investigation.



Many polymeric materials have been evaluated for their ability to sustain local drug release around implant surfaces [19,20]. Chitosan is now frequently used, as it has good biocompatibility and antibacterial properties [21,22]. Gulati et al. reported that chitosan coatings on Ti surfaces are useful for delivering antibiotics around implants for a prolonged period, with predictable release kinetics [20]. They also suggested that they might be clinically used with different types of drugs and implants [20]. Other popular polymers are thermoresponsive polymers, which show unique changes in their physical properties associated with temperature variations [23,24]. One such polymer, poly(N-isopropylacrylamide) (PNIPAAm), has been frequently investigated for drug delivery applications [23,25,26]. PNIPAAm has unique thermal properties, showing transitional changes at temperatures that are close to physiological body temperatures. Specifically, these transitional changes occur at the temperature known as the lower critical solution temperature (LCST), which is from 32 to 34 °C [25]. In this temperature range, PNIPAAm undergoes a conversion from a hydrophilic and swollen form (below the LCST) to a hydrophobic and shrunken form (above the LCST) [27]. Because of this property, PNIPAAm has been investigated extensively for drug delivery purposes. In the dental field, the used materials have to demonstrate excellent biocompatibility to be suitable for both patients and the staff [28].



The changes in the surface hydrophobicity of polymer coatings have also attracted attention for their possible relevance to osseointegration [29,30]. Some studies reported that surface hydrophilicity (also known as wettability) can affect protein adsorption and cell adhesion to implants [31]. Other researchers found that some cells adhere preferentially to hydrophilic surfaces, while other cells are attracted to hydrophobic surfaces [32]. Hydrophobic surfaces can establish strong hydrophobic interactions, and as such, they are believed to be more protein-absorbent than hydrophilic surfaces [33]. In an in vitro instigation, Milleret et al. reported that blood clot formation and platelet activation, which are essential for implant integration with the bone, could be improved by hydrophilic surfaces [34]. In another study, a sandblasted and acid-etched (SLA) Ti implant surface modified to achieve high surface hydrophilicity promoted better osteogenic responses compared to a hydrophobic SLA surface [35].



Although hydrophobicity is considered an important property of the surface of an implant, there is a limited number of reports investigating its role in osseointegration [36,37,38,39]. Surface hydrophobicity is generally defined by the value of the contact angle with water (CA). This value is determined by measuring the angle between the tangent line of a liquid’s surface and that of a horizontal solid’s surface; it can range from 0° to 180°. In general, a CA of less than 90° is typical of hydrophilic surfaces; the closer to 0° a CA is, the more hydrophilic the surface will be. In contrast, surfaces with a CA greater than 90° are considered hydrophobic, and their hydrophobicity increases as the CA approaches 180°.



In the present study, a drug delivery system using a thin PNIPAAm coating was developed. When the temperature increased to 40 °C, the drug could be released from the coating. The aim of this study was to investigate the bactericidal effect of an implant surface coated with vancomycin-loaded polymer layers.




2. Materials and Methods


2.1. Polymer Synthesis


For polymer synthesis, the single monomer N-isopropylacrylamide (NIPAAm) was polymerized and used to synthesize conventional PNIPAAm. In addition, NIPAAm was copolymerized with acrylamide (AAm) at a 5% weight ratio to form the PNIPAAm-AAm polymer. The synthesis process was carried out as previously described [40]. In detail, the NIPAAm monomer was first refined by dissolving it in a hexane solution before it was polymerized. The synthesis of the PNIPAAm polymer was performed with free-radical polymerization using 1 g of NIPAAm, 0.0354 g of azobisisobutyronitrile (AIBN), and 20 mg of 2-hydroxy-4-(methacryloyloxy)benzophenone. The mixture was dissolved in 1 mL of ethanol and gently stirred for 15 min to form a clear solution. The obtained solution was moved to a flask with a septum and was purged with nitrogen for 5–10 min to remove all the oxygen. Later, the flask was immersed in a warm oil bath (at 60°C) for 60 minutes and then opened to the air to terminate the polymerization reaction. Finally, the flask was left in a fume hood overnight at room temperature. The next day, the formed polymer was washed with Milli-Q water several times to remove all unreacted and excess reagents.



Meanwhile, 50 mg of acrylamide (5% weight ratio to NIPAM) was added to the same polymer mixture to copolymerize PNIPAAm with acrylamide, obtaining PNIPAAm-AAm. The idea behind copolymerizing PNIPAAm with 5% acrylamide was to obtain a polymer with a transition temperature that was slightly above the body temperature. In a previous study, the product obtained by copolymerizing PNIPAAm with 5% acrylamide showed a transition temperature around 40 °C [40]. The synthesis procedures for PNIPAAm-AAm were the same as those mentioned above for pure PNIPAAm.




2.2. Polymer Coating


The spin coating technique was used to form a thin and uniform polymer coating on the chosen substrate. For this procedure, glass slides, i.e., the coating substrate, were first left in a sealed beaker with hexamethyldisilazane for 2 h to improve the polymer adhesion to the surface. Then, 0.5 g of synthesized PNIPAAm polymer was dissolved in 5 mL of ethanol, obtaining a polymer/ethanol solution. Last, 60 μl of the polymer/ethanol solution was spin-coated on the glass substrates for 60 s at 3000 rpm.




2.3. Scanning Electron Microscopy (SEM)


The polymer coating was evaluated at a high magnification with scanning electron microscopy (SEM), using a Leo Ultra 55 electron microscope operated at 2–5 kV (Carl Zeiss Meditec AG, Oberkochen, Germany). The SEM evaluation was performed to visualize the cross-sectional structure of the polymer coatings on the coated glass slides. For all samples, gold sputtering was used to obtain images with adequate contrast, using gold (20 nm) in an ion sputtering device (JFC-1100E, JEOL, Tokyo, Japan).




2.4. CA Measurement


The degree of the surface hydrophilicity of the polymer coatings was evaluated with CA measurement. The measurements were performed using the sessile drop technique, with a goniometer (DSA100, Kruss, Hamburg, Germany). First, the control surfaces (i.e., glass slides with no polymer coating) were cleaned by washing in a surfactant solution and rinsing with Milli-Q water. The test groups consisted of the glass surfaces coated with the PNIPAAm and PNIPAAm-AAm polymers. The CA measurements were performed for all groups at different temperatures, ranging from 25 °C to 50 °C. During each measurement, the temperature of the glass substrate and polymer coating was controlled by placing the surfaces on top of an aluminum stage in a water bath with a programmed temperature. All surfaces were kept at the desired temperature for at least 5 min before performing the CA measurement. Then, water droplets were released using an automated unit, and the CA measurements were conducted 10 s after the water drops reached the surface. The measurements (n = 8 for each group) were performed in air, using Milli-Q water as the probe liquid.




2.5. Loading of Vancomycin on the Coated Layers


Vancomycin was selected to investigate its antibacterial characteristics upon loading on the polymer coatings. The procedures performed for vancomycin incorporation into the polymer coatings were previously described [40]. In summary, all coated surfaces in the test group were loaded with vancomycin by completely immersing them in a vancomycin solution (0.2 mg/mL) for a full day. Later, the surfaces were removed from the solution and gently dried in nitrogen. Figure 1 illustrates the drug release system designed in this study, consisting of the vancomycin-loaded polymer coating.




2.6. Bacterial Live/Dead Analysis


The growth of Staphylococcus epidermidis on the glass surfaces coated with polymer layers and loaded with vancomycin as well as on control surfaces was evaluated. The experiment was conducted on the following surfaces:



Group 1: Glass surface (control);



Group 2: PNIPAAm-AAm-coated surface (test);



Group 3: PNIPAAm-AAm-coated surface loaded with vancomycin (test).



For this experiment, a tube containing 5 mL of tryptic soy broth (30 g/L, Sigma–Aldrich, Eschenstr, Germany) was inoculated one day before the analysis with a bacterial colony of S. epidermidis picked from agar culture plates. The inoculated cells were cultured at 37 °C in a shaking incubator at 200 rpm until they reached the stationary phase. After incubating the bacteria with the coated surfaces for 24 h, the samples were subjected to predetermined heat conditions for 3 h. All samples were evaluated at 3 temperature settings, i.e., 37 °C, 40 °C, and at temperatures fluctuating between 37 °C and 40 °C (30 min each). Later, bacterial viability was evaluated using the live/dead staining method (LIVE/DEAD® BacLightTM Bacterial Viability Kit L7007, New York, NY, USA); the death rate of the bacterial populations in contact with the different surfaces was determined using fluorescent microscopy. Upon live/dead staining, live bacteria appeared green, while dead bacteria appeared red. The mean percentages, with standard deviations, of live/dead bacteria were determined using the fluorescent microscopy images.




2.7. Analysis


For the statistical analysis of these results, the non-parametrical Kruskal–Wallis test (SPSS Statistics version 22, IBM Corp., New York, NY, USA) was selected to evaluate the differences in bacterial death rates among the all groups at the three temperature set points. In addition, post hoc testing was used to perform multiple comparisons within each temperature set point. The significance level was set at p = 0.05. All data were plotted as mean ± standard error.





3. Results


3.1. SEM


The SEM analysis of cross sections of the polymer coatings revealed a uniform thin film of approximately 200 nm in thickness (Figure 2).




3.2. CA Measurements


The images of the live CA measurements are shown in Figure 3. The CA values of all the evaluated surfaces are summarized in Figure 4. The glass substrate showed a hydrophilic surface, with CA ranging between 15° and 35° at different temperatures. The surfaces coated with a polymer layer were more hydrophobic compared to the glass surface when evaluated at temperatures ranging from 25 °C to 50 °C, as the CAs of the surfaces coated with a polymer layer ranged between 53° and 63° at different temperatures. Overall, for the surfaces coated with a polymer layer, the CA tended to increase slightly as the temperature increased, which indicated increased hydrophobicity.




3.3. Live/Dead Bacterial Analysis


The antimicrobial effect of the PNIPAAm-AAm coating with and without vancomycin was evaluated at different temperatures. Figure 5 shows images taken using a fluorescent microscope of the live and dead bacteria at different temperatures. The analysis of the bacterial death rate revealed a significantly higher death rate in the control group compared to the polymer groups at 37 °C (p ≤ 0.001) (Figure 6). No significant differences in bacterial death rate were found between the two polymer groups at this temperature (p = 0.147). In contrast, a significantly higher level of bacterial death was observed on surfaces coated with PNIPAAm-AAm and vancomycin when the temperature was raised to 40 °C compared to the other groups (p ≤ 0.001). Increased bacterial death in the presence of the PNIPAAm-AAm–vancomycin coating was also observed when the temperature was continuously switched between 37 °C and 40 °C (p ≤ 0.001). In these temperature conditions, no significant differences were found between the control group and the polymer group without vancomycin (p = 0.254).





4. Discussion


The localized antibiotic release at the bone–implant interface is an alternative to invasive treatment modalities used for implant-associated infections [41]. This in vitro study evaluated the antibacterial properties of an implant coating consisting of a vancomycin-loaded polymer. The PNIPAAm polymer was synthesized by free-radical co-polymerization at a 5% weight ratio with acrylamide. It is recommended to conduct material syntheses through reliable and eco-friendly processes [42]. Some reports revealed that PNIPAAm demonstrated good biocompatibility [43,44]. The PNIPAAm polymer material was designed as a thin coating using the spin coating technique. This technique is commonly used to obtain coating layers with a uniform thickness. One of the advantages of this technique is that the layer thickness can be easily controlled by changing the concentration of the solution used. In this study, an adequate amount of antibiotic solution was incorporated into a thin polymer layer of around 200 nm in thickness. In a previous study, vancomycin was incorporated in a polymer coating of 300 nm in thickness, which resulted in the release of the antibiotic and the killing of all bacteria in a range of 2 mm around the coated surface [40]. It is essential that the polymers used to coat implants have good biocompatibility and do not interfere with bone integration.



The CA test showed that the glass surface coated with polymer layers was more hydrophobic than the uncoated glass surface, particularly when the temperature was increased. However, the polymer coating was still classified as hydrophilic because the water CA on it was less than 90° in all tests. Several studies of bone cells showed that the surface hydrophilicity of an implant can influence cell responses such as adhesion, proliferation, and differentiation (44, 61). Other reports suggested that surface hydrophilicity can also affect soft tissue cells such as fibroblasts (78, 79). Furthermore, an in vitro study published by Hong et al. found that the hydrophilic modification of Ti dental implants improved the thrombogenic properties of Ti, which might enhance the bone healing process around the implant [45].



Numerous publications suggested that hydrophilic implant surfaces can improve the differentiation of mesenchymal stem cells into bone cells [35,46]. In a minipig model, Buser et al. evaluated bone formation when using a sandblasted, large-grit, and acid-etched SLA surface (i.e., a hydrophilic surface) in comparison with a standard SLA surface [47]. In the presence of the modified SLA surface, significantly greater bone formation was observed compared with the control implants after 2 and 4 weeks of healing [47]. Similar findings were reported by Schwarz et al., who found that hydrophilic implants could improve angiogenesis during the early stages of osseointegration in dogs [48]. Furthermore, some clinical investigations showed that hydrophilic implants could influence gene expression after implant placement, which might enhance the implants’ osseointegrative properties [46].



To test the efficacy of the drug delivery system evaluated in the current study, we assessed the growth of S. epidermidis around PNIPAAm-coated surfaces loaded with vancomycin. Staphylococcus is one of the pathogens most frequently associated with implanted medical devices [49,50]. The results of the bacterial tests suggest that the PNIPAAm-coated surfaces were better able to preserve the antibiotic before the temperature increase, as the control group showed more bacterial death compared to the group of polymer-coated surfaces at 37 °C. Both polymer-coated groups (i.e., with and without the antibiotic) showed similar rates of bacterial death at 37 °C. This may indicate that the polymer did not reach the transition phase, which would cause polymer shrinkage and, subsequently, drug release. Differences in bacterial death between the two polymer groups were observed when the temperature was increased to 40 °C. In these conditions, significantly higher rates of bacterial death were observed in the presence of the polymer containing the antibiotic. This increase was attributed to the release of the antibiotic from the polymer coating after polymer shrinkage. These findings suggest that polymer coatings (as drug carriers) may not affect or change drug properties. We also observed higher rates of bacterial death in the presence of the polymer containing vancomycin when the temperature was continuously changed between 37 °C and 40 °C, but bacterial death was less extensive than that seen at the constant temperature of 40 °C.



Drug release from the antibiotic-loaded polymer coating described here could be initiated by a temperature increase. The temperature range tested in this study was chosen to resemble the increase in body temperature that occurs during inflammation; although an increase in body temperature does not always occur in the case of implant-associated infection, the body temperature can reach 40 °C in some cases. With implant infection, the actual changes in temperature at the implant site may be minimal; this has not yet been sufficiently investigated. However, the sustained drug release we observed as the temperature increased could be valuable in some clinical cases of implant-associated infection after implant insertion.



Vancomycin was used in this study against S. epidermidis. Vancomycin is a narrow-spectrum antibiotic active against Gram-positive bacteria that is often used when treatment with other antibiotics has failed [51]. Several other antibiotics have been investigated for treating implant-associated infections [14,52]. However, some reports suggested that routine antibiotic treatments may not be effective against bacteria in biofilms because they are more resistant to antimicrobial agents compared to planktonic bacteria [53,54]. It is believed that it is difficult to eliminate an infection after a bacterial biofilm is formed; from a clinical perspective, implant removal could be the only available solution. As such, one of the most effective strategies to reduce the risk of infection around dental implants is to prevent biofilm formation. Many studies have thus been conducted on antibacterial coatings as an alternative strategy to prevent biofilm formation on implants [52,55].



The idea behind copolymerizing PNIPAAm with 5% acrylamide was to obtain a polymer with a transition temperature slightly above the body temperature, to be able to mimic the polymer shrinking and drug release that could occur in the body during a fever. In a previous study, PNIPAAm copolymerized with 5% acrylamide showed a transition temperature of around 40 °C. The copolymerization of PNAPAAm with acrylamide was reported to have no effect on the thermal sensitivity of PNIPAAm [56]. Because the phase transition of this polymer occurs at around 40 °C, this polymer could be suitable for future clinical experiments. In fact, the transition occurs a few degrees above the normal body temperature, which allows for avoiding an uncontrolled drug release from the polymer. However, the high temperature needed for phase transition could pose risks to the living tissues, as some reports showed that cortical bone necrosis can be induced at 47 °C [57]. Overall, polymer materials synthesized using PNIPAAm have revealed good biocompatibility and have been investigated extensively for drug delivery applications [58]. In addition, some researchers have evaluated the use of these polymers in different forms for tissue and bone regeneration [43].



In previous studies, various polymer materials were evaluated for localized drug release around the surface of an implant. For instance, Gollwitzer et al. investigated the antibacterial properties of a coating consisting of poly(D,L-lactic acid) (PDLLA) and the antibiotic gentamicin applied on the surface of Ti K-wires [59]. They concluded that coating implants with PDLLA could provide new strategies for reducing the risk of biomaterial-associated infections. Furthermore, some researchers reported that coating an implant with PDLLA could offer good mechanical stability and present high osteoinductive potential in vivo [60]. Lv et al. constructed antibacterial coatings loaded with minocycline on Ti substrates using chitosan and alginate and reported long-term antibacterial effects [55]. Regardless of the polymers used as drug carriers, it has been recommended to allow for an initial burst release of the antibiotic [61]. This initial burst release aims to avoid the development of bacterial resistance to the antibiotic [14].



The vancomycin-loaded polymer coating described in this study showed the ability to release antibiotics in response to a temperature change. Although this study revealed good antibacterial properties of this coating system, it has limitations. One of these limitations is that the experiments were conducted using only one pathogen. In addition, the characteristics of the release of vancomycin from the polymer coating were not investigated. Future investigations should evaluate the drug release features in the long term. In addition, bacterial death after the temperature increase was evaluated for a relatively short time. In this test, the temperature was increased to 40 °C to enable the polymer to reach its transition phase and release the drug. This temperature conditions may not resemble the clinical situation, as implant-associated infection does not always result in an increase in body temperature. It is believed that the localized antibiotic release around an implant surface can be a good alternative to other treatment modalities for implant-associated infections [41].




5. Conclusions


The vancomycin-loaded polymer coating evaluated in this study exhibited effective antibacterial properties when the polymer reached the phase transition temperature. This study describes a promising implant coating strategy based on coatings with antibacterial properties that could be effective in treating implant-associated infections. It remains to be tested if these in vitro results can be replicated in the clinical setting. Therefore, more in vitro and in vivo studies are necessary to confirm these findings.
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Figure 1. Illustration for the drug release system designed in this study based on vancomycin-loaded polymer coating. 
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Figure 2. The SEM image for polymer coating at cross section showed thin polymer layer of around 200 nm in thickness. 
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Figure 3. The images of live Contact angle with water measurements for the evaluated surfaces: (a) glass surface (control), (b) glass surface coated with PNIPAM, and (c) glass surface coated with PNIPAM-am. 
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Figure 4. The contact angle with water values of all evaluated surfaces. 
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Figure 5. BacLightTM staining images showing differences in bacterial death rates between the evaluated groups at different temperature set points. 
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Figure 6. The percentage of cell death among remaining adhered cells. * = significant differences between surfaces. 
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