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ABSTRACT: Biofilm contamination on an implanted medical device represents a particularity resilient reservoir of infection that inevitably leads to device failure. In this study, we demonstrate that an atmospheric pressure air plasma treatment can simultaneously eradicate biofilm contamination whilst beneficially functionalizing the underlying surface, creating long-lasting characteristics that inhibit microbial recolonization and promote fibroblast proliferation. By comparing two contrasting plasma treatments the interplay between plasma generated reactive species, biofilm contamination and the underlying surface was uncovered. The composition, wettability and topography of titanium surfaces were characterized using X-ray photoelectron spectroscopy, water contact angle measurements and atomic force microscopy. Exposure to plasma generated chemical species created nanoscale surface features and the introduction of oxygen and nitrogen containing functional groups, resulting in changes to the surface wettability. Using a polymicrobial biofilm model comprising of E. coli and S. epidermidis, it was shown that plasma can effectively eliminate biofilm contamination from the surface, while simultaneously functionalizing the surface to inhibit recolonization. To assess the biocompatibility of treated surfaces the adhesion and proliferation of murine fibroblasts was assessed using fluorescent microscopy, cell viability assays and flow cytometry. It was shown that plasma exposure led to surface characteristics that promote fibroblast adhesion and proliferation.
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1. Introduction
In natural and manmade environments, bacterial biofilms are ubiquitous, yet the significance of biofilm contamination in a clinical setting is often underestimated [1]. Biofilms have a complex architecture, with physiologically organized bacterial microcolonies. It is the structure and organization of the biofilm that conveys numerous advantages over unprotected planktonic cells, providing protection against immune system defense and the diffusion of antibiotics. Several studies have posited that resistance against antimicrobial agents in a biofilm can be up to 1000 times greater compared to single cells [2]. Such contamination presents a particularly virulent form of infection and provides ideal conditions for the emergence of multidrug-resistant colonies. A plethora of life-threatening infections can arise as a result of biofilm formation on indwelling and implanted medical devices, such as urinary catheters, mechanical heart valves, prosthetic joints and endotracheal tubes [3]. In the field of orthopedics, infections related to biofilm colonization of prosthetic devices are one of the most serious and devastating complications. In such cases, complex and expensive revision procedures are typically required, often involving an attempt to clean the device in-vivo or its complete removal and replacement [4]. Despite the incidence of such cases being relatively low, estimated to be in the range of 0.5 – 5% for total joint replacements, the large population of patients with orthopedic implants means such infections have a major impact in terms of morbidity, mortality and medical costs [5].
One of the most common bacterial species linked to orthopedic implant-related infections are coagulase-negative Staphylococcus species. More than 40 % of all infections are linked to species from this Gram-positive bacterial genus, with S. epidermidis and S. aureus being the most commonly diagnosed bacteria in implant related infections [6]. Infections often arise because the surface of the implanted device provides an ideal environment for bacterial adhesion and the formation of biofilms, which can reach a thickness of more than 100 mm in some cases [7].  Orthopedic implant infections can develop during different stages of patient´s medical treatment; pre-operatively, when infections are associated with fraction fixation, intra-operatively and during the post-operative period, mainly because of abnormal wound healing. The development of biofilms on an implant surface is a highly dynamic and competitive process, involving different constituents, such as extracellular matrix (ECM) proteins, host cells (endothelial cells, fibroblast, bone cells) and microorganisms. Initially, the adsorption of proteins and macromolecules of ECM occurs, and under normal physiological conditions, these components govern the adhesion, migration, proliferation and differentiation of tissue cells. In the case of implanted material, ECM bound on the surface can also act as a substrate for bacterial attachment thus a competitive process is initiated. A positive surgical outcome relies on the ability of fibroblast to adhere and proliferate on the surface of implant, rather than bacterial colonization and ultimately biofilm formation [8]. 
A number of different technologies are currently under investigation to inhibit biofilm formation on implanted devices. Certainly, the deposition of functional coatings on to devices prior to implantation has shown promise, with drug eluting coatings [9-11], bactericidal coatings [12-14], adhesion resistant chemistries [15, 16], and nano-topologies all demonstrating the potential to prevent device colonization [17, 18]. While these approaches are highly successful in vitro, it is not clear how effective they are in vivo or how they affect clinical outcomes. Alternative approaches focusing on the in-situ cleaning of a contaminated device are also under investigation, including the use of electrical stimulation on the orthopedic implant surface [19, 20], applied pulsed electromagnetic fields [21], laser-generated shockwaves [22] and sonication [23]. Such methods typically rely on a mechanical mode of action to remove adhered bacteria from the implant surface; clearly, these methods are highly successful ex-vivo, but their application in-vivo is problematic meaning recurrent infections are unavoidable [7]. 
Low temperature plasma is an alternative technique that has shown great promise for both the surface functionalization of medical implants and the rapid decontamination of biofilms on clinical surfaces. Low and atmospheric pressure plasmas have long been used to functionalize biomaterials [24], including the creation of protein-resistant surfaces [25], the modification of surfaces to promote haemocompatibility and encourage cell adhesion [26, 27], and the introduction of antimicrobial characteristics [28]. Beyond surface functionalization, low temperature plasma has been used to remove microbial contamination from a wide range of biomaterials [29], including the destruction of biofilms from both polymeric and metallic surfaces [30-32]. Developments within the field of atmospheric pressure plasma technology have enabled the creation of plasma devices capable of creating stable discharges in ambient air that produce controlled mixtures of highly Reactive Oxygen and Nitrogen Species (RONS) directly at the point of need. While the interplay between the plasma, biofilm contamination and the underlying surface is complex and not yet fully understood, there exists an exciting possibility that such plasmas could be used to simultaneously decontaminate and functionalize an implant surface in-vivo, thus removing the infection whilst imparting preferential surface characteristics to promote cell attachment and inhibit bacterial recolonization. 
In this study, we investigated the surface treatment of medical grade titanium using two common atmospheric pressure air plasma systems. By comparing and contrasting the unique characteristics of each plasma treatment, their ability to inactivate polymicrobial biofilms whilst simultaneously imparting long-lasting antimicrobial and cell-promoting characteristics over timescales that are relevant for post-surgery wound healing were uncovered. It was demonstrated that a direct plasma treatment, where highly reactive RONS interact with the titanium surface, had a significant and beneficial impact on both the composition and morphology of the surface whilst being able to simultaneously eliminate biofilm contamination. The study unravels the complex interaction between biofilm contamination and the underpinning surface during and after plasma treatment; ultimately demonstrating that a targeted air plasma treatment can be successfully applied to decontaminate and functionalize a titanium surface in a single step. These results suggest that a targeted air plasma treatment could play a considerable role in the fight against implant-associated infections.

2. Materials and methods
2.1 Titanium sample preparation
Commercially available titanium coupons with a diameter of 12.7 mm were obtained from Bio Surface Technology Corp. (Bozeman, MT, USA). Prior to testing, all coupons were polished to a high finish using Chemical-Mechanical Planarization (CMP). Following polishing, samples were washed with absolute ethanol in an ultrasonic bath for 10 minutes and autoclaved under standard autoclaving conditions before biological experiments.
2.2 Plasma treatment 
To treat the titanium samples two contrasting plasma devices were utilized, an indirect surface barrier discharge (referred to as an ‘indirect’ treatment) and a direct plasma jet (referred to as ‘direct’ treatment), shown in Fig. 1(a) and 1(b) respectively. In the direct treatment scenario, highly reactive RONS such as O, OH, NO and O2- are able to impinge directly on the sample surface. Figure S1 in the supplementary material provides further insight in to the nature of the RONS generated by the jet device used in this study. In contrast to the direct treatment scenario, only longer-lived RONS reach the titanium surface in the indirect treatment scenario. Mass transport from the plasma region to the sample is driven by diffusive and connective processes allowing sufficient time for the highly reactive RONS produced within the plasma to undergo secondary reactions prior to reaching the titanium surface. Consequently, only longer-lived and less reactive neutral RONS, such as O3, H2O2 and N2O, interact with the surface. Further details on the composition of RONS produced during the indirect treatment using both Optical Emission Spectroscopy and Fourier Transform Infrared spectroscopy are included in the supplementary material, figure S1. Notably, the long-lived RONS produced within the indirect treatment used in this study undergo a rapid transition from the Reactive Oxygen Species (ROS) mode to a Reactive Nitrogen Species (RNS) mode. A comprehensive analysis of the ROS to RNS transition and a complete description of the long- and short-lived chemical species created in both the direct and indirect treatments can be found in studies of Sakiyama et al. [33], Hasan and Walsh [34], and Deng et al. [35]. Both plasma systems used in this study were developed in-house and further details on their specific characteristics can be found in our previous studies [32, 36, 37].
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Figure 1: Atmospheric pressure, non-thermal air plasma devices used to simultaneously decontaminate and functionalize titanium surfaces: (a) Indirect plasma system comprising of a surface barrier discharge, insert shows photograph of system operating at an applied voltage of 10 kV and frequency of 20 kHz, and (b) direct plasma system comprising of a plasma jet discharge, insert shows photograph of system operating at applied voltage of 10 kV, frequency of 20 kHz and gas flow rate of 3 liters per minute.

Titanium samples were treated for 1, 2 and 4 minutes. For the indirect treatments, titanium samples were placed 5 mm below the discharge; for the direct treatment, each sample was placed 5 mm from the jet exit, directly within the plasma plume emerging from the nozzle. To ensure a uniform treatment in the direct treatment scenario, each sample was manually moved within the plasma plume in a circular fashion, ensuring that the entire surface was exposed; a process that was maintained for the duration of the treatment.

2.3 Surface characterization
2.3.1 Water contact angle measurement 
The surface wettability of titanium samples was assessed with Water Contact Angle (WCA) measurements using a Cam 100 Optical Contact Angle Meter from KSV Instruments Ltd. For each titanium sample, the mean WCA was determined at a minimum of five different locations on the sample surface. Ageing of the plasma treated surfaces was determined by measuring the WCA of samples stored in air or water after 1, 2, 3, 5 and 7 days post exposure to the plasma. 
2.3.2 Atomic Force Microscopy
The surface roughness and morphology of titanium samples was assessed using atomic force microscopy (AFM) (Solver PRO, NT-MDT, Russia). Silicon cantilevers with a typical resonant frequency of 240 kHz and a spring constant of 11.8 N/m were used to acquire images in semi-contact mode at room temperature under ambient conditions. The scanning rate was 1.5 Hz. Flattening of the raw images was performed before surface roughness analysis. The average surface roughness was determined from images with an area of 3 µm x 3 µm, surface profiles were obtained from the same areas. 
2.3.3 X-ray Photoelectron Spectroscopy
The chemical composition of titanium surfaces was determined by X-ray Photoelectron Spectroscopy (XPS) analysis. A TFA XPS spectrometer, produced by Physical Electronics Inc. operating under ultra-high vacuum (10-7 Pa) and equipped with a monochromated Al Kα X-ray source (1486.6 eV) was used. The take-off angle of the electron analyzer in the XPS spectrometer was 45o with respect to sample surface. On each sample, a 0.4 mm diameter area was analyzed to a depth of 3 - 5 nm. Three different locations were analyzed on each sample and the data averaged. High-energy resolution spectra were acquired with an energy resolution of ~0.6 eV and pass energy of 29 eV. The XPS spectra were processed using the software MultiPak, Version 9.5.0. Quantification of the surface composition was performed from XPS peak intensities taking into account the relative sensitivity factors provided by the instrument manufacturer [38]. 

2.4 Biological analysis 
2.4.1 Bacterial culture and biofilm generation
The bacterial strains used for all tests were Staphylococcus epidermidis ATCC 39584 and Escherichia coli ATCC 25922. Bacterial cultures were prepared from a single colony inoculated into 5 ml of Tryptic Soy Broth (TSB) medium and incubated at 37 °C in a shaking incubator Stuart SI500 (Bibby Scientific, Staffordshire, UK) at 200 rpm. The overnight cultures were adjusted with fresh TSB medium to obtain an optical density (OD600) of 0.1. Polished titanium coupons were inserted into the holders of a CDC bioreactor (Bio Surface Technology Corp., Bozeman, MT, USA) according to the manufacturer´s instructions. 350 ml of TSB medium with a final bacterial concentration of 1 x 105 CFU/ml was added to the bioreactor and incubated at 37 °C with a stirring rate of 200 rpm. 
2.4.2  Survival analysis and recolonization
[bookmark: OLE_LINK1]To determine the inactivation efficiency of both plasma systems, single-species and mixed- species biofilms composed of S. epidermidis and E. coli were grown for 24 hours on freshly prepared titanium surfaces. After incubation, the titanium samples were carefully removed from their holders and thoroughly rinsed in phosphate buffer saline (PBS) solution to remove any planktonic bacteria, rendering the sample ready for plasma treatment. Following plasma treatment, samples were placed in Falcon tubes containing 5 ml of TSB medium and vortexed for 10 min using vibratory shaker (VXR basic Vibrax®, IKA, Staufen, Germany) at 2000 rpm to dislodge and disrupt the formed biofilm. Using 100 µl of the bacterial solution from each tube a serial dilution series was produced. 10 µl of each dilution was spread onto an agar plate, a process repeated in triplicate. After 24 hours of incubation at 37 °C the visible colonies were counted to enable quantification of bacterial survival and surface colonization according to so called Miles-Misra method [39]. For S. epidermidis and E. coli mixed biofilms, serial dilutions were plated also onto selective Mannitol Salt Agar to distinguish between the strains. In the case of survival analysis, 100 µl of each dilution was spread on the agar plates in order to increase the sensitivity of the method. 
To assess changes in the ability of bacteria to adhere to the surface and form a biofilm, both plasma treated and untreated titanium coupons were placed within the CDC biofilm reactor and incubated. After a four-hour incubation period, directly treated, indirectly treated and untreated coupons were removed from the reactor and the concentration of bacteria on the surface assessed using the method described previously. Samples remaining in the bioreactor were incubated for a further 20 hours (24 hours total incubation time) at which point samples were removed from the reactor. From the samples removed, untreated, directly and indirectly treated coupons were analyzed to determine the surface concentration of bacteria. To assess the level of surface recolonization following plasma treatment, the colonized titanium coupons removed from the CDC bioreactor were subjected to a plasma treatment. Following this treatment, the samples were returned to the bioreactor for further incubation, after an additional 24 hours, samples were removed from the bioreactor and the concentration of bacteria on the surface assessed.
2.4.3 Determination of bacterial viability by XTT metabolic assay
The XTT assay (Merck KGaA, Darmstadt, Germany) was performed according to the protocol described by Flynn et al.  [30]. 50 µl samples of each biofilm suspension were transferred to the wells of a 96-well plate containing 50 µl of TSB and 20 µl of XTT stock solution. Bacterial metabolic activity was monitored at 450 nm for 12 hours using a microplate reader (Spark 10M, Tecan, Männedorf, CH). 
2.4.4 Cell cultures
Murine fibroblasts L929 (American Type Culture Collection, ATCC, Manassas, VA, USA) were cultured in advanced minimum essential medium (AMEM, Life Technologies, Carlsbad, CA, USA) supplemented with 5% FBS, 10 mM/l L-glutamine, 100 U/ml penicillin, and 50 mg/ml gentamicin in a 5% CO2 humidified incubator at 37°C. Cells were maintained in monolayers until they reached 80-90% confluence.
2.4.5 Determination of Cell viability
The viability of cells cultured on titanium surfaces was quantified using PrestoBlue Cell Viability Reagent (Life Technologies, Carlsbad, CA, USA). For all experimental groups, 5x104 cells were seeded on prepared titanium samples, placed in 24-well plates (Thermo Fischer Scientific, Waltham, MA, USA). Cells were incubated at 37°C in a 5% CO2 humidified incubator for 24 hours. Following incubation, the media was removed and replaced with PrestoBlue Viability Reagent, diluted appropriately in cell media. After a further 30 minutes of incubation, the fluorescent intensity was measured with a microplate reader (Infinite 200, Tecan, Männedorf, CH). 
2.4.6 Cell visualization
Before L929 fibroblasts were seeded on to the titanium samples, the cells were fluorescently stained with Carboxyfluorescein succinimidyl ester (CFSE) dye, which passively diffuses into cells, covalently couples to intracellular molecules and is retained within the cells for several days. For cell visualization, a CFSE Cell Division Tracker Kit (BioLegend, San Diego, CA, USA) was used according to the manufacturer´s instructions. Briefly, cells were re-suspended in 0.5 μM of CFSE solution and incubated for 15 minutes at room temperature whilst being protected from light. To inhibit staining, cell culture media containing 10% FBS was added to the treated cells. Prior to further analysis, cells were incubated for 10 minutes at room temperature. For all experimental groups, 5x104 CFSE stained cells were seeded on to prepared titanium samples placed in 24-well plates. Cells were incubated at 37°C in a 5% CO2 humidified incubator for 24 hours. Following incubation, the media was replaced and images were captured using a fluorescent microscope (IX-70 Olympus, Hamburg, Germany) under 10x magnification. 
2.4.7 Biofilm visualization
Confocal light microscopy was used to assess the bacterial attachment and early biofilm development of untreated and plasma treated titanium samples after 4 and 24 hours of incubation. Coupons were thoroughly rinsed in PBS and the remaining biomass adhered to the surface was stained with a 0.2 % v/v crystal violet solution for 20 minutes. After staining, samples were again thoroughly rinsed with dH2O to remove any residual dye. Following air-drying of the surface, an Axio CSM 700 (Carl Zeiss, Jena, Germany) confocal light microscope was used to exam the remaining biomass. On each sample, a minimum 10 random areas were chosen for inspection. The percentage of surface covered with biomass was calculated from the resulting images, using the open-source software package ImageJ (NIH, Bethesda, Maryland, USA). The morphology of biofilms following plasma exposure was examined using a Scanning Electron Microscope (SEM) (Helios Nanolab 650, Keithley Instruments Inc., Ohio, USA). After rinsing the samples in PBS, biofilms were fixed with 2.5% glutaraldehyde solution and then dehydrated in a gradient of ethanol concentrations (50%, 60%, 70%, 80%, 90%, 95% and 100%). Samples were chemically dried using hexamethyldisilizane (HMDS) and sputter coated with carbon prior to imaging. 

2.5 Statistical data analysis
Quantitative results are presented as the mean + standard deviation. All statistical analysis was performed using Prism 7.0 software (GraphPad Software Inc., San Diego, CA, USA). Statistical significance was evaluated using the unpaired t-test, one-way or two-way analysis of variance (ANOVA) test, depending of the experiment type performed. A p-value of ˂ 0.05 was considered as significantly different. 

3. Results
3.1. Influence of plasma treatment on surface wettability of titanium surfaces
Measurements of WCA showed that the exposure of titanium surfaces to plasma induced significant changes in surface hydrophilicity, shown in Fig. 2(a) and (b). The surface of untreated titanium samples was found to be hydrophobic in nature, with a WCA value greater than 70°. Following indirect plasma treatment, the wettability of the surface increased, reaching approximately 40 - 45° regardless of treatment duration. For direct plasma treatment, a drastic change in wettability was observed; ultimately leading to superhydrophilic characteristics, with a contact angle of less than 10°. 
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Figure 2: Influence of plasma exposure on water contact angle: (a) Variation in WCA as a function of plasma treatment type and exposure time, (b) Image showing a dH2O droplet on untreated, indirect and directly treated titanium surface, (c) Ageing of surface wettability under wet and dry storage conditions following direct plasma exposure, and (d) Ageing of surface wettability under wet and dry storage conditions following indirect plasma exposure.  

The ageing of plasma induced surface wettability was examined after 1, 2, 3, 5 and 7 days of storage under both wet and dry conditions. Fig. 2(c) shows the ageing of directly treated samples, a small increase in WCA was observed over the initial 24 hours of storage in air, a value that remained relatively constant for the remainder of the test. Under wet storage conditions, the samples showed a gradual increase in hydrophobicity over the duration of the test; however, after 7 days a statistically significant difference in the hydrophilicity remained in comparison to the untreated samples. The ageing of titanium samples exposed to an indirect plasma treatment is shown in Fig. 2(d). Under both wet and dry storage conditions, the WCA showed a gradual increase over the duration of the test. Despite the slight aging effects observed, the difference in WCA between plasma treated samples under wet or dry storage conditions was statistically significant compared to untreated titanium surfaces (p ˂ 0.0001). 

3.2. Influence of plasma treatment on the chemistry of the Ti surface
The surface composition and chemical bonding of titanium samples following direct and indirect plasma treatment was investigated using XPS. The surface composition, obtained from low-resolution XPS spectra of treated and untreated titanium samples showed the characteristic peaks of Ti, O, C and N. Notably the adventitious carbon contmaintion detected on all surfaces is typical of titanium and is widely reported in XPS analysis of Ti surfaces. Also some minor elements like Ca, Si and Na were detected in the XPS spectra with concentration less than 1 at.%. Fig. 3(a) and 3(b) show the N/Ti and O/Ti ratio of treated and untreated samples, respectively. From Fig. 3(a) it is clear that both direct and indirect plasma treatments induce an increase in the proportion of nitrogen bound to the surface. In contrast, Fig. 3(b) shows that the O/Ti ratio remained relatively unchanged following an indirect plasma exposure yet significantly increased following a direct exposure. To further investigate the differences in composition and chemical bonding following plasma treatment, high-energy-resolution spectra for C1s, O1s, N1s and Ti2p were acquired. Fig. 3(c) shows the Nitrogen 1s spectra from the untreated, direct and indirectly exposed surfaces; significant differences were apparent between the three cases. The component observed at a binding energy of 400.0 eV corresponds to the presence of NH2 bonds. Low intensities of this component were observed on all titanium surfaces. In the case of a direct treatment, a clear dominant peak at a binding energy of 402.1 eV was observed and is attributed to the protonated/quaternary ammonium group NH3+[40]. The indirectly treated surface also showed evidence of NH3+ groups, but at significantly lower intensities than the directly treated sample. The most significant peak observed on the indirectly treated sample is located at 406.8 eV and corresponds to NOx species (nitrates) [38, 41], which is found in lesser quantities on the untreated and directly exposed surfaces. 

Fig. 3(d) shows the high-resolution Oxygen 1s spectra from the untreated, directly and indirectly treated titanium surfaces. Deconvolution of the O 1s peak revealed three different states of oxygen atoms, these were identified from Moulder et al. [38]. The component marked O1 at a binding energy of 530.3 eV represents oxygen O(2-) in the TiO2 lattice structure, while the component marked O2 at a binding energy of 531.4 eV is often related to OH groups. Finally, the O3 component at a binding energy of 532.7 eV is typically associated with NOx or H2O groups, in addition to some other carbon-oxygen species [41, 42]. The XPS spectra of the untreated titanium surface indicates that the majority of oxygen is bonded as oxide (O1) with a smaller proportion in OH bonds; such characteristics are often reported for TiO2 that readily forms on titanium surfaces. Further oxygen is associated with the O3 component, likely originating from contaminants or adsorbed CO2 molecules present on the surface. Direct plasma treatment caused a significant change to the nature of oxygen bonds on the surface. The O2 component was significantly increased indicating the intense adsorption of hydroxyl groups. The presence of these species closely correlates to the change of surface energy, highlighted by the WCA measurements (Fig. 2). Direct plasma exposure also reduced the presence of O-atoms in the TiO2 lattice structure (O1 component) in comparison to the untreated surface. The status of oxygen atoms on the titanium surface following indirect plasma exposure shows similarities with the untreated surface, i.e. a high O1 component and a smaller O2 component. In contrast to the untreated surface, a significant O3 component was observed which is related to NOx species and is attributed to the nature of the RNS dominated gas phase chemistry created during the indirect plasma treatment [38].

High-energy-resolution C 1s XPS spectra before and after plasma treatment are shown in Figure 3(e). The presented C 1s spectra are composed of four different components which are related to the different types of carbon-atom bonds. The component located at a binding energy of 284.8 eV (C1) corresponds to C‒C and/or C‒H bonds; the component at 286.2 eV (C2) corresponds to C‒O and/or C‒N; the component at 287.9 eV (C3) corresponds to O‒C‒O and/or C=O; and the component at 288.9 eV (C4) corresponds to O‒C=O bonds. As can be seen form Fig. 3(e), the shape of the C 1s peak differs significantly between the untreated, direct treated and indirect treated samples. In the case of in-direct plasma treatment, components C2, C3 and C4 are all slightly higher than those observed from the untreated sample; indicating that plasma treatment introduced further functional groups to the sample surface. The directly exposed sample differs significantly, with the C 1s signal indicating significantly higher intensities of components C3 and C4 compared to the in-direct and non-treated samples. 

High-energy-resolution spectra of the Ti 2p doublet peak was also acquired and is shown in the supplementary material, the spectra revealed both the Ti 2p3/2 and Ti 2p1/2 components, appearing at 458.5 eV and 464.2 eV, respectively, with 5.7 eV spin-orbital splitting. Such observations are consistent with the Ti4+ valence state (TiO2). Comparison of the spectra from both the untreated and plasma treated surfaces showed no significant difference.
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Figure 3: XPS analysis of untreated, directly treated and indirectly treated titanium samples presented as the mean calculated from three randomly selected locations on the sample surface: (a) Nitrogen/Titanium ratio, (b) Oxygen/Titanium ratio, (c) High resolution spectra of Nitrogen 1s, (d) High resolution spectra of Oxygen 1s on the untreated, directly and indirectly treated titanium surfaces, respectively and (e) Deconvoluted high-energy-resolution C 1s spectra on the untreated, directly and indirectly treated titanium surfaces, respectively.

In order to gain an insight into the depth distribution of elements in the subsurface region of samples XPS depth profiling combining XPS analyses with Ar+ ion sputtering was performed. The XPS depth profiles from non-treated and direct plasma treated samples are shown in Figure S3. Both depth profiles are very similar. They show that carbon based contamination is present only on surface as a thin surface layer of thickness of about 1 nm on the non-treated sample and about 2 nm thick layer on the treated sample. Furthermore, XPS depth profiles indicate that a similar Ti-oxide layer is present on the non-treated and direct plasma treated sample. The oxide layer was estimated to be about 5 nm in thickness.

3.3. Influence of plasma treatment on titanium surface morphology.
The impact of plasma treatment on surface roughness and topography was examined using AFM. The average surface roughness of titanium samples was determined from a minimum of three randomly selected measurement areas and is presented as the mean value and standard deviation in Fig. 4(a). The average surface Ra for samples prior to plasma treatment was found to be 2.44 (+ 0.77) nm and 1.76 (+ 0.42) nm, respectively. Following plasma exposure, the Ra was observed to increase to 3.94 (+ 0.42) nm in the case of an indirect treatment and 2.01 (+ 0.22) nm in the case of direct treatment. 
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Figure 4: Surface topography of titanium before and after direct and indirect plasma treatment: (a) Mean surface roughness obtained from three randomly selected 3 µm x 3 µm scanning areas obtained before and after plasma exposure, (b) Representative two- and three-dimensional topological images of the untreated titanium surface, (c) Representative two- and three-dimensional topological images of the directly treated titanium surface, with a typical surface profile, and (d) Representative two- and three-dimensional topological images of the indirectly treated titanium surface, with a typical surface profile.

Beyond mean surface roughness, AFM analysis revealed significant differences in morphology between the plasma treated and untreated surfaces, highlighted in Fig. 4(b - d). Following polishing, untreated samples showed some nanoscale surface abrasions, likely resulting from the CMP process. These abrasions appear as a random array of successive deep grooves, associated with the different grades of diamond paste used in the polishing process, Fig. 4(b).  From Fig. 4(c) and 4(d) it is clear that plasma treatment causes significant changes, indicating the mechanical damage incurred during polishing was largely eliminated. Examination of the directly exposed samples, presented in Fig. 4(c), indicates that plasma exposure resulted in the nucleation of a continuous oxide film. It is not clear if this is crystalline or amorphous, but the faceted nature of the nano-grains suggests the film is likely crystalline in nature. Additionally, evidence of the underlying alloy grain structure can be seen, suggesting preferential plasma etching at the alloy grain boundaries. Thus, the direct plasma treatment gives rise to active plasma oxidation of the surface, forming a nano-grained titanium surface oxide. Conversely, the indirectly exposed sample, shown in Fig. 4(d), appears as a chemically etched surface, most likely resulting from prolonged exposure to the long-lived neutral RONS. Local rearrangement and nucleation of a new phase can be observed as pyramidal growths.

3.4 Influence of plasma treatment on bacterial attachment and biofilm formation
The impact of plasma treatment on the attachment of bacteria and biofilm formation is a key consideration. Using E. coli and S. epidermidis, the concentration of bacteria and biomass present on each treated and untreated titanium surface was evaluated after 4 and 24 hours of incubation, using both colony counting and microscopy methods, outlined in Fig. 5(a). Following plasma treatment, statistically significant differences in surface coverage between direct plasma treated and untreated samples was evident after 4 hours, Fig. 5(b). The amount of biomass on directly treated titanium surfaces was found to be 6.2-fold lower, compared to untreated samples. Conversely, indirect exposure had the opposite effect and led to a small increase in surface coverage. A similar trend was observed after a 24 hour incubation period, with indirectly treated samples showing slight, but not statistically significant, differences compared to the untreated samples whereas directly treated surfaces showed a significant 4.2-fold reduction in surface coverage compared to the untreated sample. 
Quantitative analysis confirmed that surfaces exposed to a direct plasma treatment had significantly less E. coli and S. epidermidis adhered to their surface, leading to the inhibition of early biofilm development, Fig 5(c). The opposite was observed for indirectly treated surfaces, where plasma treatment was observed to promote bacterial attachment and thus accelerate biofilm formation.
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Figure 5: Effect of plasma treatment on bacterial attachment and early biofilm formation: (a) surface coverage of untreated, directly and indirectly treated titanium surfaces after 4 and 24 hours of post-treatment incubation, and (b) Surface concentration of E. coli and S. epidermidis determined using selective agars on untreated, directly and indirectly treated titanium surfaces after 4 and 24 hours of post-exposure incubation.

3.5 Influence of plasma treatment on fibroblast attachment and viability
To assess the ability of fibroblast cells to attach and proliferate on plasma treated titanium surfaces Murine fibroblasts L929 were seeded on to untreated, indirectly and directly treated titanium samples. Fig. 6(a) shows the representative fluorescent microscope images highlighting the proliferation of L929 cells on each sample surface. From the images shown in Fig. 6 it is clear that a direct plasma treatment encourages cell proliferation, with a considerably higher density of cells being observed on the sample surface compared to both the untreated and indirectly exposed samples. For samples indirectly exposed, no significant differences were observed between the treated and untreated samples. Fig. 6(c) highlights the cell viability after 24 hours, with the results indicating that the directly exposed surface promotes cell attachment, a finding in agreement with the microscope images. In order to quantify the number of adhered cells and their survival after 24 hours of incubation flow cytometry was performed using AnnexinV/PI staining to distinguish between live and dead cells. The results of the analysis are presented in the supplementary information, Fig. S4. The ratio between live and dead cells was significantly higher in the case of directly treated samples; however, the overall number of cells from the directly treated surfaces was found to be much lower compared to the untreated sample. This result is contrary to expectation given the observations made using fluorescence imaging, Fig. 6(a). Further microscope analysis of the samples showed that standard trypsinization step, required to detach adhered cells from the surface prior to flow cytometry was not sufficient to detach cells from the directly treated sample. Consequently, these observations add further evidence to demonstrate that a direct plasma treatment leads to enhanced fibroblast adhesion and proliferation.
To further understand the impact of a directly exposed titanium surface the experimental procedure was modified such that the plasma jet device was held stationary for the duration of the treatment. Using this modified approach, it was possible to ensure that the emerging plasma plume impinged only on a small circular area (~ 10 mm2) at the center of the sample. Beyond this region plasma generated RONS undergo secondary reactions as they are transported by the flowing gas, resulting in a rapid reduction in reactivity. From Fig. 6(b) it is clear that the highest cell concentration is within the central region exposed directly to the highly energetic plasma generated RONS. Beyond the treatment zone a reduction in cell density was observed, with the edges of the sample indicating similar densities to those observed on the untreated sample. These result highlight the importance of the energetic RONS produced within the plasma plume and their spatial localization, in comparison to their less reactive by-products observed beyond the treated zone.
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Figure 6: Fibroblast cell attachment and proliferation on untreated, indirectly and directly treated titanium samples: (a) Fluorescence microscope images showing cell proliferation on untreated, directly and indirectly treated samples, (b) fluorescence microscope images showing impact of a stationary direct plasma exposure confined to the sample center, and (c) cell viability following 24 hours of post-exposure incubation. 

3.6 Plasma decontamination of biofilms on the surface of titanium
While it is clear that plasma treatment is capable of modifying the composition and morphology of a titanium surface to achieve a one-step process it is vital that the plasma treatment is also able to efficiently decontaminate single and mixed-species biofilms from the surface. To assess this the procedure shown in Fig. 7(a) was adopted. Representative S. epidermidis and E. coli single and mixed species biofilms were grown on untreated titanium surfaces for 24 hours and subsequently exposed to the direct and indirect plasma treatments. The inactivation results, shown in Fig. 7(a), demonstrate that both plasma treatments were capable of achieving a significant reduction in both single and mixed species biofilms from the sample surface. In the case of an indirect plasma treatment a complete eradication of S. epidermidis, defined as ˂ 1 CFU remaining, was achieved after a one-minute plasma exposure for the single species biofilm case, whereas a two-minute exposure was required to achieve a 6+ log reduction when S. epidermidis was presented in a polymicrobial biofilm. The direct treatment proved to be less efficient, with a four-minute treatment achieving a 5.03 (+ 1.08) log reduction of the S. epidermidis biofilm and a 3.51 (+ 0.56) log reduction of S. epidermidis when presented in a polymicrobial biofilm. E. coli was found to be more susceptible to both plasma treatments, with no significant differences observed between the direct and indirect exposure or the composition of biofilm. Notably, all treatments attained a ˃7 log reduction within 2 minutes of plasma exposure. SEM images of the untreated, directly and indirectly treated mixed species biofilms are presented in Fig 7(b). From the images, it is clear that a direct plasma treatment led to drastic changes in the surface morphology of E. coli cells, with most cells showing evidence of physical membrane damage; conversely, an indirect showed little physical damage to E. coli despite the high level of inactivation. Both direct and indirect plasma exposure had little impact on the structural integrity of S. epidermidis cells, demonstrating the robust nature of their thick outer membrane. 
To add further insight in to the inactivation results the XTT metabolic assay was used to assess the viability and survival of bacteria following exposure to plasma. The results, shown in Fig. 7(c), are in good agreement with the inactivation data shown in Fig. 7(a). Following indirect exposure of the single species S. epidermidis biofilms, no metabolic activity was observed regardless of treatment time. Similarly, single species E. coli biofilms were also metabolically inactive after 2 and 4 minutes of indirect and direct plasma exposure, respectively; but showed delayed activity at shorter treatment times albeit significantly lower than that of the untreated samples. For mixed-species biofilms, a 4-minute indirect exposure was sufficient to completely inactive all bacteria, with shorter treatment times delaying the onset of metabolic activity. For direct treatments, all exposure times delayed the onset of metabolic activity; however, no treatment was sufficient to completely inhibit metabolic activity, which is in good agreement with the inactivation results presented in Fig. 7(a).
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Figure 7: Decontamination of S. epidermidis and E. coli biofilms: (a) Log reduction curves for single and mixed species biofilms following plasma exposure, (b) SEM images showing morphology of bacteria following a 4 minutes direct and indirect plasma exposure, (c) Metabolic kinetic curves of single and mixed species biofilms following 1, 2 and 4 minutes of direct and indirect plasma exposure, and (d) diagram showing the interaction of plasma derived RONS with polymicrobial biofilm EPS and cells. 

3.7. Impact of plasma treatment on biofilm recolonization 
In an application context, it would be highlight beneficial if a plasma treatment could be used to simultaneously rid the surface of microbial contamination and impart beneficial surface characteristics to inhibit future recolonization. To assess this potential, the experimental procedure shown in in Fig. 8(a) was adopted. Following a 24-hour incubation of untreated titanium samples in a mixed species culture, the colonized surfaces were plasma treated for 4 minutes then returned to the bioreactor with fresh medium and inoculum for a further 24-hour incubation. Following this recolonization step, the number of CFU on each sample was determined for both species using the method outline in section 2.4.2. From Fig. 8(b) it is clear that biofilm development was significantly lower on the directly treated samples for both bacterial species present. Conversely, indirect treatments showed a relatively minor decrease in the level of bacterial recolonization of the treated surface.
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Figure 8: Recolonization of plasma treated surfaces: (a) Experimental procedure to quantify level of bacterial recolonization, and (b) biofilm development after repeated incubation after plasma decontamination of the surface.

4. Discussion 
Despite over 100 years of progress in orthopedic surgical practice and prosthetic device design, implant-associated infections remain a major complication, with polymicrobial biofilms being a primary cause of implant failure [43]. There is a clear clinical need to develop new strategies to prevent the colonization of devices as and when they are implanted and uncover new technique to assist in minimizing the impact of infection on implanted devices that are already in-use. To address this challenge, we posited that a targeted low temperature air plasma treatment could inactivate biofilm contamination from a titanium implant whilst simultaneously functionalizing the underlying surface, imparting preferential characteristics to promote cell attachment and inhibit biofilm formation. To confirm this hypothesis, two contrasting plasma devices were considered including a direct plasma treatment where a narrow plume of highly reactive neutral and charged RONS impinge directly on to the titanium surface. Conversely, an indirect plasma treatment was also considered, where plasma generated RONS undergo secondary reactions prior to reaching the sample surface resulting in large fluxes of neutral RONS to the titanium surface. By comparing and contrasting the impact of each plasma treatment the interplay between plasma generated RONS, polymicrobial biofilm contamination and the underlying titanium surface was investigated.
Following plasma exposure significant changes to the composition, morphology and wettability of titanium surfaces was observed. Critically, the observed changes were found to be closely linked to the characteristics of each plasma treatment. In the direct treatment scenario, highly energetic species were found to induce drastic changes to the surface wettability, leading to super-hydrophilic characteristics. Furthermore, XPS analysis indicated that a direct plasma treatment led to an increase of polar oxygen groups (such as hydroxyl, carbonyl and carboxyl groups), likely resulting from the direct interaction of energetic ROS with the surface, all contributing to the hydrophilicity of the surface [40]. Conversely, when subjected to an indirect treatment, WCA measurements revealed a modest increase in surface wettability, significantly less than that observed in the direct treatment scenario. XPS analysis of the indirectly exposed surface revealed an increase in the presence of NOx groups, which can be attributed to the abundant gas phase RNS created by the plasma [44]. Given that surface wettability and composition are both considered to be major factors influencing Prokaryotic and Eukaryotic cell attachment on a surface, it is not surprising that the contrasting plasma treatments led to markedly different biological surface characteristics. Surface wettability is especially pertinent during the first stage of biofilm formation, which is driven by hydrophobic/hydrophilic interactions [8]. Due to the plethora of competing factors governing microbial attachment it is extremely difficult to state explicitly what role surface wettability plays; yet, it is generally considered that hydrophobic surfaces promote bacterial attachment. Despite this, results can be unpredictable and the influence of surface wettability is known to vary from bacterial species to species and even between strains [45-47].  
The morphology of a surface is also recognized as an influential factor for bacterial adhesion; however, the arithmetic average roughness, Ra, typically does not give realistic information about the surface morphology. This is evident in Fig. 4, where the average surface roughness exhibits minor changes following plasma treatment, yet the morphology of the exposed surface varies considerably. For the direct treatment the nucleation of a continuous oxide film can be observed with the appearance nano-grains. Combined with the XPS data presented in Fig. 3, it is suggested that hydrated titanium oxide species are formed most likely in the Anatase form. For the indirect treatment, local rearrangement and nucleation of a new phase can be observed as pyramidal growths, Fig. 4(d). It is highly likely that these growths are the nucleation of a new oxide or nitride phase, most likely TiO or TiN. Both phases are cubic and can form equilibrium structures due to titanium’s ability to adsorb in excess of 30 % oxygen or nitrogen into solution at its surface. Taken in combination with the high-resolution XPS data shown in Fig. 3, it is likely that indirect plasma exposure leads to the nucleation of titanium oxy-nitride. 
As a model system to examine the impact of plasma induced surface changes on biofilm development, a mixed species biofilm model composed of S. epidermidis and E. coli was adopted. Such biofilms are highly represented of those frequently found in implant-associated infections and belong to both Gram-negative and Gram-positive bacterial groups. The effects of plasma surface modification were demonstrated via several independent approaches and it was shown that a 4-minute direct plasma treatment significantly reduced early microbial attachment over the first 4 hours of incubation. This trend was maintained over a further 20 hours of incubation. Previous studies have demonstrated that the 6-hour post-implantation period is particularly prone to bacterial colonization of implant surfaces [48], hence the results obtained in this study suggest that the application of a direct plasma treatment could be particularly beneficial. The adhesion of bacteria on a surface is influenced by both its composition and morphology. In terms of morphology, previous studies have illustrated that changes in surface roughness do not necessarily promote bacterial adhesion; the morphology plays a key role. Singh et al. produced controlled nanostructured titanium thin films and studied the adhesion of E. coli and S. aureus on different surface morphologies [18]. Their results indicated that bacterial adhesion was enhanced up to a surface roughness of 20 nm while further increases of Ra resulted in decreased bacterial adhesion. The dimension and aspect ratio of the surface nanostructures was observed to play a role in promoting bacterial adhesion. Furthermore, hydrothermally synthesized TiO2-anatase coatings with different surface properties have been used to study bacterial adhesion. Surface roughness, topography, surface charge and wettability were all considered and it was reported that the surface topography had the predominant effect on the attachment of E. coli [17]. In contrast to these and many other previous studies [49], the nanoscale structures created by the indirect and direct plasma treatments used in this study ranged in height from +/- 10 nm and +/- 5 nm, respectively; and are thus considerably smaller than those considered previously. Furthermore, an inevitable consequence of plasma treatment is that a change to both the surface composition and morphology is unavoidable, as the two phenomena cannot be separated. Given that both plasma treatments led to the formation of nanoscale surface features yet only the directly exposed surface exhibited super-hydrophilic properties, it is likely that changes to the surface composition and wettability are primarily responsible for the observed reduction in microbial attachment.  
A stable connection between the biomaterial surface and the surrounding tissue is also an important point that needs to be considered when the long-term success of implants is desired. Indeed, the biocompatibility of metallic titanium is predominantly due to the formation of a 2 – 6 nm thick titanium oxide layer that is thermodynamically stable, chemically inert, and has a low solubility in serum [50, 51]. Factors influencing the adsorption of macromolecules that mediate cell attachment include electrostatic interactions, van der Waals interactions, ionic binding, and hydrophilicity. Indeed, many studies have explored the effects of surface wettability on the adhesion and proliferation of cells. In contrast to bacterial attachment, which is typically promoted by hydrophobic surface characteristics, human and animal cells adhere and proliferate at a higher rate on surfaces that are hydrophilic in nature [52, 53]. Furthermore, it has been demonstrated that fibroblasts respond to the both micro- and nano-scale surface topographies [51]. Previous studies have demonstrated that nanoscale fibers, less than 100 nm in height, are better able to provide guided directionality to the proliferation of the fibroblasts [54]. However, conflicting results have also been reported, where fibroblasts have undergone a decreased tendency to grow onto nanostructured titanium surfaces [54, 55]. Despite the number of studies focused on unravelling the influence of surface topology on cell adhesion and proliferation, few have considered sub-10 nm topologies such as those considered in this study. Given that both plasma treatments considered in this study led to the formation of nano-structures, it is likely that the differences observed in cell attachment are likely attributed to changes in the composition and wettability of the surface. While the direct plasma treatment was shown to significantly enhance cell attachment, a common concern with plasma-functionalized coatings is their longevity; with ageing effects known to have a detrimental impact on the biocompatible properties of the treated surface [56, 57]. Through WCA measurements it was demonstrated that the surface hydrophilicity of directly treated titanium samples showed a very minor reduction over a 7-day period. A finding that demonstrates the beneficial properties introduced through a direct treatment can be maintained over the most critical post-operative wound-healing period, this would be a critical factor in any in-vivo scenario, where the most favorable interaction between the implant material and host cells is sought.  
A unique property of low temperature atmospheric pressure plasma is that it enables the non-thermal generation of energetic RONS directly at the point of need, using only air and electricity. This unique characteristic paves the way for such plasmas to be used for the in-vivo decontamination and functionalization of infected implants. To demonstrate this potential, the decontamination efficacy of each plasma treatment on single and mixed species biofilm models comprising of S. epidermidis and E. coli was considered. It is well known that plasma can induce changes in the electrochemical gradient across the membranes of exposed bacteria, leading to the inhibition of enzymes and changes of membrane transport proteins. Such changes in membrane permeability enable the intracellular accumulation of RONS, which react with intracellular components, such as DNA, enzymes, carbohydrates and lipids, changing their structure and function; ultimately resulting in physiological dysfunction and cell death [29]. From the SEM images presented in Fig. 7(b) it is clear that a direct plasma treatment led to drastic changes in the surface morphology of E. coli cells, with most cells showing evidence of physical membrane damage. Such physical damage is indicative of direct etching of the thin, ~10 nm, cellular membrane of this gram-negative organism by highly reactive plasma generated RONS [58]. Conversely, the indirect treatment appeared to cause little structural damage to E. coli cells, indicating that the mode of inactivation is likely to be mediated through the transport of less reactive RONS through the membrane and their subsequent interaction with intercellular components. Both direct and indirect plasma exposure had little impact on the structural integrity of S. epidermidis cells, demonstrating the robust nature of the thick, ~20 – 80 nm, outer membrane and suggesting that diffusion of RONS through the membrane is likely to be the primary mode of inactivation [29, 59]. A diagram showing the proposed interactions of plasma generated RONS species with bacterial cells within the biofilm EPS is presented in Figure 7(d).  
The decontamination results clearly demonstrate that both direct and indirect plasma treatments are capable of eliminating biofilm contamination from a titanium surface; however, the observation that an indirect exposure is more efficient than a direct exposure is contrary to expectations. Optical spectroscopy was used to confirm the presence of the excited states of atomic oxygen and nitric oxide in the direct case, Fig. S1, while laser induced fluorescence techniques have been used to quantify reactive ground state species, such as atomic oxygen, in a similar jet system [32]. The antimicrobial properties of these highly reactive and short-lived species are well known. In contrast, few of these highly reactive species are able to reach the sample in the indirect treatment scenario. Charged species, excited states and highly reactive neutrals are all lost at the plasma-gas interface (penetrating << 1 mm in to the gas region); they are incapable of traversing the 5 mm gap between the plasma and sample in any significant concentration [34]. To explain the differences in decontamination efficacy the structure of a biofilm must be considered. Bacteria in a biofilm are organized in microcolonies of cells encased in an exo-polysaccharide (EPS) matrix and separated from other microcolonies by water channels that are used for the delivery of oxygen and nutrients. It is estimated that the water content of a biofilm can be as high as 90 % [60]. Several studies have considered the interaction between direct and indirect air plasma with a liquid. Regardless of the type of treatment, it has been shown that short-lived species, such as atomic oxygen, are unable to propagate beyond the liquid surface [61]. It has also been demonstrated that significant concentrations of highly reactive species, such as hydroxyl radicals, hydrogen peroxide, NO2-/NO3- and peroxynitrite, can be formed in the bulk liquid through secondary reactions involving longer-lived plasma generated species that are able to penetrate beyond the liquid surface [62-64]. Given that large densities of long-lived species are produced during the indirect plasma treatment, such liquid mediated chemistries could play an important role in enhancing the decontamination efficacy. Another factor affecting the decontamination efficacy of the direct treatment is the limited treatment area of the plasma plume, necessitating continuous movement of the sample to ensure complete surface exposure. In contrast, the indirect system was able to simultaneously treat the entire sample surface without the need to physically move the sample, meaning the entire sample received an equal dosage for the entire duration of the treatment. From a clinical perspective, the complete inactivation of all microorganisms from an infected implant surface would be beneficial yet it is not deemed essential. Reducing microbial attachment and delaying biofilm formation enables cells from the host immune system to adhere to the implant surface, assisting in the removal of microbes and thus avoiding infection following implantation [31].
While it has been demonstrated that a direct plasma treatment is effective in functionalizing titanium to impart beneficial surface characteristics and that the same plasma treatment can eliminate biofilm contamination from the surface, achieving both processes simultaneously would be highly beneficial from a clinical perspective. To assess the potential of plasma to achieve simultaneous decontamination and functionalization polymicrobial biofilms were grown on untreated titanium samples, exposed to a 4-minute plasma treatment and then subjected to a further period of incubation. Through this process it was observed that directly treated samples showed significantly less biofilm recolonization in comparison to the untreated and indirectly treated samples. The results, presented in Fig. 8, provide the first evidence that plasma treatment is a viable proposition to treat infected implants, by eliminating biofilm contamination and preventing recolonization in a single step. Critically, all of the experiments in this study were performed in vitro. To confirm the effectiveness of the approach and further develop plasma technology to tackle implant associated infections, future animal models and clinical studies will be essential to demonstrate how the reduction in bacterial attachment following implant placement and the improved tissue regeneration on plasma treated implants translates into improved long-term clinical outcomes. 

5. Conclusion
In conclusion, this study demonstrates that different scenarios of low temperature plasma treatment have markedly different impacts on the ability of polymicrobial biofilms to form and fibroblast cells to proliferate on titanium surfaces. While both plasma treatments were shown to be highly effective in eliminating biofilms from the surface, only a direct plasma treatment was able to induce beneficial and long-lasting changes to the surface composition and morphology. To unravel the interaction between microbial colonization, cell attachment and the surface characteristics resulting from each plasma treatment the nature of the plasma generated RONS reaching the sample surface was considered. For direct treatments, highly reactive RONS interacting directly with the titanium surface were shown to have localized effects leading to the creation of superhydrophilic characteristics. To demonstrate how plasma technology could be applied in a clinical scenario, a one-step direct plasma treatment was used to simultaneously eliminate biofilm contamination and functionalize the underlying surface, introducing characteristics to prevent recolonization and accelerate recovery. These findings provide a mechanistic understanding of how distinct plasma conditions influence cell-substrate interactions; providing insight in to the interplay between plasma generated RONS, living cells, and the host surface. Such knowledge is essential to aide in the further development of effective plasma-based therapeutic strategies.
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