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Enhancing osseointegration, the process by which medical implants securely
bond to bone, is crucial for improving patient outcomes in orthopedics and
dental surgery. Calcium alkali orthophosphates, with their superior bioactivity,
resorbability, and chemical resemblance to bone minerals, have emerged as
promising candidates for implant coatings. These materials offer improved
solubility and lower melting points due to the substitution of calcium with
potassium and sodium, along with the addition of magnesium oxide. This
study investigates GB14 calcium alkali orthophosphate coatings applied via
High Velocity Suspension Flame Spraying (HVSFS), a technique that enables
precise control over coating properties. A porosity target of >10% was set to
promote bone growth, andwe achieved porosities up to 13%, ensuring better cell
penetration and stability at the implant-bone interface. Coatings were produced
using different gas parameters and distances, with their microstructure and
phase composition analyzed using scanning electron microscope (SEM),
Vickers hardness testing and X-ray diffraction (XRD). Additionally, roughness
and porosity were also assessed. Different coating’s microstructures were
achieved by varying stand-off distance and gas parameters. Increasing stand-
off distance while reducing gas stoichiometry enabled the production of
calcium alkali orthophosphate coatings with fewer cracks, higher porosity and
a hardness level comparable to that of state-of-the-art tricalcium phosphate
(TCP) coatings. The sample with optimized properties in terms of achieved
microstructure and topography was selected for in vitro testing using MG63
osteosarcoma cells to evaluate cell proliferation and adhesion. WST (I) assay,
LDH assay, and live/dead staining confirmed the biocompatibility of the coatings,
highlighting the potential of HVSFS to enhance osseointegration and outperform
conventional methods in implantology. No relevant cytotoxicity could be shown
and cells show a good proliferation over time. These results highlight thus
the potential of HVSFS to produce thin, bioactive and resorbable coatings to
enhance osseointegration.

KEYWORDS

GB14, joint, coating, bioactivity, resorbable materials, HVSFS

Frontiers in Materials 01 frontiersin.org

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2024.1522447
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2024.1522447&domain=pdf&date_stamp=2024-12-12
mailto:michael.seidenstuecker@uniklinik-freiburg.de
mailto:michael.seidenstuecker@uniklinik-freiburg.de
mailto:michael.seidenstuecker@uniklinik-freiburg.de
https://doi.org/10.3389/fmats.2024.1522447
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmats.2024.1522447/full
https://www.frontiersin.org/articles/10.3389/fmats.2024.1522447/full
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Lanzino et al. 10.3389/fmats.2024.1522447

1 Introduction

The development of advanced materials for medical implants is
critical to improving patient outcomes, particularly in orthopedics
and dental surgery. One of the key challenges in implantology is
achieving optimal osseointegration, the process by which an implant
becomes securely anchored to the surrounding bone (Zhang et al.,
2014; Heimann, 2018; Amirtharaj Mosas et al., 2022; Nikolova and
Apostolova, 2022). To improve this process, coatings that promote
bone cell attachment and growth, such as bioceramics, are of great
interest (Heimann, 2013; 2024; Chen et al., 2020; Goldmann, 2021;
Molaei et al., 2021; Amirtharaj Mosas et al., 2022). Bioceramics
first appeared in the 1920s and have been developed primarily
since the 1960s. These materials are now state of the art in joint
replacement prosthetics (Best et al., 2008). They can be classified
as “bioinert” or “bioactive” and they can be resorbable or non-
resorbable (Best et al., 2008).

Besides establishedmaterials such as tricalciumphosphate (TCP,
Ca3(PO4)2) and bioglass (BG45S5), calcium alkali orthophosphates
have been developed. Aiming to increase the solubility compared
to TCP, Berger et al. developed calcium alkali orthophosphate
materials based on the main crystalline phase Ca2KNa(PO4)2,
replacing one of the calcium atoms by a potassium and a
sodium atom (Berger et al., 1995). Because of their excellent
biocompatibility, bioactivity, and chemical similarity to natural
bone mineral, calcium alkali orthophosphates have emerged as
promising candidates for coating medical implants (Bernstein et al.,
2008; Bernstein et al., 2017). In addition, they can facilitate bone
regeneration by providing a favourable environment for bone
cell attachment, proliferation, and differentiation (Berger et al.,
1995; Knabe et al., 1998).GB14 is based on the main crystalline
phase Ca2KNa(PO4)2 and an additional amorphous portion of
magnesium potassium phosphate with the following composition
(wt%): CaO (30.67 wt%), P2O5 (43.14 wt%), Na2O (9.42 wt%),
K2O (14.32 wt%), MgO (2.45 wt%) (Berger et al., 1995). GB14
bone cements and substitutes have already been produced and
characterized, obtaining excellent results (Knabe et al., 1998;
Knabe et al., 2004; Knabe et al., 2023).When applied as a coating,
calcium alkali orthophosphates can significantly enhance the
osseointegration process, reducing the risk of implant failure and
improving patient outcomes (Bernstein et al., 2017). High Velocity
Suspension Flame Spraying (HVSFS) enables the deposition of
dense, well-adhered coatings with tunable microstructures, making
it an ideal method for applying calcium alkali orthophosphate
coatings to implants (Bernstein et al., 2017; Burtscher et al.,
2019; Przybilla et al., 2023). The advantages of HVSFS, such
as the ability to produce thin coatings with controlled porosity
and surface roughness, can further enhance the bioactivity
of the implant surface and promote faster and more effective
osseointegration (Killinger et al., 2006; Bolelli et al., 2009;
Bernstein et al., 2017; Toma et al., 2021; Blum et al., 2022;
Lanzino et al., 2024).

In this article, we will explore the potential of GB14 calcium-
alkali orthophosphate, resorbable coatings applied by HVSFS to
medical implants to promote osseointegration. A porosity target
of >10% is set to enhance bone growth and ensure sufficient

TABLE 1 Components and amount of a GB14 batch.

Component Amount

CaCO3 328.44 g

MgO 14.70 g

Na2CO3 96.66 g

K2CO3 126.06 g

H3PO4 (85%) 248.94 mL

stability at the interface through cell penetration within the pores
(Cao and Hench, 1996). Since GB14 is resorbable, the porous
coating is supposed to degrade, be absorbed by the body and
replaced by the new bone tissue over time. Additionally, we aim
to highlight the advantages of using HVSFS over conventional
coating methods for calcium phosphate (CaP) materials, such as
atmospheric plasma spraying (APS), electrochemical deposition
and sol-gel processes (Guner and Meran, 2019; Ishikawa and
Kareiva, 2020; Jaafar et al., 2020; Heimann, 2024). Starting from
the production of GB14 powder, we analyzed coatings sprayed
under different gas parameters and distances. The microstructure
and phase composition of these coatings were examined, and
the sample with the best results was selected for in vitro testing.
For these samples, we evaluated the interaction with MG63 cells
(an osteosarcoma cell line commonly used as an in vitro model
to evaluate the proliferation and adhesion of bone cells on new
biomaterials). WST (I) assay, LDH assay and live/dead staining were
performed.

2 Materials and methods

2.1 Materials

GB14 based on the main crystalline phase Ca2KNa(PO4)2
with an average particle size of 33 μm was provided by Federal
Institute for Materials Research and Testing (BAM), Berlin
Lichterfelde, Germany.

The material was prepared in small batches using the
components as listed in Table 1.

For each single batch, the powders were weighed and
mixed with a Turbula shaker (Typ T2F, Willy A. Bachofen
AG Maschinenfabrik, Muttenz, Switzerland). Subsequently, the
phosphoric acid was added in small steps with constant stirring
to achieve a homogeneous distribution. The material was dried
at 100°C, calcinated at 400°C in Al2O3 crucibles and processed
with a pestle after each step. Combined batches were melted at
about 1,580°C in an induction furnace (EMA-TEC GmbH 2002,
Sondershausen, Germany), cast on a steel block, crushed with a
jaw crusher (Type 8,850 Zirkon, Retsch GmbH, Haan, Germany)
and milled with a vibrating mill (Pulverisette, Fritsch GmbH,
Idar-Oberstein, Germany).
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2.2 Suspension and coating deposition

2.2.1 Suspension
The GB14 raw powder exhibited a d90 of 72.7 µm. Given that

particle sizes of this magnitude presented a risk of clogging the
injection system during the spraying process, it was necessary
to subject the powder to milling. For this purpose, the powder
was introduced in a plastic vessel along with isopropanol and
aluminium oxide (Al2O3) balls with a diameter d of 2 mm.
The milling process was continued until achieving a d90 of
10 µm. In fact, in previous works it was found out, that such
particle size allows the production of homogeneous CaP coatings
(Lanzino et al., 2024).

Following the milling of the raw powder, water-based
suspensions were prepared. The milled GB14 powder was
added into the mixture of deionized (DI) water under
continuous stirring, along with two stabilizing agents:
2 wt% of a hydrocolloid additive and 0.0015 wt% of a
phosphonate-based additive.

2.2.2 Coating deposition
A parameter study was conducted to determine the optimal

parameters for GB14 coatings. The target microstructure should be
homogeneous, with a porosity >10% and moderate roughness to
facilitate cells’ penetration and anchoring into the coating layers. A
modified Top-Gun-G system (GTV Verschleißschutz, Luckenbach,
Germany) was used for this work. The spray gun was mounted
on a six-axis robot to perform controlled meander movement
with an offset of 3 mm. The stand-off distance between spray
gun and substrate was varied as well as the ethene (C2H4) and
oxygen (O2) ratio, used for the combustion. Experiments were
conducted on V2A stainless-steel substrates (Schmiedekult, rapa
GmbH, Emmerich am Rhein, Germany, 50 × 50 × 3 mm). Before
spraying, the surface of all samples was mechanically activated
through grit-blasting, using F60 corundum with a pressure of
4 bar. Subsequently, the samples were cleaned with acetone in an
ultrasonic bath and then weighed to determine the net weight of
the substrate. The relative surface speed of the spray gun was set
to 600 mm/s. A combustion chamber with the dimensions 22-8-
135 was selected and used for all samples. To keep the thermal
stress of the samples as low as possible, an axial pressurized air
cooling with two nozzles at the left and right side of the spray
gun axis was used and the samples were also cooled from behind
during the whole spraying process. The influence of similar total gas
flow by different ethene to oxygen ratio (λ) and stand-off distances
was investigated. The suspension feed rate was kept at 80 g/min
10 passes were performed for all samples. All the parameters
used for spraying can be seen in Table 2.

After selecting the sample with optimized properties, 12
samples on titanium (Ti) substrates (ARA-T Advance GmbH,
Dinslaken, Germany, 10 × 10 × 3 mm) were produced to
perform in vitro experiments. Here, the target thickness was
set to 30 µm and only four passes of the torch over the
Ti substrate were performed. This thickness was selected to
achieve a thin coating that should be resorbed by the body
within 6 months.

2.3 Coating characterization

2.3.1 SEM
For the characterization of the coatings, details of the

microstructures were observed using a field-emission scanning
electron microscope (SEM) S-800 (Hitachi High-Technologies
Corporation, Tokyo, Japan) equippedwith a sensor for backscattered
electrons (BEC). Cross-section samples were sputtered with carbon
before SEM examination. SEM images were additionally utilized
to evaluate the coating porosity using image processing software
(ImageJ 1.47v) with a contrast threshold for analysis. We performed
the analysis on three SEM images at a magnification of ×800
and the “Minimum” threshold option was selected to avoid that
supraparticles were considered as pores.

2.3.2 XRD
The phase composition of the coatings was analyzed by X-

ray diffraction (XRD: X'Pert PRO, PANAlytical, Almelo, The
Netherlands) using Cu–Kα radiation (wavelength: 0.1540598 nm).
The diffraction patterns were collected in the 20°–70° 2θ range (step
size: 0.02°; scan rate: 5 s/step).

2.3.3 Vickers microhardness
The coatings’ Vickers microhardness was measured on polished

cross sections using a Fisherscope H100 (Helmut Fischer GmbH
Institut für Elektronik und Messtechnik, Sindelfingen, Germany)
hardness tester.HV0.1 scalewasusedaccording toDINENISO14577
standard.Themeasurementwas force regulatedand theapplied loadof
980.665 mNwas performed for 20 swith a load and release time of 5 s.
For each sample, 13 imprints on the cross-section of the coating were
made, the averagehardness and its standarddeviationwere calculated.

2.3.4 Surface roughness
Coating roughness values Ra and Rz were investigated by tactile

measurement with Mahr Perthometer (Mahr GmbH, Göttingen,
Germany). The measurement was performed with a length of
17.5 mm and five single measurements according to DIN EN ISO
3274. For each coating, the values and standard deviation were
determined taking the average values.

2.3.5 Optical microscopy
Coating microstructures were analyzed through an optical

microscope MeF4M (Leica GmbH, Wetzlar, Germany) in bright
field. Pictures were taken and analyzed by the Aquinto a4i analysis
software (Olympus Europa SE and Co. KG, Hamburg, Germany).
Coating thicknesses were characterized according to DIN EN ISO
1463:2021-08 by measuring fifteen single coating thickness values
and respectively calculating average value and standard deviation.

2.3.6 Immersion in SBF
A 500 mL batch of simulated body fluid (SBF) was prepared

according to the method described by (Jalota et al., 2008). The
chemicals and their correspondingquantitiesused forSBFpreparation
are listed inTable 3.Deionizedwaterwasplaced inabeaker andheated
to 37°C on a magnetic stirrer. Each chemical was weighed using an
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TABLE 2 Overview of the coating parameters.

Coating denotation Stand-off distance [mm] Total gas flow [slpm] C2H4 [slpm] O2 [slpm] λ [x]

GB14 1 100

195 70 125 0.6GB14 2 120

GB14 3 140

GB14 4 100

217 70 147 0.7GB14 5 120

GB14 6 140

GB14 7 100

200 60 140 0.78GB14 8 120

GB14 9 140

TABLE 3 Composition of tris-buffered SBF.

Reagent Obtained by Art. No. Quantity [g]

Sodium chloride (NaCl) Roth 3,957.3 3.274

Sodium hydrogen carbonate (NaHCO3) Roth 6,885.2 1.134

Potassium chloride Sigma P5405 0.187

di-sodium hydrogen phosphate dihydrate (Na2HPO4·2H2O) Merck 6,580.0500 0.089

magnesium chloride hexahydrate (MgCl2·6H2O) Sigma M8266 0.071

calcium chloride dihydrate (CaCl2·2H2O) Sigma C7902 0.184

sodium sulphate (Na2SO4) Sigma Aldrich 746363 0.0355

Tris ((CH2OH)3CNH2) Serva 37180 3.0285

1M HCl Roth CN63.1 Until pH 7.4

electronic balance and added to thewater in the order listed inTable 3.
The pH of the solution was then measured using an electronic pH
meter (Mettler Toledo, EL20, Columbus, OH, United States), and
hydrochloric acid was gradually added until the pH reached 7.4. The
beaker was covered with aluminum foil and stirred overnight. The
next day, the solutionwas filtered through a 0.2 µmpore size filter and
sealed under sterile conditions. A minimum of three samples were
immersed in SBF for 14 days. Subsequently, the coatingwas examined
using SEM (FEI Quanta 250 FEG with Oxford EDX) and compared
with coatings that had not been incubated in SBF.

2.4 Biocompatibility testing in vitro

2.4.1 Preparation of the samples
Prior to the in vitro experiments, the samples were disinfected

in 70% and 100% ethanol. After that they were autoclaved using

the Systec D-Series Horizontal Benchtop autoclave (Thermo Fisher
Scientific, Waltham, MA, United States).

2.4.2 Cell culture
For biocompatibility testing Osteosarcoma-cells MG-63 (ATCC,

CRL 1427) were used. For culturing of the cells, a default medium,
which was changed every other day, was used.Thismedium consisted
of Dulbeccos Modified Eagle Medium DMEM/F-12 (DMEM/F12)
(Gibco,Braunschweig,Germany), 10% fetal bovine serum(Biochrom,
Berlin, Germany) and 1% Penicillin/Streptomycin (P/S) (Gibco,
Braunschweig, Germany). To subculture the cells, Trypsin/Ethylene
diamine tetracetic acid (Sigma-Aldrich, St. Louis, MO, United States)
treatment was performed two times a week. The cells were incubated
in a humid chamber at 37°C and 5% CO2.

Biocompatibility testing was performed using 50,000 cells/75 µL
per sample. Per test, 3 samples were used and the tests were repeated
at least 3 times.
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2.4.3 Cell proliferation (WST-I-Assay)
50,000 cells in 75 µL medium were seeded onto each sample.

As a control, a Thermanox® cover slip was used. After incubating
the samples at 37°C, 5% CO2 and 100% humidity for 2 h, 1 mL
of the medium described earlier was added to each well. After
24 h of incubation, the medium was exchanged using a medium
which consisted of DMEM/F-12, 1% P/S and 1% FBS. To prevent
background absorption, a lower concentration of FBS was used
than in the seeding medium. The cell proliferation Assay was
performed on day 1, 3 and 7 after incubation. Therefore, each
well was washed with PBS three times. After that, 600 µL of a
solution consisting of DMEM/F-12, 1% P/S, 1% FBS and 10% WST
solution (Roche, Mannheim, Germany) was added to each well.
After 2 h of incubation at 37°C and 5% CO2, the absorbance was
measured using a spectrometer (SpectroStar nano, BMG Labtech,
Ortenberg, Germany) at 450 nm. To avoid photoactivation all steps
were performed in the dark.

2.4.4 LDH-cytotoxicity assay
The cells were seeded onto the samples in the same manner as

before. Additionally, a positive control (Triton X and cells, 100%
cytotoxicity) and a negative control (cells only, 0% cytotoxicity) were
used. Cytotoxicity measurements were performed on day 1, 3 and 7
after initial seeding. At the measuring time points, 3 × 100 µL from
each well was added to 3 wells of a 96-well plate. To prepare the
cytotoxicity detection kit solution (Roche, Mannheim, Germany),
1 part of the catalyst solution was added to 45 parts of staining
solution. 100 μL of the staining solution was then added to each
well. The plate was incubated in the dark for 30 min. After the
incubation period, the absorbance was measured at 490 nm using
a spectrometer.

2.4.5 Live/dead-assay
As described beforehand, 50,000 cells/75 µL were seeded onto

the samples and Thermanox® cover slip as control. After 2 h
of incubation at 37°C, 5% CO2 and 100% humidity, 1 mL of
default medium was added to each well. Live/Dead staining was
performed on day 1, 3 and 7. To prepare the staining solution,
2 mL of Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco,
Grand Island, NE, United States) were mixed with 1 µL Calcein dye
(PromoCell, Heidelberg, Germany) and 4 µL Ethidium homodimer
III (PromoCell, Heidelberg, Germany). At the measuring time
points, the samples were washed with DPBS to remove serum
esterase activity. The samples were incubated in the staining
solution for 10 min and evaluated using an Olympus fluorescence
microscope (BX51, Olympus, Osaka, Japan). Three detailed images
at ×10magnification and 1 overview at ×5magnification were taken.

2.5 Statistics

Data were expressed as mean ± standard deviation and
subjected to one-way analysis of variance (ANOVA). Means were
compared by Fisher LSD. A significance threshold of p < 0.05
was used. Calculations were performed using OriginPro 2023 SR1
(OriginLabs, Northampton, MA, United States).

3 Results

3.1 Suspension and coating
characterization

Before the spraying process began, the raw powder was first
characterized through XRD to determine its phase composition, as
shown in Figure 6A. Following this characterization, the powder
was milled according to the procedure described in the Material
and Methods section. SEM images of the raw powder, as well as
the powder after milling can be seen in Figures 1A, B. Figure 1C
illustrates the particle size distribution of the powder both before
and aftermilling. Initially, the particle size had a d90 value of 72.7 µm,
which was reduced to a d90 of 10.1 µm. The raw powder exhibited
a bimodal distribution with d10 = 4.0 µm, d50 = 32.9 µm, and d90
= 72.7 µm. After milling, the first peak remained unchanged but
increased in volume, while the second one shifted to the left and
decreased in volume, indicating an overall reduction in size. The
milled powder’s new particle size distribution was d10 = 0.9 µm, d50
= 3.2 µm and d90 = 10.1 µm.

The particle size distribution of the suspension used for
spraying is shown in Figure 1D. The suspension had a d10 =
1 μm, d50 = 3.7 µm and d90 = 11.7 µm. It was successfully
injected without any issues, and no clogging of the system
was observed.

The coating thickness varied between 69.01 µm (GB14_9) and
93.06 µm (GB14_4). In Figure 2 can be observed that the thickness
slightly decreases, when stand-off distance is increased.

Changing the ethene to oxygen ration (λ) does not significantly
lead to a variation of the thickness. The coatings sprayed at λ =
0.78 seem to be thinner than at lower λ values. The sample sprayed
at 140 mm and with the highest gas parameters (λ = 0.78) has the
lowest coating thickness.

In the SEM images in Figures 3A–I the microstructure of the
coatings can be seen.

All coatings show vertical cracks and high porosity. For each
set of samples sprayed with the same λ, the amount of cracks
decreases with increasing stand-off distance. At the same time, with
the exception of sample GB14_1 (Figure 3A), increasing stand-off
distance results in higher porosity. The porosity of the coatings
ranged between approximately 8% and 13% (see Figure 4A). GB14_
1 and GB14_9 have the most porous microstructure (13% ±
0.08% and 13% ± 0.25%), followed by GB14_3 (12% ± 0.09%).
The coatings sprayed at a stoichiometry ratio of λ = 0.7 and
total gas flow of 217 slpm show a lower porosity compared to
samples with else same parameters. In contrast, using a lower
stoichiometry of λ = 0.6 appears to increase the porosity of
the coating. The densest coating is sample GB14_4, coated with
d = 100 mm and λ = 0.7 (8% ± 0.06%). Coatings sprayed
with λ = 0.78 show a more pronounced crack network with
predominantly smaller cracks as compared to those sprayed at λ =
0.7. Additionally, an increase in stand-off distance seems to improve
particle melting.

Figure 4B shows the Vickers microhardness of the coatings,
which ranges between 191.4 ± 28.81 HV0.1 (GB14_9) and 304.19
± 33.67 HV0.1 (GB14_5). In this case, the total gas flow has the
greatest impact on the results. The samples coated at λ = 0.7 and
a total gas flow of 217 slpm show the highest microhardness.
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FIGURE 1
(A) SEM of GB14 raw powder; (B) SEM of GB14 after milling; (C) Particle size distribution of the GB14 powder before and after milling; (D) Particle size
distribution of GB14 suspension.

FIGURE 2
Thickness of sprayed coatings depending on stand-off distance and λ.

The coatings sprayed with the same gas parameters but at
different distances, with the exception of sample GB14_7, have
similar microhardness.

The roughness parameter Ra of the GB14 coatings is shown in
Figure 5A. It ranges between 2.88 ± 0.06 µm (GB14_9) and 5.21 ±
0.3 µm (GB14_1). The Rz values, shown in Figure 5B, are between
20.68 ± 1.12 µm (GB14_9) and 34.31 ± 4.36 µm (GB14_1). The
roughness increases with decreasing stand-off distance and at the
same time with decreasing λ. GB14_1 has thus the roughest surface
whereas GB14_9 has the smoothest surface. It is to be observed, that
an increase of d from 100 mm to 120 mm significantly decreases Ra
and Rz values, while a further change of the stand-off distance from
120 mm to 140 mm leads to less change in these values.

Figure 6 shows the XRD patterns of the phases observed in the
GB14 raw powder and in the coatings. All the peaks observed in the
GB14 powder are also present in the XRDpatterns of the coatings and
are of the main crystalline phase Ca2KNa(PO4)2 (reference pdf 051-
0579). The samples exhibit similar patterns, with GB14_4 displaying
higher intensities, suggesting that this coating is more crystalline than
the other specimens.Coatings sprayed at d=100 mmandd=120 mm
also show slightly higher intensities, particularly in the smaller peaks.
However, it is challenging to quantify the differences between the
samples, as the main peak intensities are similar.

After characterizing all samples, GB14_3 (λ = 0.6 and d =
140 mm) was selected for the in vitro experiments on Ti substrates
because of the properties the coating showed. In fact, it exhibited
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FIGURE 3
SEM images of all the sprayed GB14 coatings: (A) GB14_1; (B) GB14_2; (C) GB14_3; (D) GB14_4; (E) GB14_5; (F) GB14_6; (G) GB14_7; (H) GB14_8;
(I) GB14_9.

FIGURE 4
(A) porosity and (B) Vickers microhardness of all GB14 coatings.

fewer cracks, indicating lower residual tensile stress within the
coating, and a porosity level >10% (12% ± 0.09%). Moreover,
it showed a higher roughness Ra of 3.65 ± 0.12 µm compared

to the other samples sprayed at d = 140 mm and a Vickers
microhardness of 241.26 ± 16.65 HV0.1 in line with literature values
for TCP coatings (see Discussion).
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FIGURE 5
The results of the coatings’ roughness: (A) Ra and (B) Rz.

The thickness of the samples on Ti substrate was 27.11 ±
2.74 µm, the roughness parameter Ra was 4.02 ± 0.26 µm and Rz
25.25 ± 1.33 µm. The microstructure can be seen in Figure 7.

3.1.1 Hydroxyapatite formation in simulated body
fluid (SBF)

After 14 days of immersion in SBF, new crystalline structures
develop on the surface of the samples (see Figures 8A, B). The
crystalline structures can be found throughout the whole surface of
the samples. Figure 8C shows XRD measurements before and after
the in vitro experiments with MG63 cells. Here, the formation of
hydroxyapatite (HAp) was revealed according to the International
Centre for Diffraction Data (ICDD) 9-432.

3.2 Biocompatibility testing in vitro

3.2.1 Cell proliferation
As Figure 9 shows, the cell proliferation of the GB14 sample

increases significantly over 7 days. The cell proliferation is slightly
lower compared to C-. Also, cells seem to proliferate significantly
slower on the coating than on the Thermanox® cover slip.

3.2.2 Cytotoxicity (LDH)
Compared to the negative control (0% cytotoxicity, cells only),

no significant cytotoxicity can be observed for the coated GB14
sample after 24 h (3.38% ± 3.35%). After 48 h the cytotoxicity
increases to 10.76% ± 9.54% and decreases after 72 h to 5.85%
± 5.42%. The course of the cytotoxicity of the GB14 coating in
comparison to the negative control (0% cytotoxicity, cells only)
and positive control (100% cytotoxicity, cells and Triton X) is
summarized in Figure 10.

3.2.3 Live/dead assay
Figure 11 shows the live/dead cell counts over 7 days

for the GB14 sample and the Thermanox® coverslip. The
number of live cells on the coated sample is slightly lower

than for C-. This difference is significant for day 1 and
day 7. The number of dead cells is approximately the
same for both samples.

4 Discussion

4.1 Suspension and coatings

After milling, the raw powder’s particle size distribution was
reduced to a d90 of 10.1 µm. In contrast, the produced suspension
exhibited a d90 of 11.7 µm. This larger particle size in the
suspension could be attributed to the presence of additives or
small agglomerates. No clogging of the system was observed,
suggesting that such distribution is suitable for the HVSFS
process. These particles sizes have also been successfully used in
previous studies (Lanzino et al., 2024).

The results of the thickness measurements indicate a decreasing
coating thickness with increasing stand-off distance, a common
behavior in thermal spraying. As the stand-off distance increases,
the particles lose kinetic energy during the time spent in the
flame, resulting in fewer particles adhering to the substrate or
to subsequent coating layers. This leads to thinner coatings
(Li et al., 2013; Fauchais et al., 2014; Katranidis et al., 2019;
Rakhadilov et al., 2024).

As described in the results section, all coatings show numerous
cracks. These cracks are predominantly vertical, suggesting they are
unlikely to impair the coating quality (Bolelli et al., 2009).Horizontal
cracks, however, indicate a decrease in cohesion strength between
the layers (Vencl et al., 2011). Such coatings with horizontal cracks,
sprayed at λ = 0.7, were therefore considered inadequate for medical
applications (GB14_4, GB14_5 and GB14_6).

Increasing the stand-off distance reduced the cracks within the
coating and led to a more porous microstructure, with the exception
of sample GB14_1 (λ = 0.6 and d = 100 mm), which showed higher
porosity than GB14_3 (λ = 0.6 and d = 140 mm). This likely resulted
from the low flame temperature at λ = 0.6, combined with a short
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FIGURE 6
(A) XRD pattern of raw GB14 powder; (B) XRD of the coated GB14 samples.

dwell time in the flame, preventing proper particle melting and
causing a more porous coating. With increasing stand-off distance,
on the contrary, the increasing dwell time caused significantly better
melting and reduced the porosity from 100 mm to 120 mm.

In this study, coatings sprayed with λ = 0.7 and the maximum gas
flowof217 slpmexhibited thehighestdensity andshowed longvertical
and horizontal cracks. This is probably due to the high gas flow and
sufficientlyhighflametemperature,which led towell-moltenparticles,
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FIGURE 7
Microstructure of GB14_3 sample sprayed with optimized parameters
on Ti substrate for in vitro tests.

low porosity, and consequently high residual tensile stress, resulting in
cracking. For coatings sprayedwithλ=0.78, amorepronounced crack
network with predominantly smaller cracks formed compared to 0.7,
likely due to higher flame temperature and therefore higher particle
temperature at lower particle speeds.

In a previous study, GB14 coatings were applied using
HVSFS, resulting in highly dense coatings (Bernstein et al.,
2017). In the present study, we aimed to increase porosity to
enhance resorbability. The porosity of the coatings in this paper
ranged between 8% and 13%, aligning with literature values for
ceramic coatings (Dalton and Cook, 1995; Ročňáková et al., 2018;
Ganvir et al., 2021). In fact, higher porosity facilitates bone cell
penetration into the coating, improving stability at the interface with
the implant material (Cao and Hench, 1996).

The Vickers microhardness results showed an inverse correlation
with porosity, as higher porosity leads to lower hardness values.
Literature indicates that themicrohardness of hydroxyapatite coatings
depends on several microstructure properties, such as porosity and
the presence of secondary phases (Sun et al., 2003; Ganvir et al., 2021).
Additionally, in thestudyofSunet al., coatingssprayedathigherpower
levels exhibited better particle melting and recrystallization, resulting
in higher microhardness (Sun et al., 2003). Similarly, in our GB14
coatings, samples sprayedwithhigherλand shorter standoffdistances,
where the particles are “hotter,” achieved the highest microhardness
(GB14_4, GB14_5 and GB14_7). Higher porosity led to reduced
hardness values. However, during microhardness testing, both the
solid coating material and the pores may be measured, potentially
skewing the results. In more porous coatings, the indenter might
partially interact with the pores, which are filled with resin or voids,
leading to artificially lower hardness values than those of the actual
coating material alone. This could explain why more porous coatings
exhibit lower microhardness measurements.

Implant topography plays a very important role for
osseointegration and fixation of the implant after surgery (Swain,
2021; Kawai et al., 2022). An increased roughness can increase the
surface area of the implant, improve cell attachment and enhance
osseointegration process (Jemat et al., 2015). Kuwaii et al., for

example, observed that a roughness value Ra of 4–8 μm, compared
to surfaces with Ra values of 1.0–2.5 µm, led to an early and
strong bonding to the bone (Kawai et al., 2022). Regarding our
roughness results, as described before, with higher λ the particles
achieve higher velocities and the impact with the surface of the
substrate is stronger. The particles adhere better, and the coatings
are smoother. On the other hand, when the distance between the
spray gun and the substrate is too small, velocities get so high that
the particles shatter when they touch the surface. Thus, the coating
gets rougher (Fauchais et al., 2014).

XRD patterns show peaks that are observed in literature as
well (Berger et al., 1995; Bernstein et al., 2017). As mentioned in
the results, the coatings sprayed at d = 100 mm and d = 120 mm
have higher intensities and are thus more crystalline. The coatings
sprayed at d = 140 mm show a higher amorphous phase. This can
be explained with the different times that the particles remain in the
flame. These particles experience a longer dwell time which allows
them to cool more, leading to a more amorphous structure. Sample
GB14_4 showed themost crystalline phase.This coatingwas sprayed
with the highest total gas flow and lowest stand-off distance and is
likely to be the sample that experienced the highest temperature,
leading to a more crystalline structure.

In general, coatings sprayed at stand-off distance of 140 mm
showed fewer cracks and higher porosity level. A reduced
stoichiometry ratio of 0.6 further permitted to spray more porous
layers. Sample GB14_3, which combines both parameters (d =
140 mm and λ = 0.6) achieved a high porosity level and a Vickers
hardness which are in-line with literature values of TCP and
hydroxyapatite with coatings with similar porous microstructures
(Hasan et al., 2014; Elghazel et al., 2018; Lanzino et al., 2024). These
characteristics should promote bone growth through the pores and
stability at the interface and thus good osseointegration in vitro
experiments (Cao and Hench, 1996; Bernstein et al., 2017).

4.2 Hydroxyapatite formation in simulated
body fluid (SBF)

The formation of new HAp-crystals in SBF indicates
bioconductivity of different materials (Kokubo and Takadama,
2006). The pronounced formation of HAp-crystals on the surface of
the GB14-samples therefore implies bioconductivity of our samples.
The bioconductivity of GB14 has been observed in several other
studies. Investigations of HVSFS-sprayed copper-doped GB14
samples revealed a noticeable formation of HAp-crystals during
SBF-testing. These results indicate good bioconductivity of the
materials (Burtscher et al., 2019). Similar results could also be
found in in vivo testing. Bernstein et al. investigated APS-fabricated
GB14- and 602020-coated metal substrates in New Zealand White
rabbits. The study showed a pronounced bone regeneration for
GB14-coated samples (Bernstein et al., 2008).

SBF-testing is a cost effective and commonway to investigate the
bioconductivity of newmaterials. Yet, factors such as influence of the
musculoskeletal system as well as proteins cannot be represented in
SBF testing. SBF testing only shows the chemical bioconductivity
of a material, while biological and topographical mechanisms are
neglected (Zadpoor, 2014). Nevertheless, considering the study
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FIGURE 8
SEM imaging of GB14_3 sample on Ti before (A) and after (B) 14-day immersion in SBF. XRD measurement of GB14_3 sample before and after in vitro
experiments with MG63 cells (C).

FIGURE 9
Cell proliferation on day 1, 3 and 7. Thermanox® cover slip with cells
serves as a negative control. There is a significant increase in cell
proliferation for MG63-cells on both GB14-coated samples as well as
Thermanox® cover slip.

results presented, it can be assumed that our coatings also exhibit
good bioconductivtiy.

4.3 Biocompatibility

The overall results from the in vitro biocompatibility testing
shows great biocompatibility and no cytotoxicity for the investigated
HVSFS-sprayed GB14-sample. WST (I)-Assay shows a significant

FIGURE 10
Cytotoxicity on day 1, 2 and 3. Triton X on cells serves as positive
control (100% cytotoxicity), medium with cells serves as negative
control (0% cytotoxicity). The cytotoxicity for the evaluated sample
stays below 11%.

proliferation of cells over the course of 7 days. Yet, the cell
proliferation is significantly lower compared to the negative control.
Although, the proliferation in our test is lower compared to
the negative control, Live/Dead cell counts show similar results
for both negative control and coated samples indicating a good
biocompatibility. Other studies using human bone-derived cells
on GB14-samples show good biocompatibility and no cytotoxicity
(Radetzki et al., 2011). Ignatius et al. (Ignatius et al., 2001)
investigated the biocompatibility of GB14-granules. In this case,
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FIGURE 11
Live and dead cells on day 1, 3 and 7, (A) shows the cell count of live and dead cells, (B) shows the fluorescent images of the cells on the coating and
the negative control. Cells on Thermanox® cover slip serve as a negative control (C-). Cell numbers on GB14 are similar to cell numbers on C-. GB14
does not significantly exhibit more dead cells than C-.

clone L929 mouse fibroblasts and clone BALB/3T3 embryonic
mouse cells were used. Here, again no signs of cytotoxicity and
no inhibition of cell growth could be detected. Burtscher et al.
(2019) conducted biocompatibility testing ofHVSFS-sprayedGB14-
samples using MG63 cells. Here no cytotoxicity could be detected.
Furthermore, in vivo testing of HVSFS-sprayed GB14-coatings have
already been conducted. In this study no negative effects on bone
cells were found (Przybilla et al., 2023).The same conclusions can be
drawn from our LDH results. Although positive values can be seen,
according to ISO standard 10993 those values are not considered
cytotoxic. Materials are only considered to be cytotoxic for values
greater than 30% (DIN EN ISO 10993, 2024).

The properties of the GB14-samples such as the roughness
do not show negative effects on the biocompatibility. They rather
coincide with the values described as suitable for orthopedic
application in the literature. For implant coatings, moderately
rough surfaces are to be favored (Albrektsson and Wennerberg,
2019). The roughness of our coating is within the range of
the surface roughness which has been described to promote
osseointegration (Fraulob et al., 2020).

5 Conclusion

This study demonstrates the efficacy of HVSFS in producing
thin, porous and bioactive coatings of degradable calcium
alkali orthophosphates. By changing gas parameters and stand-
off distances, we obtained different coating microstructures
and mechanical properties. The coatings’ microstructure was
characterized using SEM and Vickers hardness testing. The phase
composition of all coatings was observed using XRD. Surface
roughness was also evaluated to ensure cell attachment. Focus was
set on the porosity of the coating, which should ensure optimal
osseointegration. Porosities up to 13% were achieved. Sample
GB14_3 was evaluated as the best specimen for further in vitro

characterization. This sample showed high porosity (12%) and less
cracks than other samples and at the same time good mechanical
properties, such as microhardness values, and roughness.

In vitro characterization with Osteosarcoma cells MG63 showed
good biocompatibility and bioconductivity and no cytotoxicity. The
roughness did not show negative effects on the biocompatibility.The
suitability of the material for orthopedic application must be further
evaluated in in vivo experiments.

Concluding, our GB14 samples show promising results
regarding biocompatibility with increased resorbability potential
and therefore represent an interesting alternative to conventional
bioceramics. Future research will focus on in vivo studies to assess
the resorption behavior of these coatings under physiological
conditions. Additionally, we aim to incorporate antibacterial agents
within the coatings to prevent biofilm formation on medical
implants, a common cause of implant-related infections.
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