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surgeries of infected implants.[1] During 
insertion of a medical device, bacteria 
may contaminate its surface and form a 
biofilm causing infection.[2] The admin-
istered antibiotics often cannot penetrate 
the biofilm and thus the only possibility 
left is to remove the implant and re-insert 
it. A successful bone implant should not 
only exert antibacterial properties, but 
also promote the integration with the host 
bone tissue (osseointegration[3]). Ideally, 
growth and differentiation factors initiate 
biological events which lead to new bone 
formation around the implant.[3] Without 
this bond to the bone, aseptic loosening 
can occur which leads to the failure of 
the implant. Ti implants exert already an 
improved biocompatibility compared to  
other metals due to the oxide layer which 
attracts fibroblasts and other vital cells for 
bone growth. However, there is still a need 
for superior materials since as of today 
around 10% of all implants fail.[4] This 
causes, in addition to huge financial costs 
to the healthcare system, significant psy-
chological burden to the patients.[5]

Currently, these challenges are often 
tackled with various implant coatings. Metals and oxides 
are usually used to prevent early biofilm formation.[4] The 
osseointegration is usually attempted to be enhanced with 
bioactive glasses and calcium phosphate coatings.[6] Upon  
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1. Introduction

The increasing antimicrobial resistance to antibiotics and the 
ability of many microbes to form a biofilm may cause revision 
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contact with biological fluids, those coatings can release ions, 
forming a hydroxyapatite (HA) layer on the implant’s sur-
face.[7] The HA chemical composition is very similar to the 
host bone tissue and thus promotes the osseointegration.  
Although coatings with antimicrobial and osseointegration 
properties have been investigated individually,[8,9] there are still 
several uncertainties when combining materials with these 
properties in the same coating. For example, most of those 
studies only benchmark their antibacterial properties with 
planktonic bacteria instead of biofilms, without demonstrating 
the potential application of such coatings on clinically relevant 
implant geometries.[10–12] Moreover, most nanomanufacture 
processes are not suitable for the large-scale production of such 
coatings which is important for their clinical translation.

Here, we produced multifunctional nanostructured coatings 
by flame aerosol nanoparticle direct deposition followed by in 
situ flame annealing on Ti substrates. With this scalable and 
reproducible nanomanufacture process, it is possible to fabri-
cate homogeneous and multicomponent nanoparticle coatings 
on substrates with high control over nanoparticle size, coating 
thickness and composition. The coating consists of nanostruc-
tured BG and Ag nanoparticles (stated as xAgBG where x cor-
responds to the nominal Ag-content in wt% from 0 to 50 wt%). 
We performed a detailed characterization of the physicochem-
ical and morphological properties of the as-deposited nano-
structured coatings, and studied their antibiofilm activity in 
vitro against S. aureus, a prevalent pathogen found in implant 
infections.[13] Furthermore, the mechanical adhesion of the 
developed coatings was examined, and the bioactivity of the 
coatings was assessed by incubating the different samples with 
SBF. The formation of HA was analyzed with a scanning elec-
tron microscope (SEM), Fourier transform infrared spectros-
copy (FTIR), and ion release kinetics. Moreover, their in vitro 
biocompatibility and proliferation was investigated, together 
with their osteogenic potential.

2. Experimental Section

2.1. Nanoparticle Coating Synthesis and Characterization

AgBG nanoparticles on Ti substrates (5  mm  ×  5  mm, Good-
fellow) were deposited and the corresponding powder on a 
glass fiber filter (AlbetLabScience) with the aid of a vacuum 
pump (Busch) was collected. The liquid precursor consisted 
of the following complex stoichiometric concentrations: three 
final Ag contents (10, 20, and 50 wt%) were prepared with Ag 
acetate (Sigma, 99%) and mixed with 0.3 m of BG. This glass-
composition was achieved with appropriate amounts of sodium 
2-ethylhexanoic acid (2-EHA) (Sigma, 97%) calcium acetate 
hydrate (Sigma, ≥99%), hexamethyldisiloxane (Sigma, ≥98.5%) 
and tributyl phosphate (Sigma, ≥99%) dissolved in 2-EHA 
(Sigma, >99%) together with acetonitrile (Sigma, >99.8%,) and 
propionic acid (Sigma, ≥99.5%) at a final ratio 2:1:1.

This solution was then fed through a capillary with a syringe 
pump at a flow rate of 3 mL min−1 (New Era Pump Systems, Inc.) 
and out of 100  mL syringes (SGE Analytical Science) and was 
dispersed with 8 L min−1 flow rate of oxygen (>99.5%, AGA Gas 
AB) (EL-FLOW Select, Bronkhorst Ruurlo). A support flame of 

methane (1.5 L min−1 flow rate) and oxygen (3.2 L min−1 flow rate) 
ignited the fine mist (both gases >99.5%, AGA Gas AB). The Ti 
substrates were fixated onto a water-cooled holder over the nozzle 
at a distance of 10 cm. The deposition time was set to 120 s. Imme-
diately after the deposition, all nanoparticle coatings were in situ 
annealed using an ethanol flame at distance 11 cm for 20 s.[14]

For particle characterization, transmission electron micros-
copy (TEM) was performed with a 120  kV LaB6 microscope 
Talos 120C G2 and a Ceta-D detector (Karolinska Institutet, 
3D-EM facility). For preparation appropriate amounts of nano-
powders were dispersed in ethanol with a sonicator. A droplet 
was then put on a copper grid and dried overnight before 
imaging. X-ray diffraction (XRD, Rigaku MiniFlex 600) deter-
mined the crystal structure of the as deposited coatings (since 
Ti shows a very distinct background pattern, the nanoparticles 
were deposited on Si substrates). The film morphology was 
evaluated with a scanning electron microscopy (SEM, Phenom 
Pharos, Thermo Fisher, and Gemini Ultra 55, Zeiss) The Ag+ 
ion release in water (MiliQ) was measured with a sensitive elec-
trode (Mettler & Toledo).

2.2. In Vitro Bioactivity

Two different nanosilver contents (x  =  0 and 20  wt%) were 
immersed in SBF to investigate the ability to form a HA layer 
after certain time points. The 20AgBg was chosen due to its 
antibiofilm activity while keeping the Ag-content minimal. 
At 1, 3, 6, and 24  h the samples were taken out and gently 
rinsed with water. After a drying step all of them were exam-
ined with the SEM and FTIR (FTIR, ThermoFisher). In an 
additional step, the corresponding supernatant was filtered 
and diluted in nitric acid HNO3 (1%) to measure the Ag, cal-
cium, sodium, phosphorous and Si concentration with cou-
pled plasma optical emission spectroscopy (ICP-OES, Avio 
200, PerkinElmer).

2.3. Coating Adhesion Strength Evaluation

With a texture analyzer (TA) (Stable Micrometrics, UK) and a 
customized facet, the adhesion strength of the coating with the 
Ti substrate was measured. Samples without an annealing step 
(heat treatment) were compared to annealed ones. The 0AgBG 
was placed on a double-sided adhesive tape on the bottom 
pillar. After that the machine pushed a second pillar with an 
additional adhesive tape down and measured the force required 
to pull both apart. This force (or a translated weight) is the crit-
ical adhesion strength.

2.4. Antibiofilm Activity Against S. aureus

S. aureus (ATCC 25 923) was grown in tryptic soy broth (TSB) 
medium at 37  °C overnight and subsequently diluted to an 
optical density (OD) of 0.001 at 600  nm. This corresponds to 
around 8 × 105 bacteria. The four different samples were steri-
lized in an oven at 210  °C (Carbolite, Gero) and placed into a 
48-well plate. Then an established biofilm growth protocol was 
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applied to incubate the samples together with the bacteria and 
assess their inhibition potential.[15]

2.5. In Vitro Biocompatibility of the Powders

All corresponding nanopowders were tested with the fibro-
blastic cell line L929 (ECACC General Collection, UK). 
Each sample consisted of a powder containing a progressive 
amount of Ag, expressed as a percentage by weight: (x  =  0, 
10, 20, and 50). The powders were sterilized at 200  °C for 
3  h and dissolved in high-glucose DMEM medium (Gibco, 
USA) supplemented with 2 mm glutamine, 10% fetal bovine 
serum (FBS) (Sigma, USA) and 1% penicillin and strepto-
mycin (pen-strep) (Gibco, USA). To help with the solubiliza-
tion, the solution was sonicated for 1  h. Two concentrations 
for each sample were obtained, namely: 12.5 and 25 µg mL−1. 
The two solutions were used to seed 5000 cells in each well 
of two separate 96-well plates (one for each concentration). 
Each group contained 6 repetitions. The cells were incubated 
in a sterile incubator at 37  °C with 5% of CO2. After 48  h, 
the cell viability was quantitatively assessed using the resa-
zurin-based metabolic assay AlamarBlue HS (Thermo Fisher, 
USA). Fluorescence measurements were obtained three 
times with a plate reader (CLARIOstar Plus, BMG Labtech, 
Germany) using an excitation wavelength of 560 nm and an 
emission wavelength of 590  nm and averaged. Three inde-
pendent experiments were performed with the same setup 
and averaged.

2.6. In Vitro Biocompatibility of the Coatings

Pre-Osteoblastic Cell Culture Maintenance and Cell Seeding: Pre-
osteoblastic cells MC3T3-E1 derived from the murine calvaria, 
were cultured in alpha-MEM minimum essential media (PAN 
Biotech, Germany), supplemented with 10% FBS (PAN Bio-
tech, Germany), 100  units  mL−1 of pen-strep, 100  mg  mL−1 
of streptomycin (PAN Biotech, Germany), 1% amphotericin 
(Gibco, USA). Cells between passages 8 to 10 were used for the 
experiments. Prior to cell seeding, the samples were immersed 
in culture media for 24 h to promote an Ag+ ion burst release 
that is expected to affect the cell viability. The cell-loaded sam-
ples were maintained in a humidified atmosphere under 5% 
CO2 at 37 °C and the culture media were changed twice a week. 
Tissue culture treated polystyrene (TCPS) was used as control 
surface.

Cell Viability and Proliferation Assay: The viability and prolifer-
ation of MC3T3-E1 pre-osteoblasts cultured in direct contact to 
the AgBG coated titanium samples was quantitatively assessed 
using the resazurin-based metabolic assay PrestoBlue (Invit-
rogen, USA) as previously described.[16] Briefly, the coatings 
were placed into 48-well plates and each sample was seeded 
with 104 cells. At each experimental time point of 3, 7, and 
14 days of culture, the PrestoBlue reagent was added directly to 
the wells at a 1:10 dilution in culture medium and incubated at 
37 °C for 60 min, before measuring the absorbance at 570 and 
600  nm in a spectrophotometer (Synergy HT, Biotek, USA).  
The metabolic activity of living cells was correlated with the cell 

number by means of a calibration curve. All samples were ana-
lyzed in triplicates.
Cell Adhesion and Morphology Evaluation Via SEM: The adhesion 
and morphology of MC3T3-E1 pre-osteoblasts in direct contact 
with the coated samples was observed using SEM (JEOL JSM-
6390 LV) after 14 days in culture. Seeded scaffolds with 104 cells 
per sample were placed in a CO2 incubator at 37 °C for 14 days 
and then were removed from the incubator and rinsed three 
times with phosphate-buffered saline (PBS), fixed with 4% v/v 
paraformaldehyde for 20  min and dehydrated in increasing 
concentrations (30–100%  v/v) of ethanol. The scaffolds were 
then dried in a critical point drier (Baltec CPD 030), sputter-
coated with a 20 nm thick layer of gold (Baltec SCD 050) and 
observed under SEM at an accelerating voltage of 15 kV.

2.7. In Vitro Evaluation of Osteogenic Potential of the Coatings

Alkaline Phosphatase (ALP) Activity Measurement: An enzymatic 
activity assay was used to measure the levels of alkaline phos-
phatase activity expressed from the MC3T3-E1 cells cultured on 
the presence of the AgBG-coated Ti samples. Cells were cultured 
for 7, 14, 17, and 21 days in osteogenic medium, harvested at each 
time interval by trypsin-EDTA and collected by centrifugation. 
Pellets were dissolved in 100  µL lysis buffer (0.1% Triton X-100 
in 50 mm Tris-HCl pH 10.5) and were subjected to two freeze-
thaw cycles from −80 °C to room temperature. Then, 100 µL of 
a 2 mg mL−1 p-nitrophenyl phosphate (pNPP, Sigma, St. Louis, 
MO, USA) substrate in 50  mm Tris-HCl at pH 10 with 2  mm 
MgCl2 were added to each sample and incubated at 37  °C for 
60 min. The reaction was stopped with the addition of 50 µL 1 N 
NaOH. The absorbance was measured using a Synergy HTX 
plate reader (BioTek, Winooski, VT, USA) at 405 nm and was cor-
related to equivalent amounts of para-nitrophenol using a cali-
bration curve.[17] The enzymatic activity was calculated using the 
equation [units = nmol p-nitrophenol min−1] and normalized by 
the total protein. All samples were analyzed in triplicates.

Calcium Concentration Determination: Calcium deposition is 
a late marker for osteogenesis, signaling the formation of extra-
cellular matrix (ECM) in bone tissue. The calcium using the 
O-cresol phthalein complexone (CPC) method was quantified. 
Supernatants were collected every 3 days up to day 21. 10  µL 
culture medium from each sample was mixed with 100  mL 
of calcium buffer (containing 1.7  mol  L−1 amino-2-methyl-
2-propanol-1 and 210  mmol  L−1 hydrochloric acid) and 100  µL 
of calcium dye (containing 78  µmol  L−1 O-cresol phthalein 
complexone (CPC), 3.36  mmol  L−1 hydroxy-8-quinoline and 
25 mmol L−1 hydrochloric acid). The final solutions were trans-
ferred in a 96-well plate and the absorbance was measured at 
550  nm.[18] The absorbance measurements were correlated 
to the concentration of calcium using a calibration curve and 
normalized by the total protein. All samples were analyzed in 
triplicates.

Determination of the Produced Extracellular Collagen: The 
Sirius Red Dye assay (Direct red 80, Sigma-Aldrich, St. Louis, 
MO, USA) was used to measure total collagen levels secreted 
from the pre-osteoblastic cells in the culture medium. Briefly, 
at each time point, 25  µL of culture medium diluted in dd 
H2O at a total volume of 100  µL and then mixed with 1  mL 
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0.1% Sirius Red Dye and incubated for 30  min at room tem-
perature. After centrifugation of the samples at 15  000  g for 
15  min, the pellets were washed with 0.1  N HCl in order to 
remove the non-bound dye. The samples were finally cen-
trifuged at 15 000 g for 15 min and were dissolved in 500 µL 
0.5 N NaOH. The absorbance was measured using a Synergy 
HTX plate reader at 530 nm.[19] The absorbance measurements 
were correlated to the concentration of collagen type I using a 
calibration curve and normalized by the total protein. All sam-
ples were analyzed in triplicates.

Statistical Analysis: The statistical analysis was performed 
in GraphPad Prism 9 (La Jolla, USA) using two-way ANOVA 
comparing the AgBG coatings to the control (pure Ti). For the 
in vitro cytotoxicity studies, the experimental data was analyzed 
using two-way ANOVA followed by Dunnett’s multiple com-
parisons test between groups. The symbols designate as fol-
lows unless stated otherwise for an individual figure: *p < 0.05, 
**p  <  0.01, n.s.  =  statistically non-significant difference com-
pared to the pure Ti control surface.

3. Results and Discussion

3.1. Physicochemical and Morphological Characterization 
of the Coatings

FSP of a liquid precursor solution allows for nanoparticle 
production and deposition as a coating in a single step.[20] Ti 
substrates were herein coated with nanostructured films in 
this way, resulting in coatings consisting of composite xAgBG 
(Ag-content x = 0–50 wt%) nanoparticles, which were annealed 
in situ to increase the adhesion, cohesion, and structural sta-
bility.[14] Figure 1a shows an illustration of the FSP set-up with 
the direct deposition of the freshly formed nanoparticles as a 
coating on a water-cooled substrates through thermophoresis. 
Figure  1b shows images of all four samples with varying Ag-
content (the three middle substrates among pure Ti substrates). 
As the Ag-content increases from 10 to 50  wt% the color 
changes from yellow to dark brown due to the plasmonic prop-
erties of nanosilver.[15] Figure 1c shows the XRD patterns of all 

Figure 1.  Flame aerosol direct nanoparticle deposition of multi-component AgBG nanoparticles. The deposited nanoparticle films, after their in situ 
flame annealing, retain their porous structure, while the deposition on complex 3D substrates is also possible. a) Schematic of the flame aerosol 
nanoparticle direct deposition process. b) Macroscopic view of the different samples (nanocoatings on the three Ti substrates in the middle: color 
change form bright to dark brown). c) Diffractogram of the coatings showing the characteristic (111) and (200) peaks of metal Ag. As the Ag-content 
increases the peak gets narrower suggesting bigger nanoparticles. d) SEM image of the 20AgBG showing the porous homogeneous structure and 
e) high magnification image where single Ag nanoparticles are visible (yellow arrows). SEM images f–h) at different magnification levels of the 50AgBG 
coating deposited on a screw.
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coatings here highlighting the characteristic (111) peak of metal 
Ag (indicated with a dotted line). As the Ag-content increases, 
the main diffraction peak for Ag metal (111) becomes narrower 
indicating increasing crystal sizes. There is no evidence for Ag 
oxide formation,[21] or other crystal phase in the BG composi-
tion which indicates that it was formed without any crystalline 
structure. Therefore, the sharp peaks (highlighted by asterisks) 
are attributed to the silicon substrate (instead of Ti that exhibits 
several peaks and dominates the signal) used for the XRD anal-
ysis here.

To further examine the morphology of the deposited nano-
structured coatings here, we performed SEM analysis as shown 
in Figure  1d,e. The coatings are homogeneous with high 
porosity, which is characteristic for their production method, 
and appear similar for all Ag-contents (Figure S1, Supporting 
Information). At high magnification (Figure 1e) some Ag nano-
particles can be observed for the 20AgBG sample (highlighted 
by yellow arrows). This morphology is similar to BG coatings 
in the literature.[22,23] To demonstrate the potential transla-
tion of flame direct deposition of particle coatings on relevant 
materials, 50AgBG coatings were deposited on a commercially 
available screw with geometry matching that of a bone screw 
for surgical fixation of hard tissue. Figure 1f–h shows the SEM 
images at three magnifications, demonstrating that the xAgBG 
coatings exhibit a homogeneous and porous morphology, sim-
ilar to that of the flat Ti substrates. Depositing homogeneous 
coatings on complex geometries is a crucial step for further in 
vivo experiments or even clinical trials.
Figure 2a shows TEM images at two magnifications (top row: 

low magnification, bottom row: high magnification) of the dif-
ferent xAgBG samples (x = 10, 20, and 50 wt%) in their powder 

form (collected further downstream from the glass fiber filter). 
For all samples, the nanostructured aggregated BG support 
along with the presence of the Ag nanoparticles (shown dark 
here due to their high atomic number) is observed, in agree-
ment with the literature for similar flame-made BG nanopar-
ticles.[24] From all xAgBG samples, the Ag nanoparticles from 
the 20AgBG sample appear to be evenly dispersed on the 
amorphous BG support. For increasing Ag-content, the dis-
persed Ag nanoparticles are larger and more densely present 
in the composite nanoparticles. This is quantitatively validated 
by measuring the Ag particle size distribution from these TEM 
images (Figure 2b), verifying that the average nanoparticle size 
increases with increasing Ag-content from 4 to 17 nm, in agree-
ment of the literature for flame-made Ag nanoparticles sup-
ported on inorganic material.[25–27]

3.2. In Vitro Bioactivity

Figure 3a shows SEM images taken of the 0AgBG (pure BG) 
and 20AgBG sample after soaking in SBF for 1, 3, 6, and 24 h. 
Conditioning BG in SBF results in the formation of a HA layer 
due to the ion release upon contact and the subsequent precipi-
tation of that layer.[28] This HA layer enables the formation of 
a bond to the surrounding hard tissue and promotes osseoin-
tegration of the implant.[29] Indeed, for both coatings, a major 
film restructuring occurs resulting in the formation of a HA 
layer after 24  h (Figure S2, Supporting Information for addi-
tional SEM images). To better understand the HA formation, 
we acquired the FTIR spectra of these coatings for the different 
incubation times (Figure 3b,c) and measured their ion release 

Figure 2.  Morphological characterization and Ag nanoparticle size distributions by electron microscopy analysis. a) TEM images of the corresponding 
xAgBG powders of the three different Ag-contents (x = 10, 20, and 50 wt%). b) As the content increases the average nanoparticle size increases as well 
which is quantitatively shown in (b) along with the particle size distribution as well which shows the particle size distributions of the Ag nanoparticles.
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over time by ICP-OES (Figure 3d,e). The FTIR spectrum of the 
0AgBG before any SBF incubation (Figure 3b, red line) exhibits 
bands attributed to Si–O−– non-bridging oxygen (NBO−) at 

≈850 cm−1, Si–O–Si stretching at ≈1100 cm−1 and SiOH bonding 
with molecularly absorbed water at ≈1450 cm−1.[30] Upon incu-
bation in SBF, there is first a decrease in the overall intensity 

Figure 3.  Electron microscopy analysis of the bioactivity of the pure BG and AgBG nanoparticle coatings upon their incubation in simulated body fluid 
(SBF). The formation of hydroxyapatite over time is validated by FTIR and elemental analysis of the supernatant. a) SEM images of 0AgBG (top part) 
and 20AgBG (bottom part) after various time points being incubated with SBF. FTIR spectra of b) 0AgBG and c) 20AgBG. The concentrations of the 
released elements in the supernatant from d) 0AgBG and e) 20AgBG, as measured by ICP-OES.
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indicating the dissolution and restructuring of the coating, 
and then at 24 h the characteristic bands of P–O stretch bonds 
attributed to the formation of HA. Similarly, the FTIR spectra 
of the 20AgBG exhibit these characteristic peaks, with the main 
difference being the faster coating restructuring to HA already 
appearing after 6 h.

Figure  3 also shows the respective supernatant concentra-
tions of Si, P, Ca, and Ag (for Na ion release see Figure S3, Sup-
porting Information) of the 0AgBG (d) and 20AgBG (e) over 
increasing incubation time in SBF. The presence of Ca, Na, 
and P in SBF renders the analysis of these elements difficult, 
but the increasing concentration of Si for both coatings (pure 
BG and 20AgBG) indicates partial dissolution from these coat-
ings. For the pure BG coatings (Figure 3d) a slight increase also 
occurs also for P and Ca until 6 h which can be linked to the 
dissolution of the coating (Figure 3a). At 24 h these concentra-
tions seem to drop indicating the HA layer formation since the 
elements precipitate from the supernatant toward the forma-
tion of HA.[31] For the 20AgBG sample (Figure 3e), however, a 
mild decrease of the Ca and P concentrations occurs already at 
6 h instead of 24 h further supporting the FTIR data that shows 
the earlier formation of HA. Furthermore, the increasing con-
centrations of Ag over time in the case of the 20AgBG sample 
further validates its presence in these coatings and is in good 
agreement with the literature for other flame-made Ag-con-
taining nanostructured coatings.[15]

3.3. Coating Adhesion before and after In Situ Flame Annealing

To evaluate the mechanical stability of the produced coatings, 
we performed an adhesion test utilizing a double-sided adhe-
sive tape and mounting the Ti substrates on the customized 
facet of a TA (scheme in Figure 4a). Upon compression with 
an additional adhesive-coated facet to a defined constant force 
(8  N) and subsequent retraction, the coating is removed and 
the force necessary to pull up the facet is measured. A more 
mechanically stable coating would require more cycles (with 
new adhesive tape each time) of this compression–retraction 
process to be removed from the Ti substrate with increasing 

retraction force. Indeed, upon performing the compression–
retraction process on a non-annealed coating, the coating is 
removed from the Ti substrate (Figure  4b) with a relatively 
low force required to pull up the compression facet (Figure 4c, 
please see Figures S4, Supporting Information for SEM images 
and Figure S5, Supporting Information for full force curves). 
In contrast, the in situ flame annealed coatings require at 
least four cycles to fully remove them from the Ti substrates 
(Figure  4b and Figure S6, Supporting Information for SEM 
images) with the increasing force necessary for each cycle 
(Figure  4c). This indicates that the in situ flame annealing 
improves the mechanical stability of these AgBG coatings, sim-
ilar to other flame deposited coatings.[14] As insets in Figure 4c 
there are SEM images of the coatings after each compression–
retraction cycle.

3.4. Antibiofilm Activity against S. aureus

The antibiofilm activity of the AgBG coatings was evaluated 
against S. aureus after their 24 h incubation in TSB medium at 
37 °C with the bacterial suspension (OD600 = 0.001). Figure 5a 
shows a scheme describing the single steps of the experiment. 
I) The different samples are incubated with a bacterial solu-
tion for 24  h. II) After that they are gently washed to remove 
the planktonic bacteria which are not part of the early biofilm 
structure and kept in PBS. III) The early biofilm is recovered 
using a vortex/sonication step. IV) Serial dilutions are prepared 
and V) streaked out on agar plates. VI) On the following day 
the CFUs are counted. The Ag+ ion release from the AgBG-
containing coatings during the first hours inhibits the bacteria 
from their adhesion to the surface and consequently the forma-
tion of a biofilm.[32]

Figure 5b shows the CFUs mL−1 for the four different xAgBG 
coatings after rigorous washing by vortex/sonication.[15] On pure 
BG there is a high bacterial growth that gradually decreased 
with increasing Ag-content, reaching a 3-log CFUs mL−1 reduc-
tion at the highest Ag-content used (50AgBG). This antibiofilm 
activity is largely attributed to the released Ag+ ions from the 
dissolution of the oxide layer on the nanosilver present in the 

Figure 4.  Mechanical characterization of the developed nanoparticle coatings. a) Schematic illustration of the adhesion testing using a TA. b) Images 
showing the 2 different conditions (before and after annealing) after the retraction. The coating of the sample without annealing is completely removed 
and sticks to the adhesive tape while the coating of the sample with annealing survives 3 cycles of increasing load. c) The adhesion of force of 0AgBG 
with SEM images as insets taken after the cycles.
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xAgBG coatings.[15] The released Ag+ ions can impair the bio-
logical function of bacteria by directly disrupting proteins func-
tions, binding to DNA and by the production of reactive oxygen 
species that targets the cell envelope.[25,26,33–38] The CFU reduc-
tion on such Ag-based nanostructured substrates has also been 
validated by SEM analysis.[15] Similar outcomes are achieved by 
ECM degradation using bacteriophages and polysaccharides, 
however, those treatments are not surface based.[39] Indeed, 
Figure  5c shows the Ag+ ion release after 24  h at 37  °C from 
the deposited coatings as a function of Ag-content upon their 
immersion into an aqueous solution. This release is similar 
to the immersion in TSB for the given experimental setup.[15] 

Therefore, the observed antibiofilm activity here is linked to the 
released Ag+ ions from these coatings, in agreement with the 
literature.[15]

3.5. Biocompatibility and Osteogenic Capacity of the Coatings

The in vitro biocompatibility of all xAgBG samples was evalu-
ated in both their powder form as well as coatings. The nano-
powders were sterilized and then dispersed by sonication in 
DMEM medium. Subsequently, the solutions were used to 
culture the cells. Cell viability was monitored after 48  h with 

Figure 5.  Biofilm growth experimental setup and biofilm inhibition results that are linked to the Ag+ ion release of the nanoparticle coatings. a) Scheme 
of the biofilm evaluation experiment. I) The coatings are covered with bacterial suspension and incubated for 24 h. II) Planktonic bacteria are removed 
with gentle washing in PBS. III) The biofilm is recovered with a sonication and vortex step. IV) Serial dilutions are prepared. V) The dilutions are spread 
using glass beads. VI) CFUs are counted. b) CFUs mL−1-counts of retrieved bacteria after 24 h incubation with coatings from all Ag-contents compared 
to the untreated control (only BG nanoparticles). Each symbol represents the data obtained from the same technical replicate (n = 9). c) Ag+ ion release 
from xAgBG coatings as a function of Ag-content x (10–50 wt%). For increasing ion release the CFUs mL−1 decrease for 3 log units. ****p < 0.0001.
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the alamarBlue assay, as shown in Figure 6a. The nanoparticles 
do not exhibit any drastic decrease in cell viability for all Ag-
contents at the low nanoparticle concentration of 12.5 µg mL−1, 
while for increased nanoparticle concentration of 25 µg  mL−1, 
the viability is slightly reduced for both the 20AgBG and 
50AgBG. This viability decrease in vitro has been observed 
for nanosilver-containing nanoparticles in the literature and is 
attributed to the released Ag+ ions in solution.[27] This uncon-
trolled bioactivity of Ag+ ions, that is also responsible for the 
antibacterial effect, constitutes a main limitation of nanosilver-
containing coatings and thus an appropriate risk/benefit ratio 
needs to be established. Nonetheless, the observed high viability 
values here even for the Ag-containing nanoparticles indicate 
that the presence of BG in the composition of the nanoparti-
cles might render these nanoparticles more biocompatible than 
when nanosilver is supported on pure amorphous SiO2.[27,40]

The cell viability of MC3T3-E1 pre-osteoblastic cells cultured 
on the coatings is studied also with SEM imaging in Figure 6b. 
The coated substrates were preconditioned for 24  h in cell-
free alpha-MEM to simulate the wound healing phase that 
starts days/weeks after the initial surgery,[41] and by when the 
released Ag+ ions would have eliminated any bacteria and be 
depleted. This is especially important for implants susceptible 
to surface bacterial colonization where a quick local response 
is crucial.[42] Thus, Figure  6b shows the SEM images of three 
different samples (0AgBG and 20AgBG together with pure Ti 
as control) after 14 days incubation. The 20AgBG sample was 
chosen here for further analysis due to the highly dispersed Ag 
nanoparticles present on the BG support (Figure 2a). The cells 
have proliferated and are present on the surfaces with no major 
differences to the biocompatible Ti control.

Figure  6c depicts viability levels for the different samples 
(Ti substrate as a control, the 0AgBG and the 20AgBG nano-
structured coatings) conducted with the PrestoBlue cell viability 
assay over 14 days. Most importantly, the cell number increases 
for all samples over  time, indicating that the cells proliferate, 
and their population increases.[43] Furthermore, all samples 

exhibit lower viability than TCPS (data not shown), as expected, 
but when compared to Ti, the 0AgBG and 20AgBG coatings 
exhibit similar absorbances and hence no cytotoxicity. In the 
case of pure BG (0AgBG), the viability is even higher than 
the pure Ti substrate, further corroborating that the BG made 
here exhibits a rather biocompatible profile, in agreement with 
the literature.[44]

We further studied the osseointegration potential of the 
developed coatings. The ALP activity has been used as an early 
marker and the calcium deposition as a late marker to evaluate 
the effect of the coatings to the differentiation of the pre-osteo-
blasts to mature osteoblasts. Additionally, the secretion of the 
total collagen as the main structural component of the ECM 
was quantified, in order to investigate the potential of the pre-
osteoblasts cultured on the coatings to promote ECM forma-
tion. Figure 6d depicts an increase of the ALP activity for both 
AgBG coatings in a comparable manner with no significant 
differences to the control Ti until day 17 followed by a steep 
decline at day 21 confirming their ability to induce early osteo-
genic differentiation of pre-osteoblasts. Regarding the calcium 
deposition (Figure 6e), both AgBG coatings demonstrate com-
parable values with the Ti control at all time points until day 21. 
Between the three time points, a linear increase in the calcium 
concentration is detectable, which implies that the pre-osteo-
blasts are constantly differentiating into osteoblasts up to day 
21. Both the ALP activity and the calcium production results 
present a similar trend regarding the differentiation potential 
of the various AgBG coatings. As observed, the 20AgBG con-
tent does not seem to affect the overall osteogenic capacity pro-
moted of the BG coatings. The deposition of type I collagen-
rich ECM is a prerequisite for the expression of specific oste-
oblast products, such as the alkaline phosphatase, during the 
normal developmental sequence of the osteoblasts.[45] Collagen 
levels secreted by pre-osteoblasts on AgBG coatings demon-
strate a threefold increase from day 7 to day 14 justifying the 
peak of ALP activity on day 17 (Figure 6f). These results suggest 
that the AgBG coatings support the ECM formation, which is 

Figure 6.  Biocompatibility assessment of the nanoparticles along with osteogenic biomarkers evaluation upon incubation with pre-osteoblasts. 
a)  Cytotoxicity assessment of the four xAgBG powders (Ag-content x  =  0–50  wt%) two concentrations (12.5 and 25  µg  mL−1) in pre-osteoblastic 
cells. b) SEM images of pre-osteoblast cells directly grown on the 0AgBG and 20AgBG coatings compared to cells grown on Ti (control) on Day 14. 
c) Cell viability and proliferation of pre-osteoblasts grown on pure BG (0AgBG), 20AgBG, pure Ti monitored over a period of 14 days. d) ALP activity,  
e) normalized calcium production, f) normalized collagen production from pre-osteoblasts grown on the surface of these substrates measured over 
21 days.
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a crucial step required for the osteogenic differentiation. Even 
though here we study the osteogenic potential of these coatings 
by measuring several biomarkers with in vitro cell experiments 
with well-established methodology (see Table S1, Supporting 
Information for comparison to literature for osteogenic 
markers and techniques), further characterization by reverse 
transcription quantitative PCR and eventually in vivo animal 
models might offer additional insights. Nonetheless, the AgBG 
nanoparticle coatings developed here exhibit the well-known 
and desired osteogenic properties of common bioglass.[7]

4. Conclusion and Outlook

Here we synthesized composite nanostructuring AgBG coatings 
by flame aerosol direct deposition that allows for a facile control 
over the nanoparticle size and composition. This nanomanufac-
ture process is highly scalable, reproducible and allows for the 
fabrication of nanostructured coatings on complex geometries 
facilitating their clinical translation. The mechanical adhe-
sion of the developed coatings may be improved by an in situ 
annealing process, while simultaneously exhibiting bioactivity 
and biomineralization upon their incubation in SBF. These are 
very important characteristics to inhibit aseptic loosening and 
reduce implant failure by promoting osseointegration with the 
surrounding tissue. The antibiofilm activity of the developed 
coatings against S. aureus, a clinically relevant pathogen, was 
investigated and showed a high inhibition of up to 3-log units 
rendering it suitable to prevent implant infections. The cyto-
toxicity and biocompatibility of the developed multifunctional 
coatings were further studied in vitro with pre-osteoblasts, 
revealing that the AgBG coatings exhibit a similar osteogenic 
potential to pure BG demonstrating high ALP activity, calcium 
and collagen production. The results here provide the frame-
work for the development of multifunctional coatings on med-
ical implants to promote osseointegration and inhibit bacterial 
biofilm infections. Moreover, they add valuable knowledge for 
progressing toward in vivo studies and later into clinical trials.
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