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Abstract 

Periprosthetic joint infections (PJIs) are a major complication in joint arthroplasty, leading to 

higher mortality, poorer outcomes, and increased failure rates in revision surgeries. Revision 

challenges include patient risk factors, bacterial resistance, and the need for implants that 

combine biological integration with antibacterial effects. The 45S5-bioactive glass (BG), with 

its unique osseointegration and antibacterial properties, shows promise over hydroxyapatite 

(HA), though its high-temperature crystallization limits the appropriate coating technologies. 

Using atmospheric plasma spraying (APS) with controlled thermal exposure, we successfully 

applied coatings of Ti-6Al-4V alloys with either HA or BG, while preserving bioactivity and 

mechanical properties of the BG coating. This study compared HA and BG coated Ti-6AI-4V 

discs in terms of cytocompatibility, effect on biofilm formation and macrophage immune 

response. In doing so, we demonstrated that both coatings showed comparable attachment 

and viability of human bone marrow stromal cells (BMSC). We found a significant reduction in 

biofilm formation of Staphylococcus epidermidis (SE) on the BG coatings, while a pro-

inflammatory macrophage activation by bacterial colonization and biofilm formation was 

preserved. Overall, our study shows that BG exhibits the same properties as HA regarding 

BMSC attachment and survival, whereas it is superior regarding its anti-biofilm characteristics 

further allowing for macrophage immunocompetence against bacterial colonization. 

Therefore, incorporating BG coated implants into revision joint arthroplasty has the potential 

to enhance and advance current coating strategies by providing a multifunctional approach 

that combines osteoconductive and antibacterial properties. 

 

Highlights 

 Atmospheric plasma spraying (APS) enables the successful deposition of 45S5 bioactive 

glass coatings on Ti-6Al-4V alloys 

 45S5 bioactive glass coatings exhibit cytocompatibility with human bone marrow 

stromal cells comparable to that of state-of-the-art hydroxyapatite coatings 

 45S5 bioactive glass coatings significantly reduce Staphylococcus epidermidis biofilm 

formation compared to conventional hydroxyapatite coatings 

 45S5 bioactive glass coatings promote a pro-inflammatory and antibacterial 

macrophage polarization upon Staphylococcus epidermidis colonization 

 45S5 bioactive glass coatings represent a promising multifunctional alternative to 

hydroxyapatite coatings for revision joint arthroplasty  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proofState-of-the-art HA versus multifunctional BG coating 

3 
 

1. Introduction 

Periprosthetic joint infections (PJIs) constitute a major complication of total joint arthroplasty 

surgery [1]. Patients suffering from PJIs show not only a significantly increased one-year 

mortality but also poorer functional outcomes when compared to patients without PJI [2,3]. 

The most common mode of failure in revision arthroplasty are PJIs [4] – registry data shows 

that the risk for re-revision is doubled when the first revision surgery was performed due to 

PJI when compared to aseptic cases [5]. The possible reasons for failure of revision 

arthroplasty in PJIs are as varied as they are multifactorial [2,6]: in addition to the individual 

risk profile of the patients [6,7], factors such as the microbiological profile including bacterial 

resistance [8] or the extent of bone destruction [9] have a considerable influence on the 

results of revision operations. Nevertheless, it is also important to critically question the 

extent to which revision implant systems are capable of coping these complex situations: an 

ideal revision implant would simultaneously anchor biologically and demonstrate local 

antibacterial efficacy. 

In order to achieve these properties, remarkable efforts have been undertaken to 

functionalize implant surfaces following different approaches: (i) metal alloys can be 

structured to aggravate bacterial adhesion, (ii) metal surfaces can be coated or (iii) the metal 

alloys themselves can be doped using antibacterial agents [10-12]. A promising biomaterial 

that can be used to functionalize metal surfaces towards both, osseointegration and 

antibacterial activity is the 45S5-bioactive glass (BG) composition (in wt%: 45.0 SiO2, 24.5 CaO, 

24.5 Na2O, 6.0 P2O5) [13]. BG was introduced in the late 1960s by Professor Larry Hench and 

is available for clinical use in orthopedic procedures for more than two decades [14]. The rapid 

exchange of ions on the BG surface leads eventually to the formation of a carbonated 

hydroxyapatite-layer on the surface – this mechanism, that defines the bioactivity of the 

material, does not only allow for a strong bonding of the BG to surrounding tissues and 

integration into the surrounding bone but also leads to the release of biologically active ions 

such as pro-osteogenic silicon [15,16]. Furthermore, besides its excellent regenerative 

properties in the treatment of bone defects, BG also acts bactericidal against a broad variety 

of bacterial strains [14,17-20]. The combination of these properties is unique and not met by 

other synthetic biomaterials that are used for surface functionalization of implants such as 

hydroxyapatite (HA). 

However, despite these favorable properties, based on the strong initial exchange of ions, BG 

might develop conditions that hamper cell viability at least under in-vitro conditions [21]. 

Furthermore, BG crystallizes when treated with temperatures of around 600°C which 

compromises its bioactivity and mechanical properties [22,23]. To preserve the bioactive 

properties of BG, which rely on the high reactivity of its amorphous structure, crystallization 
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must be avoided. Therefore, when surfaces shall be functionalized with BG, coating protocols 

are needed that prevent prolonged exposure to high processing temperatures. 

Although BG offers the prospect of combined osteogenic and antibacterial functionalization 

of implants, there is no BG coated implant for revision arthroplasty available for clinical 

application whilst HA coated revision implants are frequently used [24,25]. Furthermore, no 

directly comparative data is available comparing HA and BG coatings in terms of 

cytocompatibility, anti-biofilm activity and potential effects on antibacterial immune 

response. Therefore, it remains unknown whether BG could provide advantages over current 

state-of-the-art HA coatings in revision implant systems. 

In this study, Ti-6Al-4V alloy discs were coated with HA or BG using atmospheric plasma 

spraying (APS), followed by morphological characterization. During APS, the glass powder 

particles are injected into a high-temperature plasma flame. During the residence time of the 

glass particles in the flame, they will be accelerated and molten. Furthermore, upon impact 

on the substrate, the molten droplets experience rapid cooling (quenching), preventing 

crystallization and ensuring that the deposited BG remains amorphous [26,27]. Both coatings 

were evaluated for their cytocompatibility using human bone-marrow derived mesenchymal 

stromal cells (BMSCs), Staphylococcus epidermidis (SE) biofilm formation and impact on the 

macrophage immune response against bacterial colonization. The aim of this study was to 

directly compare BG and HA coatings with regard to their ability to combine cytocompatibility, 

anti-biofilm activity and modulation of antibacterial immune responses, and to assess whether 

BG coatings provide a multifunctional advantage over conventional HA coatings for potential 

application in revision arthroplasty. 

 

2. Materials and Methods 

2.1 Coating of Ti-6Al-4V alloy discs with 45S5-BG and HA 

Commercially available 45S5-BG powder (Vitryxx MD01) was purchased from Schott (Mainz, 

Germany). Two powders with different particle sizes were considered, i.e., d90 and d10 values 

for K2: 16 +/- 4 µm and K1: 30 +/- 4 µm (manufacturer information). Test runs for APS indicated 

that K2 was not flowable, whereas K1 was sufficiently flowable for APS. However, it turned 

out that the particle size distributions specified by the manufacturer were inconsistent. Own 

investigations showed that the powder specified by K1 exhibited a different size distribution 

of 62 +/- 6 µm. The used hydroxyapatite powder was delivered by Oerlikon and had a particle 

size of 57 +/- 15 µm. 

As substrate material Ti-6Al-4V alloy discs with a diameter of 15 mm (surface area: 176.7 mm2) 

and a thickness of 3 mm were used. For BG, APS was applied using a current of 420 A, process 
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gases of 46/4 slpm Ar/He and a stand-off distance of 200 mm. 14 spray passes resulted in a 

nominal coating thickness of about 200 µm. For HA, the process was run with a current of 450 

A, 50 slpm Ar as process gas and a stand-off distance of 125 mm. Here, for 12 spray passes 

slightly higher coating thicknesses of about 270 µm resulted. 

2.2 Characterization of microstructure, surface morphology and crystallinity 

Crystallinity of the BG samples was tested using X-ray diffraction (XRD) analysis by means of a 

4-circle-X-ray diffractometer type Seifert PTS, Ahrensburg, Germany and Fe-filtered Cokα – 

radiation. As primary aperture a pin hole collimator with a nominal diameter of ø 1 mm was 

used. On the secondary side a slit with an opening of 0.8° was applied in front of the 

scintillation counter. Diffractograms in the 2-range between 20-150° were recorded with a 

step size of 2 = 0.025°. XRD analyses were carried out at the as-sprayed surface and after 

careful layer removal by mechanical polishing at a depth of 100 µm. In addition to XRD 

analysis, cross sections were taken and materialographically prepared to resolve the 

microstructure of both coating materials by means of light optical microscopy (LOM) and 

scanning electron microscopy (SEM). The SEM images are taken using SEM type Zeiss LEO 

1530, Oberkochem, Germany and a backscattered electron detector at an acceleration voltage 

of 1 kV and a working distance WD of 6.5 mm. Three-dimensional topography was 

qualitatively assessed using a digital microscope (Keyence VHX-5000; KEYENCE DEUTSCHLAND 

GmbH) with color-coded height mapping to visualize surface elevations and depressions. 

Surface roughness of the coatings was measured using a tactile stylus profilometry method 

with an Mahr M2 measurement system (Göttingen, Germany). Roughness parameters Ra and 

Rz were evaluated from the roughness profile (R-profile) after filtering with a robust Gaussian 

filter according to ISO 13565 using a cut-off wavelength of λc = 0.80 mm. Instrumented 

indentation testing was carried out according to DIN ISO 14577 using microhardness testing 

system type Fischerscope HM100 (Fischer, Sindelfingen, Germany) using a maximum test load 

of 1 kN and a Vickers pyramid as indenter. 

2.3 BMSC isolation 

BMSCs were obtained from the bone marrow of patients undergoing elective hip replacement 

surgery. Cells were cultivated in cell culture flasks (Sarstedt, Nümbrecht, Germany) coated 

with 0.1% gelatin (Sigma Aldrich, Steinheim, Germany) using expansion medium (EM), 

consisting of Dulbecco’s modified Eagle’s medium (DMEM) high glucose, 12.5% fetal calf 

serum (FCS), 2 mM L-glutamine, 1% non-essential amino acids (NEAA), 50 µM β-

mercaptoethanol (all Thermo Fisher Scientific, Dreieich, Germany), 100 µg/ml 

penicillin/streptomycin (Sigma-Aldrich) and 4 ng/ml fibroblast growth factor 2 (Active 

Bioscience, Hamburg, Germany) under standard cell culture conditions (37°C and 5% CO2 in a 

humidified atmosphere). Twenty-four hours after isolation medium was exchanged to discard 
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non-adherent cells and thereafter three times per week. BMSCs of 10 donors were pooled to 

compensate inter-individual variations in cell behavior as described previously [28]. Cells were 

passaged at 80% confluency and stored in liquid nitrogen until further use. For the 

experiments, BMSCs in passage 5 were used. Before bone marrow collection written consent 

from all patients was obtained. Harvesting and utilization of BMSCs were approved by the 

responsible ethics committee of the Medical Faculty of the University of Heidelberg (S-

340/2018). 

2.4 Seeding of surfaces with BMSCs, determination of cell viability and number 

For cell culture experiments, non-coated or BG or HA coated Ti-6AI-4V discs were sterilized at 

160°C for 30 min. The discs were pre-treated with DMEM, 10% FCS and 100 µg/ml 

penicillin/streptomycin (cultivation medium, CM) for 24h at 37°C and 5% CO2. Thereafter, 

6x104 BMSCs were seeded on each disc and further cultivation was performed in a 12 well 

plate in CM. BMSCs seeded in the same density on cell culture plastic (CCP) served as controls. 

After 72h, BMSC viability was documented using fluorescein diacetate (FDA; Sigma Aldrich) 

staining. After a washing step with Dulbecco´s Phosphate Buffered Saline (DPBS; Thermo 

Fisher Scientific), the discs were incubated with 6 μM FDA in DPBS for 2 min at 37°C and rinsed 

with DPBS. Immediately thereafter, images were obtained from each disc with a fluorescence 

microscope (Keyence BZ-X810; Keyence, Neu-Isenburg, Germany). Nuclear staining was 

performed with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher) for determination of the 

cell number. BMSCs were fixated with RotiHistofix (Carl Roth, Karlsruhe, Germany) for 20 min 

at room temperature followed by three times washing with DPBS. After permeabilization with 

0.05% Tween 20 (Sigma Aldrich) in DPBS for 5 min and three washing steps with DPBS, nuclei 

were stained with DAPI (1 µg/ml in DPBS) for 5 min. Shortly after staining, four images were 

obtained from each sample with a fluorescence microscope (Keyence BZ-X810; KEYENCE 

DEUTSCHLAND GmbH). Cell nuclei were counted with the CellProfiler software [29] and used 

to calculate the mean count of cells per area. 

2.5 In vitro biofilm formation and preparation of biofilm culture supernatants  

Staphylococcus epidermidis (SE) strain RP62A (DSM 28319), a well-known in vitro biofilm 

producer [30] was used in this study. Bacteria were cultured on Columbia agar plates with 5% 

sheep blood (BD, Germany) and streaked onto fresh agar plates a day before set-up of 

experiment. On the day of experiment, 3 to 5 colonies were transferred into trypticase soy 

bouillon (TSB; BD, Germany) and cultivated under shaking for 3 hours at 37 °C to receive 

growth state bacteria. Bacterial density was measured photometrically (Den-1, Grant 

Instruments, UK) and adjusted to a concentration of 6*105 CFU/ml in DMEM high glucose 

(Anprotec, Germany) supplemented with 10% heat-inactivated fetal calf serum (FCS; 

Biochrom GmbH, Germany). The respective Ti-6Al-4V discs were placed in a 12 well plate and 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proofState-of-the-art HA versus multifunctional BG coating 

7 
 

2 ml of bacteria suspension were added in each well. For the cell culture plastic control (CCP), 

respective bacteria amounts were plated in empty wells. Plates were incubated under static 

conditions for 3 days at 37°C and 5% CO2 with a careful medium exchange every 24 hours. Day 

1 and day 3 media of the biofilm cultures were collected and centrifuged at 4000 rpm for 15 

min at 4°C. Supernatants were then sterile filtered through a 0.2 µm filter and stored at -70°C.  

2.6 Crystal violet staining 

Wells were carefully washed three times with ddH2O to remove non-adherent bacteria. 

Biofilm matrix was stained with 0.1% Crystal Violet (Sigma-Aldrich, Germany, solved in ddH2O) 

for 10 min at RT. After removing the staining solution, wells again were carefully washed three 

times with ddH2O to remove non-bound dye. Wells were dried overnight with lid open under 

a fume hood. Matrix-bound dye was resolved by adding 30% acetic acid solution (Sigma-

Aldrich, Germany) to each well for 10 min at RT. Supernatant was transferred into a 96 well 

plate and absorbance was measured at 540 nm using a CLARIOstar® Plus (BMG Labtech, 

Germany).  

2.7 Lactate detection 

Lactate concentration was measured using an enzyme-based bioluminescent assay according 

to the manufacturer’s protocol (Lactate-Glo™ Assay, Promega GmbH, Germany). 

Supernatants were diluted 1:500 with PBS, a standard curve with defined L-lactate 

concentrations (0 - 200 µM) was included. Samples and standard were incubated with the 

lactate detection reagent for 1 hour at RT and light emission was recorded using a CLARIOstar® 

Plus (BMG Labtech, Germany). 

2.8 Stimulation of macrophages 

The murine macrophage cell line RAW 264.7 (ATCC TIB-71, USA) was cultivated in DMEM high 

glucose supplemented with 10% heat-inactivated FCS and 1% Penicillin/Streptomycin at 37°C 

and 5% CO2. For experiments, cells were transferred into suitable well plate formats and 

stimulated with biofilm supernatants 1 to 4 diluted in fresh culture media. Cell numbers and 

time points were used as follows: for gene expression analysis, 0.5 million cells / ml were 

added into a 48 well plate and stimulated for 8 hours; 2 million cells / ml were added into a 

12 well plate and stimulated for 4 hours for immunoblotting of NF-κB pathway activation. For 

the other read-outs, 2 million cells were transferred into 6 well plates and stimulated for 20 

hours in a total volume of 2 ml. Supernatants were collected and used for detection of lactate 

and cytokine release. 0.5 million cells were used for phagocytosis assay or MHC II and CD86 

surface marker staining, respectively. 1 million cells were used for immunoblotting of STAT1 

and STAT3 pathway activation. 
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2.9 Gene expression analysis 

Total RNA was extracted using the innuPREP RNA Mini Kit 2.0 (AJ Innuscreen GmbH, Germany) 

according to the manufacturer’s protocol. 1 µg of total RNA were transcribed into cDNA using 

the RevertUPTM II cDNA synthesis Kit (Biotechrabbit GmbH, Germany) according to the 

manufacturer’s protocol with a combination of oligo (dT) and hexamer primers. A noRT 

sample (without Reverse Transcriptase) was included. Two microliters of a 1:1 diluted cDNA 

template were transferred into a two-step PCR reaction (StepOnePlus Real-Time PCR Cycler, 

Applied Biosystems, USA) using the 2x qPCRBIO SyGreen Mix Hi-ROX (PCR Biosystems Ltd., 

UK). Specificity of PCR products were controlled by melting curve comparison with noRT and 

water samples. The reference gene Hprt1 was used for normalization and mRNA levels of the 

genes of interest were calculated by the 2-∆Cq method. Primer sequences are listed in Table 1. 

Table 1: List of oligonucleotides used for quantitative RT-PCR analysis. 

Gene RefSeq Forward primer Reverse primer 

Arg1 NM_007482.3 TCACCTGAGCTTTGATGTCG CACCTCCTCTGCTGTCTTCC 

Hprt1 NM_013556.2 GGGGACATAAAAGTTATTGGTGG CATTTTGGGGCTGTACTGCT 

Ifnb NM_010510.1 TGGGAGATGTCCTCAACTGC CCAGGCGTAGCTGTTGTACT 

Il6 NM_031168.2 CCGGAGAGGAGACTTCACAG TTCTGCAAGTGCATCATCGT 

Il10 NM_010548.2 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT 

Irg1 NM_008392.1 CAGCTCTATCGGAAGCCCTG CAGAAACTTGGACGCAGCAG 

Nos2 NM_010927.4 CATGAGCTTGGTGTTTGGGTG TCCGCAAATGTAGAGGTGGC 

Tnfa NM_013693.3 AAAATTCGAGTGACAAGCCTGTAG CCCTTGAAGAGAACCTGGGAGTAG 

Mouse specific primers were designed intron-flanking and included all transcript variants if 

possible and were obtained from biomers.net GmbH, Germany. If more transcript variants are 

present, RefSeq is given for transcript variant 1.  

 

2.10 Phagocytosis assay 

Cells in media were transferred into Eppendorf reaction tubes, 10 µl fluorescence-labeled 

latex beads (Sigma-Aldrich, Germany, 1 to 10 diluted in PBS) were added, mixed and incubated 

for 30 min at 37°C and 5% CO2. Cells were washed twice with cold PBS, resuspended in cold 

PBS and kept on ice until analysis. Bead uptake per cell was measured with the BD FACSCanto™ 

Flow Cytometer (BD Biosciences, USA) and analyzed using the BD FACS Diva software (version 

5.0.3). 
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2.11 FACS 

After washing twice with PBS, cells were resuspended in 100 µl PBS / 2% BSA and 0.2 mg/ml 

of PE anti-MHC II (Invitrogen, USA) and APC anti-CD86 (BioLegend, USA) antibodies were 

added for 1 hour at 4°C. Cells were washed two times with PBS, resuspended in 300 µl PBS 

and analyzed with the BD FACSCanto™ Flow Cytometer. Results were further analyzed using 

the BD FACS Diva software (version 5.0.3). 

2.12 Immunoblotting 

Protein isolation was performed in RIPA lysis buffer (1% v/v NP-40 (IGEPAL® CA-630), 0.25% 

sodium deoxycholate, 50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA pH 8.0, 1 mM Na3VO4) 

containing protease inhibitors (Protease Inhibitor Mix G) and phosphatase inhibitors 

(Phosphatase Inhibitor Mix II, both Serva Electrophoresis GmbH, Germany) for 1 h at 4°C. 10 

µg protein were separated at 120 V using pre-cast gradient 4-20% Tris-glycine gels (anamed 

Elektrophorese GmbH, Germany). Proteins were transferred onto an AmershamTM 

ProtranTM 0.45 µm nitrocellulose membrane (GE Healthcare, UK) in transfer buffer (192 mM 

glycine, 25 mM Tris, 2.6 mM SDS, 0.5 mM Na3VO4, 15% v/v methanol) for 1 h at 2 mA/cm2. 

Blocking occurred in BlueBlock PF (Serva Electrophoresis GmbH, Germany) with 0.5 mM 

Na3VO4 for 30 min at RT, membranes then were incubated with primary antibodies (listed in 

Table 2) in BlueBlock PF + Na3VO4 either over night at 4°C or 4 hours at RT. Protein visualization 

was done after incubation with the respective HRP-linked secondary antibody (1:1000, HRP-

linked goat anti-rabbit IgG, Cell Signaling Technology, USA) for 1 h at RT using ECL substrate 

(WESTAR ETA C ULTRA 2.0, Cyanagen Srl, Italy) and a ChemoStar ECL and Fluorescence Imager 

(Intas Science Imaging Instruments GmbH, Germany).  

Table 2: List of antibodies used for Immunoblotting (Western Blot). 

Protein Source Size (kDa) Dilution Company 

β-Actin rabbit 42 1:1000 Proteintech, USA 

Phospho-NFκB p65 (Ser536) rabbit 65 1:1000 Cell Signaling Technology, USA 

Phospho-STAT1 (Tyr701) rabbit 84, 91 1:1000 Cell Signaling Technology, USA 

Phospho-STAT3 (Tyr705) rabbit 79, 86 1:1000 Cell Signaling Technology, USA 

Antibodies were all recommended for use in mouse and applied according to the 

manufacturer’s advice. Proteins were detected by chemiluminescent luminol reaction after 

incubation with respective HRP-linked secondary antibody and imaged in a ChemoStar ECL 

Imager. 
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2.13 Cytometric bead array (CBA) 

CBA (LEGENDplexTM, BioLegend, USA) was performed according to the manufacturer’s 

protocol. A Mouse Inflammation Panel (Mix and Match Subpanel) including TNF-α, IL-10, IFN-

β and IL-6 beads was used. Centrifuged supernatants were diluted 1:5 with Assay Buffer and 

transferred into a V-bottom plate. A standard was included. After addition of the bead mix to 

the samples, the plate was incubated over night at 4°C in the dark while shaking. After 

washing, samples were incubated with the detection antibody for 1 h at RT, streptavidin-

phycoerythrin (SA-PE) was added and the mixture was further incubated for 30 min at RT with 

shaking. Samples were analyzed using the MACSQuant 10 (Miltenyi Biotech, Germany), and 

cytokine concentrations were calculated with the LEGENDplexTM Data Analysis Software 

(https://legendplex.qognit.com). 

 

2.14 Statistical analyses 

All experiments were performed in three independent replicates (n = 3), each using separately 

prepared coated Ti-6Al-4V discs (non-coated, Ti; hydroxyapatite coated, HA; or 45S5-BG 

coated, BG) and cell culture plastic (CCP), respectively. Due to the multi-step experimental 

setup, including coating preparation, biofilm formation and subsequent macrophage 

stimulation with collected supernatants, a certain degree of variability between replicates is 

expected.. Mean ± standard deviation is shown with single values presented as dots. For 

statistical evaluation, an ordinary one-way analysis of variance (ANOVA) including post-hoc 

multiple comparison testing and Bonferroni correction was performed. A p-value < 0.05 was 

considered statistically significant. Statistical analysis was done with GraphPad Prism for 

Windows (version 9.3.1; GraphPad Software Inc., USA). 
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3. Results 

3.1 Microstructure, surface morphology and crystallinity 

X-ray diffraction analysis on the coated BG samples revealed that the glass coating was entirely 

amorphous. No diffraction lines from crystalline fractions could be resolved (Suppl. Fig. 1, a1 

and a2). 

Figure 1: Morphological analysis of the coatings. (a) HA coating and (b) BG coating. (a1) and 

(b1) show the roughness of the HA and BG coating, respectively. (a2) and (b2) shows their 

three-dimensional surface topography. 

Surface roughness was characterized by the arithmetical mean roughness (Ra, center line 

average) and the mean peak-to-valley height (Rz). Analysis of surface topography revealed 

that HA coated samples exhibited a lower surface roughness, with an Ra of 6.69 ± 0.56 µm 

and an Rz of 34.80 ± 3.26 µm, compared to BG-coated samples, which showed an Ra of 10.25 

± 0.99 µm and an Rz of 51.14 ± 4.89 µm (Fig. 1, a1 and a2). These differences in surface 

morphology were further confirmed by three-dimensional surface mapping, demonstrating 

the increased roughness of the BG coating relative to HA (Fig. 1, b1 and b2). 
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Figure 2: Scanning electron microscopy (SEM) analysis of the coatings. (a) Cross-sectional 

SEM images (BSE contrast – 300 x magnification) of HA coating (a1) and BG coating (a2). The 

microstructure of the coatings with interface to the Ti-6Al-4V disc is shown. (b) SEM images 

(BSE contrast, left: 100 x and right 200 x magnification) showing the surface of the BG coating. 

The SEM-BSD images indicate typical structures for thermally sprayed coatings of BG and HA 

where the deformed splats of individually particles can be resolved. While the HA coating is 

rather compact with no visible pores, the BG coating indicates a rather large porosity (Fig. 2, 

a1 and a2). Using three SEM images with the resolution shown in Figure 2a2, a porosity of 

about 9.72%  1.54% was calculated for the BG coating in average using the image processing 

software ImageJ, while single pores can reach sizes of about 20-30 µm. Top-view SEM images 

of the BG surface revealed predominantly rounded splats without sharp features, which is 

characteristic of APS coatings. In addition, partially unbonded particles were observed (Fig. 2, 

b1 and b2).  Qualitative assessment showed that both coatings were continuous and free of 

chipping. Cross-sectional metallographic analysis further revealed a homogeneous and well-

bonded interface between the coating and the substrate, without visible cracks or 

delamination, indicating strong adhesion (Suppl. Fig. 1, b1 and b2). This is consistent with the 

residual stress measurements, which showed smooth and continuous strain relaxation 
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behavior without any kinks (Suppl. Fig. 1, c1 and c2) indicating the absence of interfacial failure 

during drilling and indirectly confirming good coating adhesion. 

Instrumented hardness testing according to DIN ISO 14577 using a load of 1 kN and a Vickers 

pyramid indenter revealed the characteristic values of Martens hardness (HM), indentation 

modulus (EIT) and the plastic part of the indentation work (plast) for both coatings as listed in 

Table 3. 

Table 3: Characteristic values from instrumented indentation according to DIN ISO 14577, 

average values for 20 indentations for each coating. 

 HM [MPa] EIT [GPa] plast [%] 

HA 1584  345 51  12 77  4 

BG 2220  587 55  10 62  5 

 

3.2 Cytocompatibility of the coatings and BMSC number 

FDA staining revealed viable cells in all groups (Fig. 3a). When qualitatively compared to CCP, 

the cytoplasm of the BMSCs seeded on the coated surfaces appeared to be smaller and the 

cell bodies were stretched while the number and distribution of the nuclei was comparable 

(Fig. 3a). Furthermore, the cell layer on the Ti-6AI-4V surface appeared dense and ordered, 

following possible smaller, circular scratches on the Ti-6AI-4V surface that are most likely a 

result of cutting the Ti-6AI-4V discs from a rod. Cells grown on Ti-6AI-4V and CCP showed 

increased viability compared to cells grown on the HA and BG coated surfaces, respectively 

(Fig. 3b). No differences in cell viability between HA and BG coating were detectable. However, 

the number of cells did not differ between the groups: while there was a relative maximum 

detectable in in the Ti-6AI-4V group, no significant differences were detected (Fig. 3c). Thus, 

both surface coatings show a comparable cytocompatibility. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proofState-of-the-art HA versus multifunctional BG coating 

14 
 

Figure 3: BMSC viability, morphology and number on the different surfaces. (a) Fluorescence 

microscopy shows viable cells and comparable growth patterns for the coatings. (b) shows the 

relative viability in a defined area of 1.5 mm². Significant differences between the groups as 

shown by the brackets are highlighted by (*). (c) shows the cell number in a defined area of 1.5 

mm², no significant differences were detectable.  

 

3.3 BG coating significantly reduced SE biofilm formation compared to HA 

Biofilm formation of the used SE strain significantly increased on non-coated Ti-6Al-4V discs 

(Ø 10 mm) over time and showed a strong matrix deposition after 3 days according to CV 

staining (Fig. 4a+b). Thus, day 3 was used for following evaluation of biofilm formation on the 

different coatings (Fig. 4c-e). As shown in Figure 4d, remarkable differences were observed 

between the differently coated Ti-6Al-4V discs with reduced media acidification as indicated 

by a less pronounced color change toward yellow of the phenol red pH indicator and 

deposition of a slimy biofilm matrix by BG. CV staining further showed that HA exhibited the 
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highest and BG the lowest biofilm mass (Fig. 4c). pH measurements of day 2 supernatants 

further confirmed a higher pH in the BG group (Table 4).  Interestingly, the reduced decrease 

in pH in the BG group was not due to reduced lactate release by the smaller biofilm as lactate 

concentration was even lower in the HA group (Fig. 3e). Suppl. Figure 2a shows background 

staining (for all, OD at 540 nm < 0.2) and basal lactate levels (for all, ca. 2 mM) of the samples 

cultured without SE.  

 

Table 4: pH values of the supernatants at day 2 of SE biofilm cultivation on the different 

coatings. 

 CCP (n=5) Ti (n=3) HA (n=3) BG (n=3) 

pH 5.0 – 5.3 (8.7) 5.3 – 5.8 (8.7) 5.5 – 6.1 (8.7) 8.1 - 8.5 (9.0) 

pH values were measurement using indicator strips as shown in Suppl. Fig. 3. Table shows the 

range of pH of n=5 for CCP or n=3 for Ti, HA and BG, respectively. pH of respective samples 

cultured without SE is stated in brackets. 
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Figure 4: Impact of HA and BG coatings on SE biofilm formation. Biofilm formation of SE strain 

RP62A on CCP, non-coated, HA or BG coated Ti-6Al-4V discs. (a+b) Validation of biofilm 

formation on Ti-6Al-4V discs (diameter: 10 mm) at day 1, 2 and 3 by CV staining (a) and 

quantification (b). (c) CV quantification of biofilms formed after 3 days, corrected for 

background staining of samples without SE. (d) Representative images of biofilm formation at 

day 3: top panels show samples shortly before collecting the supernatants, middle panels show 

samples prior to CV staining, and bottom panels show samples immediately after CV staining. 

(e) Lactate release by day 3 biofilms, corrected for baseline lactate levels of samples without 

SE. 

 

3.4 BG coating allows for immunocompetence against colonization with SE  

Day 1 media of the SE biofilm cultures on the different Ti-6Al-4V discs were collected and 

effects of coatings on macrophage immune activation against bacterial colonization was 

analyzed. All supernatants induced expression of Nos2, the gene encoding for the inducible 

nitric oxide synthase (iNOS) generally used as marker for proinflammatory M1 macrophage 

polarization. Arginase 1 (Arg1) gene expression is associated with a more anti-inflammatory 

M2 macrophage polarization [31]. Interestingly, BG coating further increased Nos2 whilst 
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reducing Arg1 expression indicating a more pro-inflammatory macrophage phenotype (Fig. 

5a) which resulted in an overall more M1 polarized macrophage phenotype in the BG group 

(Fig. 5b). Immune regulatory gene 1 (Irg1) encodes for the aconitate decarboxylase 1 (ACOD1), 

a key regulator of immunometabolism that induces breaks in the tricarboxylic acid (TCA) cycle 

and promotes a metabolic shift toward glycolysis, thereby serving as an indicator of an 

inflammatory response [32]. Irg1 mRNA levels are highly up-regulated upon stimulation with 

all biofilm supernatants in line with increased glycolytic lactate production (Fig. 5c+d). 

Furthermore, increased NF-κB signaling indicated a strong toll-like receptor (TLR) activation 

by all supernatants. Early activation of the STAT3 pathway, however, most likely was related 

to the high levels of biofilm-derived lactate in the supernatants (Fig. 5e). Phagocytotic activity 

as well as major histocompatibility complex II (MHC II) and co-stimulatory molecule CD86 both 

related to antigen presentation were up-regulated upon stimulation with the biofilm 

supernatants and were highest in the HA group (Fig. 5f+g). There is no immune activation 

detectable upon stimulation with the supernatants of the respective samples without SE 

(Suppl. Figure 1b-f).  

 

Figure 5: Impact of HA and BG coatings on macrophage activation by bacterial colonization. 

RAW 264.7 macrophages were stimulated with day 1 supernatants from SE biofilms grown on 

non-coated, HA or BG coated Ti-6Al-4V discs. (a–c) Gene expression of M1 marker Nos2, M2 

marker Arg1, and immunometabolism regulator Irg1 after 8 h, normalized to the reference 

gene Hprt1 and the unstimulated control; (b) Nos2/Arg1 ratio as indicator of macrophage 

polarization. (d) Lactate levels in macrophage supernatants after 20 h. (e) Activation of NF-κB 
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and STAT3 signaling after 4 h (Western blot; β-actin as loading control). (f,g) Phagocytotic 

activity and surface expression of MHC II and CD86 after 20 h, normalized to the unstimulated 

control. 

 

We further investigated cytokine production by the macrophages upon stimulation with 

media of day 1 SE biofilm cultures on the differently coated Ti-6Al-4V discs (Fig. 6). While so, 

we found TNF-α and IL-10 being up-regulated by all supernatants compared to the 

unstimulated control. TNF-α release was most pronounced in both, the HA and BG coating 

group, whereas IL-10 concentration was highest in the HA group (Fig. 6a+b). Ultimately, this 

leads to a pro-inflammatory M1 macrophage polarization which was slightly increased in the 

BG group compared to HA (Fig. 6c). Like TNF-α and IL-10, also the cytokines IL-6 and IFN-β 

were induced by all SE biofilm supernatants (Fig. 6d+e). Interestingly, for both cytokines, 

concentrations were highest in the HA group whereas BG showed similar results than non-

coated Ti-6Al-4V discs or cell culture plastic (Fig. 6e).  In line with this, subsequent STAT 

signaling was activated by all supernatants with strongest activation again detected in the HA 

group (Fig. 6f). The strong macrophage activation observed in the HA group appeared to 

correlate with the higher biofilm mass and therefore was most likely related to the increased 

bacterial load. No differences were seen for TNF-α, IL-6 or IFN-β upon stimulation with 

supernatants cultivated with the differently coated Ti-6Al-4V discs or CCP without SE (Suppl. 

Fig.1g-i). However, an increase in IL-10 concentration could be detected for all Ti-6Al-4V discs 

(Ti, HA and BG) with highest amount found for BG (Suppl. Fig. 1g). 

 

Figure 6: Impact of HA and BG coatings on macrophage cytokine response to bacterial 

colonization. RAW 264.7 macrophages were stimulated with day 1 supernatants from SE 
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biofilms grown on non-coated, HA or BG coated Ti-6Al-4V discs. (a,d) Gene expression of pro- 

and anti-inflammatory cytokines (Tnfa, Il10, Il6, Ifnb) after 8 h, normalized to the reference 

gene Hprt1 and the unstimulated control. (b,e) Cytokine release (TNF-α, IL-10, IL-6, IFN-β) in 

macrophage supernatants after 20 h quantified by LEGENDplex™. (c) Macrophage polarization 

indicated by TNF-α/IL-10 ratio. (f) Activation of STAT1 and STAT3 signaling after 20 h (Western 

blot; β-actin as loading control). 

 

In order to evaluate the impact of the differently coated Ti-6Al-4V discs on immune activation 

against formed SE biofilms, we further investigated macrophage gene expression upon 

stimulation with supernatants of day 3 SE biofilm cultivated on the different surfaces (Fig. 7). 

Expression of Nos2 was still highest and Arg1 lowest induced by the environment of biofilms 

grown on BG (Fig. 7a), maintaining a more pronounced M1 polarization in the BG group (Fig. 

7b). mRNA levels of the cytokines Tnfa, Il10, Il6 and Ifnb equalized between the different 

groups (Fig. 7b+c). 

 

Figure 7: Impact of HA and BG coatings on macrophage immune response to SE biofilms. 

RAW 264.7 macrophages were stimulated with day 3 supernatants from SE biofilms grown on 

non-coated, HA or BG coated Ti-6Al-4V discs. (a-d) Gene expression of M1 marker Nos2, M2 
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marker Arg1, and cytokines (Tnfa, Il10, Il6, Ifnb) after 8 h, normalized to the reference gene 

Hprt1 and the unstimulated control; (b) Nos2/Arg1 ratio as indicator of macrophage 

polarization.  

 

4. Discussion 

One of the most common cause of failure for revision arthroplasty is infection – when infection 

was the reason for revision surgery of hip joints, the 5-years survival rate was with 67% 

significantly worse when compared to a 5-years success rate of 84.4% in patients with aseptic 

loosening as reason for revision [4]. To overcome this, the functionalization of implant 

surfaces that addresses both, improved osseointegration and antibacterial activity, are under 

current investigation. 45S5-BG is well known for its osteoconductive properties and frequently 

used as a bone graft material in orthopedic surgeries with promising results [13,14]. 

Furthermore, 45S5-BG was shown to assess antimicrobial activity against a broad range of 

bacteria strains including staphylococci species [33,34]. However, most studies to date have 

used bioactive glass in particulate form, comparing the effects of particle size or different glass 

compositions on biological outcomes. In this study, we employed an APS process, which 

allowed the fabrication of clinically applicable 45S5-BG coating and a direct comparison with 

state-of-the-art HA coating. Through APS, the powdered material is injected into the plasma 

jet at high speed, while the extreme heat melts the particles as they move toward the 

substrate. Once they reach the surface, the molten particles instantly flatten and solidify, 

forming thin layers known as splats. By this, APS results in rather dense coatings with a strong 

mechanical bond between the coating and the substrate, promoting adhesion [35]. The 

metallographic investigations of our samples suggest that both coating systems (HA and BG) 

exhibit good adhesion to the substrate. The microstructures deposited within the project are 

typical for thermally sprayed HA coatings. The SEM images show the characteristic splat 

structure that forms during deposition and the HA layers can be described as having an almost 

pore-free structure. When selecting the coating parameters, it is important to ensure that the 

BG does not crystallize, as this would negatively affect its bioactive properties. This could be 

ruled out in the study presented here; XRD revealed that the layers are amorphous. However, 

with the process parameters used, APS results in an average porosity of slightly less than 10%, 

with pore sizes that can individually reach 20-30 µm which is in the range reported by others 

[27,36]. In line with the study by Garrido et al. 2025, roughness indicated by Ra and Rz was 

higher for 45S5-BG than HA coatings. Furthermore, the indentation-derived mechanical 

properties (HM, EIT and ηplast) determined in this study fall within the expected range for 

plasma-sprayed HA and BG coatings.  
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We evaluated the effect of the BG coating on attachment and survival of BMSCs as well as SE 

biofilm formation and macrophage activation by bacterial colonization. To our knowledge, this 

is the first study investigating these critical aspects in direct comparison to HA coated Ti-6Al-

4V alloys. Our data show that viability and numbers of attached BMSCs were the same 

between both coatings and thus were not negatively affected by the BG. Remarkably, biofilm 

formation was significantly reduced on BG coated Ti-6Al-4V discs compared to HA and CCP 

and still slightly less than plain Ti-6Al-4V. Furthermore, acidification of the environment by 

biofilm formation was less with BG coating, which was independent of biofilm derived lactate 

levels. In addition, we evaluated macrophage activation upon stimulation with the different 

SE biofilm supernatants and found that BG coating allowed for a strong pro-inflammatory M1 

polarized macrophage immune response against bacterial colonization and biofilm formation. 

All required pathways for antigen presentation and subsequent T cell activation were similarly 

induced in the BG environment together with a robust production of infection-associated 

cytokines.  

45S5-BG is well known to support the survival of MSCs from various sources and to promote 

their osteogenic differentiation capacity [37-40]. In line with these reports, we observed viable 

cells and sufficient cell numbers on the BG coated Ti-6Al-4V surfaces, comparable to the 

clinically established HA coating. Although cell density and apparent cell size were reduced 

compared to CCP and plain Ti-6Al-4V, this does not necessarily indicate impaired 

cytocompatibility but rather reflects the distinct surface properties of the coatings. In contrast 

to the flat control surfaces, BG and HA coatings exhibit pronounced micro- and nano-scale 

topography, which affects cell adhesion, spreading and cytoskeletal organization. Therefore, 

the altered BMSC morphology and reduced spreading area likely result from topography-

driven cell–material interactions and reflect a more in vivo–like cell shape typical of rough and 

microtextured implant surfaces [41,42]. Overall, our BG coating support host cell survival and 

induce morphology changes comparable to clinically established HA. 

However, while HA is well established for its biocompatibility, it lacks intrinsic antibacterial 

functionality. This highlights the need for advanced implant surfaces that not only maintain 

favorable host cell interactions but also actively prevent bacterial colonization. In this context, 

a recent study has emphasized the development of a dual-functional implant surfaces that 

simultaneously promote osseointegration and inhibit bacterial colonization [43]. The BG 

coating investigated in the present study may provide a comparable dual functionality, linking 

favorable cell compatibility with antibacterial effects. Consistent with this concept, biofilm 

formation was significantly reduced on BG compared to HA, while host cell attachment was 

not impaired. Among all surfaces, the HA coating exhibited the highest biofilm biomass, 

consistent with a previous report demonstrating enhanced Staphylococcus aureus adhesion 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proofState-of-the-art HA versus multifunctional BG coating 

22 
 

to HA coated relative to uncoated titanium implants [44]. The biofilm-suppressive properties 

of 45S5-BG and its derivative S53P4 have been described previously [33,45-47], and our data 

support these findings, with the BG coating showing the lowest biofilm formation. Notably, 

whereas prior studies predominantly investigated the effects of BG particles added to biofilms 

growing on different materials, our study assessed biofilm formation directly on the coated 

BG surface, which, to our knowledge, has not been reported before. In addition, biofilm 

formation was evaluated under physiologically relevant conditions containing cell culture 

medium supplemented with serum rather than bacterial broth. The mechanisms underlying 

the observed effects remain to be elucidated; however, local pH elevation and surface-

topography-mediated bacterial cell wall damage have been proposed as potential 

contributing factors [19,48]. As the BG splats exhibited a smooth and rounded morphology 

without sharp features, a mechanically induced bactericidal effect—such as membrane 

rupture caused by nanoscale surface protrusions (e.g., nanopillars on dragonfly wings [49])—

appears unlikely. Despite the higher surface roughness of BG (Ra ≈ 10) compared to HA (Ra ≈ 

7), bacterial attachment and biofilm formation were reduced on BG, indicating that roughness 

alone does not explain the observed differences. Both HA and BG are generally hydrophilic 

due to the presence of surface hydroxyl groups, and the higher roughness of BG may further 

enhance its hydrophilicity, consistent with the Wenzel model. As SE preferentially adheres to 

more hydrophobic surfaces via nonspecific physicochemical interactions [50,51], the 

hydrophilic character of BG may limit initial bacterial attachment. However, as experiments 

were performed in the presence of FCS, which forms a protein conditioning layer, the 

influence of intrinsic surface properties may be partially masked. Instead, the reduction in 

biofilm formation is more plausibly attributed to chemical effects. The initial release of alkaline 

ions from 45S5 bioactive glass, particularly Na⁺, can lead to local alkalization via ion exchange 

processes [21]. Elevated pH levels are known to suppress bacterial adhesion and biofilm 

formation in both SE and the additionally clinically important pathogen Staphylococcus aureus 

[52]. Accordingly, the observed shift in pH from approximately 6 (HA) to 8.5 (BG) is likely to be 

a key factor contributing to the reduced biofilm formation. 

However, such ion-mediated changes in the local microenvironment may not only affect 

bacterial viability but also influence host cell behavior and impact cellular responses. Recent 

studies suggest that careful tuning of ion release and pH levels is essential to balance host cell 

compatibility [53]. Beyond pH effects, specific ions have also been reported to actively 

regulate immune responses. For instance, metal ions such as Mn can modulate macrophage 

polarization and promote osteogenic processes by activating relevant signaling pathways [54], 

highlighting the broader role of ion-mediated immunomodulation in tissue regeneration and 

antibacterial defense. Bioactive glass has been reported to be less immunogenic under sterile, 

non-inflammatory conditions, which is consistent with our observations in bacterial-free 
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control samples, while modulating macrophage activation upon inflammatory stimulation. In 

particular, exposure to 45S5-BG has been shown to reduce the production of the pro-

inflammatory cytokines TNF-α and IL-6 while increasing anti-inflammatory IL-10 in human 

macrophages following LPS challenge [55]. In line with these findings, a recent study 

demonstrated that the 45S5-BG derivative S53P4 reverses the suppressive effect of LPS on 

oxidative phosphorylation in RAW 264.7 macrophages and promotes a more anti-

inflammatory polarization, characterized by reduced Il1b and Il6 expression, decreased IRF 

and NF-κB pathway activation, and diminished nitric oxide release [56]. Importantly, these 

effects were mainly mediated by changes in the extracellular environment rather than direct 

cell–material contact, indicating that ion release and pH modulation contribute to the 

immunomodulatory properties of bioactive glass. To exclude potential adverse effects of our 

BG coating on antibacterial macrophage activation, we examined the macrophage immune 

response induced by supernatants from SE biofilms formed on the respective coatings. For all 

samples we detected a pro-inflammatory macrophage signature upon stimulation with SE 

biofilm supernatants compared to non-stimulated control cells which is in line with data from 

a previous study [57]. Remarkably, supernatants derived from SE biofilms grown on BG coated 

surfaces induced a more pronounced M1-polarized macrophage phenotype, as indicated by 

increased Nos2 and decreased Arg1 expression levels together with elevated TNF-α 

production. From a functional perspective, M1-polarized macrophages are strongly associated 

with enhanced antibacterial activity, including the production of reactive oxygen and nitrogen 

species, pro-inflammatory cytokines and increased phagocytic capacity [58,59], all of which 

are critical for effective biofilm disruption and bacterial clearance. In contrast, M2 polarization 

has been linked to impaired bacterial clearance and biofilm persistence, as it is primarily 

associated with tissue remodeling and anti-inflammatory responses [60-62]. In this context, 

the activation of NF-κB and STAT signaling pathways plays a central role in regulating 

macrophage polarization and antibacterial immunity. NF-κB is a key driver of pro-

inflammatory gene expression and M1 activation [63], while STAT3, acting as the principal 

effector of IL-10 signaling, counteracts NF-κB-driven inflammation and fine-tunes the balance 

between pro- and anti-inflammatory responses [64]. The enhanced M1 polarization observed 

in our study therefore suggests that BG-associated environmental changes support signaling 

pathways that favor antibacterial immune activation rather than suppressing it. In contrast to 

the previous reports describing suppressive effects of bioactive glass on macrophage pro-

inflammatory activation following LPS stimulation, no attenuation of antibacterial immune 

activation was observed under biofilm-associated conditions in our study. . These findings 

therefore suggest that BG coatings not only suppress biofilm formation directly but also 

preserve, and potentially support, host antibacterial immune responses, highlighting their 

promise for application in infection-prone revision arthroplasty. 
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A limitation of the present study is the use of the murine macrophage cell line RAW 264.7 to 

assess the effects of the coatings on antibacterial immune responses. While this model is 

widely used and suitable for studying macrophage activation in bacterial environments, future 

studies employing primary or human immune cells will be required to further support the 

translational relevance of these findings. In addition, biofilm formation was assessed using the 

well-established biofilm-forming Staphylococcus epidermidis strain RP62A; although our 

results are highly promising, investigations including additional clinically relevant strains such 

as Staphylococcus aureus are needed to confirm the general applicability of the observed 

effects. Furthermore, macrophage activation was evaluated using biofilm-derived 

supernatants rather than direct cell–material–bacteria interaction models, which may not 

fully capture the complexity of in vivo conditions. Finally, the underlying mechanisms 

responsible for the observed reduction in biofilm formation by BG could not be fully elucidated 

within the scope of this study and likely involve a combination of ion release, local pH changes 

and surface-related features. In addition, long-term performance aspects, including coating 

durability under mechanical loading, ion release stability and maintenance of anti-bacterial 

activity under physiological conditions, were not addressed and require further investigation 

to support clinical translation. 

 

5. Conclusions 

To date, no bioactive glass coated implants are clinically available for revision arthroplasty, a 

procedure associated with a high risk of infection. In this study, 45S5-BG coatings on Ti-6Al-4V 

alloys demonstrated a significant reduction in biofilm formation of Staphylococcus epidermidis 

compared to state-of-the-art HA, accompanied by an increase in local pH, while maintaining 

comparable host cell viability and morphology. Importantly, BG coatings preserved 

antibacterial macrophage activation and promoted a more pronounced M1-like phenotype 

under biofilm-associated conditions, suggesting that antibacterial immune defense is not 

impaired. Together, these findings indicate that BG coatings achieve a favorable balance 

between cytocompatibility and antibacterial performance. While the translational potential 

of these findings is promising, further validation is required, including in vivo studies and 

investigations under clinically relevant conditions.  

Overall, our findings highlight the potential of 45S5-BG coatings as a multifunctional surface 

modification strategy that, in contrast to conventional HA coatings, not only supports host cell 

compatibility but also actively contributes to antibacterial defense. This dual functionality 

represents a promising approach for improving implant performance in infection-prone 

revision arthroplasty. 
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Highlights 

 Atmospheric plasma spraying (APS) enables the successful deposition of 45S5 bioactive glass 

coatings on Ti-6Al-4V alloys 

 45S5 bioactive glass coatings exhibit cytocompatibility with human bone marrow stromal cells 

comparable to that of state-of-the-art hydroxyapatite coatings 

 45S5 bioactive glass coatings significantly reduce Staphylococcus epidermidis biofilm 

formation compared to conventional hydroxyapatite coatings 

 45S5 bioactive glass coatings promote a pro-inflammatory and antibacterial macrophage 

polarization upon Staphylococcus epidermidis colonization 

 45S5 bioactive glass coatings represent a promising multifunctional alternative to 

hydroxyapatite coatings for revision joint arthroplasty 


