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Abstract This study evaluated the biological response of
cold-sprayed coatings composed of bioactive glass 45S5
and polyetheretherketone (PEEK). The functional coatings
were produced by cold gas spray (CGS) technology, a
technique that allows the deposition of powders at signif-
icantly low temperatures, avoiding heat damage to poly-
meric surfaces. By CGS, blends with different ratios of
bioactive glass and PEEK powders have been deposited
onto PEEK substrates to improve the response of the bio-
inert polymer. The bioactivity of the coatings when
immersed in a simulated body fluid solution was evaluated
by observation with scanning electron microscopy (SEM)
and x-ray diffraction (XRD). Results verify that bioactive
glass particles in the composite coatings enhance their
bioactivity. A degradation test was performed with Tris—
HCI solution. From the results obtained by inductively
coupled plasma optical emission spectroscopy (ICP-OES)
and the weight loss of the samples, it was noticed that the
degradation was directly related to the amount of glass in
the coatings. Finally, the ability of bone-forming cells to
adhere and proliferate on the coatings was evaluated. These
experiments showed that the presence of glass particles
does not cause a significant increase in cell proliferation.
Combining a bioactive material with PEEK leads to
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forming a final component that provides suitable bioactiv-
ity to the final implant.

Keywords bioactive glass - bioactivity - cell proliferation -
CGS - degradation behavior - PEEK

Introduction

Polyetheretherketone (PEEK) is a thermoplastic polymer
with suitable mechanical properties for specific medical
applications since this biomaterial is non-toxic and inert
when implanted in the body. In the last decades, PEEK
reached the market with good acceptance replacing com-
mon metallic biomaterials (stainless steels, cobalt—chrome
alloys, and titanium alloys) (Ref 1, 2), mainly in spinal and
dental applications (Ref 3). Nevertheless, using polymeric
materials for biomedical applications is not only restricted
to PEEK components. Since the late 1960s, ultra-high
molecular weight polyethylene (UHMWPE) has been used
in knee joint implants due to its great wear resistance and
high fracture toughness. However, improving implant
longevity remains a goal to increase the life quality of
patients. In this respect, current research suggests that
PEEK could be an alternative, providing better creep
resistance and fatigue limit than conventional UHMWPE
implants (Ref 4-6). Following the current trend, the use of
PEEK in more implants could be considered in the coming
years.

A vital aspect of the success of implants is their bio-
logical response, which is directly related to their bioac-
tivity. In this sense, the main problem of PEEK as a
biomaterial is the hydrophobicity and the lack of bioac-
tivity, which is necessary to reach a good bonding between
the implant and bone tissue (Ref 7). To date, several
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research studies have been performed to enhance the
bioactivity of PEEK material, with most of the strategies
focused either on the surface modification of the polymer
(physical treatment, chemical treatment, or surface coating)
or the preparation of a composite material with a bioactive
element (Ref 8).

Bioactive glasses are biomaterials with high reactivity
and degradability in body fluids. These glasses can bond to
bone tissue by forming a biomimetic layer of hydroxy-
carbonate apatite (HCA) on its surface. The presence of
this HCA layer, with a composition similar to that of the
bone, favors the good osteointegration of the implant to the
bone matrix (Ref 9, 10). Different dissolution rates are
obtained depending on the glass composition, which is
more degradable for those glasses with a more open net-
work (Ref 11). Bioactive glasses cannot be used as the
primary material of an implant device due to their brittle-
ness and very low fracture toughness. For this reason, their
potential use is limited to non-load-bearing applications,
such as coatings, graft bone, or scaffolds (Ref 12-14).

Different methods are available to deposit bioactive
glasses onto materials with bio-inert behavior. However, in
most of them, high temperatures are required, which can
reduce bioactivity because it tends to crystallize (Ref
15, 16). For instance, enameling involves high tempera-
tures to coat materials (Ref 17, 18), the sol-gel process
needs a post-heat treatment (Ref 19, 20), and elec-
trophoretic deposition requires conductive materials as
coating or as substrate (Ref 21-23). Some works have used
thermal spray methods to produce bioactive glass coatings,
particularly atmospheric plasma spraying, and solution
precursor plasma spraying (Ref 24, 25). However, these
methods also involve high temperatures, a problem for
coating polymeric surfaces.

A. Papyrin and coworkers developed cold gas spray
(CGS) in the 1980s as a new thermal spray technique (Ref
26). This technique offers a fast coating deposition with
low cost and high deposition efficiency. The deposition
mechanism by CGS is based on supplying high kinetic
energy to the coating feedstock particles. With this, depo-
sition is achieved in two steps, the first step of particles
adhesion to the substrate and the subsequent build-up of the
deposit, which involve the plastic deformation of the par-
ticles due to the transformation of their kinetic energy into
localized thermal energy when they impinge onto the
substrate surface (Ref 27). The low processing tempera-
tures used in CGS avoid the melting of the particles, which
occurs in conventional thermal spray techniques (Ref
28-30). This feature can favor the deposition of glass
materials without crystallizing them and polymers without
decomposing them.

In the current work, we want to demonstrate CGS’s
capabilities for producing a composite biomaterial that
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combines the mechanical properties of PEEK and the
biological properties of bioactive glasses, with the ultimate
aim of finally generating a functionalized biomaterial with
an improved tissue response compared to PEEK implants.

For this, we developed PEEK/45S5 composite coatings
on PEEK substrates by CGS. The bioactive glass used has
the following composition: 45.0 SiO,, 24.5 CaO, 24.5
Na,O, and 6.0 P,Os (wt.%) (Ref 31). It has been used
previously as a composite material in combination with
PEEK to produce coatings (Ref 32, 33), and it has been
deposited by LPCGS for the first time in our previous work
(Ref 34). To demonstrate the new solution’s functionality,
coatings with different amounts of glass were studied,
analyzing the coating build-up, the microstructure, and the
biological properties, particularly the ability to form an
HCA layer, the degradation, and the cellular proliferation
of osteoblasts on the coatings.

Material and Methods
Powder and Substrate

Two commercial powders were used to produce the com-
posite coatings: a PEEK powder (Victrex, UK) and a 45S5
bioactive glass powder (Denfotex Research, UK) produced
by the traditional melt-quenching route.

The blends were prepared by manually mixing the
powders. The proportions were chosen with a maximum of
50% glass by volume since the deposition efficiency was
negatively affected when increasing the amount of glass in
the blend. The blend ratios selected for spraying are listed
in Table 1.

As the coatings were addressed to improve PEEK
implants, the substrates used in all cases were of this
material. PEEK disks with a 25-mm-diameter, cut from a
PEEK bar (Vestakeep, Spain), were used to evaluate the
cross-section of the coatings and the formation of an HCA
layer. PEEK specimens obtained from a PEEK sheet
(Ensinger, Spain), with an area of 8 x 8 mm and 5 mm

Table 1 Sprayed blends of PEEK and bioactive glass (v/v)

Blend/coating code% Volume of PEEK% Volume of 4555%

PEEK 100 100 0

4585 10 90 10
4585 25 75 25
4585 35 65 35
4585 50 50 50
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thick, were used for degradation test and biological
characterization.

Powder and Coating Characterization

A scanning electron microscope (SEM) (Phenom ProX,
Phenom-World BV, Eindhoven, The Netherlands) equip-
ped with backscattered electrons (BSE) was used to char-
acterize the morphology of the feedstock powders. Before
the observation, both materials were coated with a gold
layer to make them conductive using a sputtering coating
system (E—5000, Polaron, Watford, England).

Both commercial powders were sieved using a 40-pm
mesh sieve (Restch, Germany), and the fraction below this
mesh was collected for producing the blends. The granu-
lometry of the sieved powders was determined by a laser
diffraction particle size analyzer (LS 13320, Beckman
Coulter, California, USA).

Coatings were deposited using low-pressure cold gas
spray (LPCGS) equipment (Dymet 423, Dycomet Europe,
Akkrum, The Netherlands). The gun was equipped with a
CK-20 nozzle. Air was used as the propellant gas with a
gas pressure of 0.6 MPa. In this technique, the gas tem-
perature is not very high. The equipment used allows us to
work from room temperature to 500 °C, and the tempera-
ture used to produce the coatings in the study was between
300 and 350 °C. The stand-off distance was 10 mm, and all
coatings were deposited by performing a single torch cycle.

Before the blend’s deposition, PEEK substrates were
grit-blasted (Formula 1400, Guyson International, Skipton,
England) with corundum G24 (grit size 800 um) at a
pressure of 0.5 MPa. Afterward, samples were cleaned
with ethanol. Suitable surface roughness is essential to
favor the adhesion of particles to the substrate. In this
study, grit-blasted PEEK roughness was Ra =
49 + 04 pm and Rz = 27.3 £ 2.8 um. The surface
roughness of the different coatings was measured to relate
better the cell culture studies results with the coating’s
physical properties. The characteristic roughness values
(Ra and Rz) were recorded using a surface roughness
measurement device (Surftest 301, Mitutoyo, Kawasaki,
Japan).

This study produced coatings with two different thick-
nesses by varying the traverse gun speed. To characterize
the elements’ deposition and distribution, thick coatings
(around 800 pum) were sprayed using low traverse gun
speed (80 mm/s). These coatings allowed a fair observation
of the particle distribution throughout the coating and to
see whether the distribution of the elements was equal at
the interface with the substrate and the top of the coating.
Conversely, thinner coatings (around 250 pm) were
deposited, increasing the traverse gun speed to 240 mm/s.
The thinner coatings present a suitable thickness to achieve

long-term stability of the implants and were used for bio-
logical characterization. It is worth indicating that this
decision was taken since it is widely accepted that a high
thickness can cause delamination and fragmentation of the
coating before a good bond with the bone tissue is achieved
(Ref 35, 36).

The microstructure and the distribution of the elements
in the cross-section and the top surface of the coatings were
observed by an SEM (JSM-5310, JEOL, Tokyo, Japan)
equipped with energy-dispersive Xx-ray spectrometry
(EDS). For the chemical analysis, an elemental mapping
was done by EDS. The main element of this bioactive
glass, silicon, was selected to identify the glass particles in
the coating. To analyze the distribution of the glass parti-
cles, cross-sections of the coatings were prepared by cold
mounting resin, ground with silicon carbide abrasive
papers up to P4000 (grit size 5 pm), and polished with
I-pm diamond slurry. Cross-sections and surface coatings
were gold-coated prior to the observation.

Crystallographic structure analysis of PEEK powder and
PEEK 100% coating was performed by x-ray diffraction
(XRD) using a diffractometer (X’Pert PRO MPD, PANa-
lytical, Cambridge, UK).

Image analysis of the EDS micrographs was done to
quantify the area percentage of glass material either
incorporated into the composite coating or exposed to the
media on the coating surface; for this purpose, Imagel
software was used. The analysis was applied to the SEM
images taken from the surface and cross-section of the
coatings (five images at a magnification of 200x for each
sample). The stages of image processing were as follows:
first, the acquisition of the image; second, the selection of
the channel of interest (specific color channel correspond-
ing to silicon); then the adjustment of the threshold level to
eliminate noise and finally, the identification and quantifi-
cation of the area. The authors know that the area per-
centage value measured and calculated by this method does
not represent the actual content of 45S5 in the coating but
an estimation of this value. However, because of the
inertness of both materials, image analysis may provide a
correlation between feedstock blend and coating compo-
sitions, and as a result, with the biological response of the
coatings.

Bioactivity and Degradation Assessment

To evaluate the ability of the coatings to form an HCA
layer, an in vitro test was performed following ISO 23317
(Implants for surgery - In vitro evaluation for the apatite-
forming ability of implant materials). Samples were
immersed, in the vertical position, in Hank’s balanced salt
solution (HBSS) (Sigma-Aldrich, Germany) in a thermo-
static bath with agitation at 37 °C. The solution was
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refreshed twice a week to avoid ionic saturation of the
medium. The evaluation of the HCA formation was studied
at different periods: 0, 3, 7, 14, and 21 days. Three samples
of each coating type were immersed for each exposure
time. After immersion, samples were rinsed with ultrapure
water and dried for 24 h at room temperature.

The surface of the samples was observed using an SEM
(JSM-5310) to evaluate the HCA layer’s formation process
at each period. For this observation, all the specimens were
gold-coated to allow them to be conductive.

Furthermore, the formed layer was analyzed from the
cross-sectional images of the samples immersed for 7 and
21 days. For this examination, the cross-sections were
prepared as described previously. After being dried in a
desiccator for 48 h, the samples were gold-coated and
examined by SEM (JSM-5310). In addition, the composi-
tion of the formed layer after 21 days was analyzed by
EDS on the cross-sections.

To assess the crystallization of the formed layer of
HCA, crystallographic structure analysis of the samples
immersed for 14 days in HBSS was performed by XRD.

A degradation study was performed to evaluate the glass
dissolution of the different coatings. Following the speci-
fications of ISO 10993-14 (Biological evaluation of med-
ical devices - Part 14: Identification and quantification of
degradation products from ceramics), the samples were
immersed in a buffered solution consisting of Tris—HCI
with pH adjusted to 7.4 4+ 0.1 at 37 & 1 °C for 120 h.

Three coated samples for each condition, 8§ x 8 mm in
size, were immersed in 50 mL of Tris—HCI solution for the
test. The samples were weighted with a high-precision
scale (CPA225D, Sartorius, Goettingen, Germany) before
and after the test to determine the weight loss percentage
due to degradation. After exposure, the samples were
rinsed thrice with ultrapure water and dried overnight at
120 °C before being weighted. At the end of the test, pH
was recorded using a universal pH meter (Hach, Spain).
The silicon, calcium, and sodium concentrations were
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) (Optima 8300, PerkinElmer,
Waltham, USA). Moreover, the samples’ surfaces after
degradation were observed by SEM.

Cell Culture Studies

Osteoblasts were seeded onto different coatings to study
the ability of the samples to allow adhesion, growth, and
proliferation of this cellular type. The tests were repeated
in triplicate with different human osteoblast lines (obtained
from knee trabecular bone after prosthesis replacement
(Ref 37) in a passage from 3 to 6 to obtain reliable results.
Three different biomaterials of each series were evaluated
in each experiment, and controls of tissue culture plastic

@ Springer

(TCP) were also included. In order to avoid the inter-ex-
periment variability, results were normalized to the TCP at
three days within each experiment. Parc de Salut Mar
Ethics Committee approved the study.

Before the cellular tests, samples were sterilized in
ethanol 70% for three hours to avoid contamination during
the test. After sterilization, samples were immersed in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitro-
gen, USA) supplemented with 10% fetal bovine serum for
24 h. This precondition step is necessary to avoid cell death
caused by increased pH due to the rapid release of ions
from the glass (Ref 38). A cell suspension was prepared
and seeded at a 6.5 x 10° cells/sample density with sup-
plemented DMEM onto the coated samples placed in a
48-well polystyrene plate. The incubation was done at
37 °C in a humidified atmosphere of 5% CO,, changing the
media every three days.

After 3, 7, and 14 days of incubation, cell proliferation
was analyzed using an MTS assay (CellTiter 96® AQueous
One Solution Cell Proliferation, Promega, USA). This
colorimetric test allows the quantification of viable cells
based on the reduction of MTS tetrazolium by cells into a
colored formazan product soluble in a cell culture medium.
After each period, the medium was removed from the
wells, and the samples were transferred to new wells. Then,
the samples were incubated with 50 pl of MTS reagent and
250 Wl of supplemented medium for 1 hour and a half.
Afterward, the absorbance was recorded at 490 nm using a
well plate reader (Infinite 200, Tecan, Mainnedorf,
Switzerland).

The quantitative results from the MTS assay were ana-
lyzed using a one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test to determine differences
among groups. Where p < 0.05 was considered to be sta-
tistically significant.

SEM (Phenom ProX) was used to analyze the attach-
ment and morphology of the cells. Osteoblasts were seeded
onto the coatings at the same density as for the MTS assay.
After 24 h of incubation, the samples were washed twice
with phosphate-buffered saline (PBS) buffer (pH 7.4) to
remove non-bounded cells. The remaining cells were fixed
with 2.5% glutaraldehyde in PBS for three hours. After that
step, the samples were rinsed twice with PBS. The dehy-
dration of the cells was performed with ethanol baths of 15
minutes each, increasing the ethanol concentration as fol-
lows 50, 65, 70, 80, 90, 95, and 100%, respectively.
Finally, the samples were dried using a critical point dryer
(CPD) (K850, Emitech, Lewes, UK) and carbon-coated for
the SEM observation using a high-vacuum carbon evapo-
rator (K950X, Emitech, Lewes, UK).
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Results and Discussion
Powder and Coating Characterization

In CGS, the particle size of the powder has a significant
influence on the coating achieved. Xu et al. (Ref 39)
studied cold spray deposition of thermoplastic coatings at
different particle sizes with the same air pressure. They
found that higher final velocities and higher mass deposits
were achieved for the smaller particles, which experienced
increased acceleration. For this reason, commercial pow-
ders were sieved to work with appropriate particle size and
then characterized to corroborate the correct processing of
the feedstock materials.

The SEM analysis performed on the powders allowed us
to establish their morphology and size differences, as
shown in Fig. 1. Specifically, the 45S5 glass particles are
dense and irregular, with corners and sharp edges, a typical
result for crushed particles after the melt-quenching pro-
cess. In addition, it is here observed that the particles are
quite similar in size to each other. On the contrary, PEEK
powder comprises small, aggregated particles that form
more rounded and less compact agglomerated particles
than glass ones. In general, it is appreciated by SEM
inspection that the PEEK particles are smaller and have a
more significant variation in particle size than glass
particles.

Fig. 1 Particle size distribution A
in volume and SEM

micrographs of the bioactive

glass (A) and PEEK 15

20

The particle size distribution of both powders measured
by laser diffraction can be observed in Fig. 1. The glass
particles exhibit a narrow distribution, achieved with the
sieving process with the following characteristic values
related to size distribution: d;g = 28.1 um, dsy =
41.1 pm, dgg = 53.2 pm. Both powders were sieved with
a 40-pm mesh, and the fraction below this mesh was
selected. Even though glass particles above this size are
detected, which may be associated with the irregular
morphology of these particles that can pass through the
mesh on their thinnest side during the sieving process. By
contrast, the PEEK powder exhibits a slightly bimodal
nature, and the size distribution of the sieved powder is
characterized by djp = 10.2 pm, dsy = 21.2 pm, and dyg
= 37.6 um. The values obtained with this technique are
consistent with the observations by microscopy.

Blends of the sieved 45S5 and PEEK powders with the
compositions listed in Table 1 were sprayed by LPCGS
using the spraying parameters detailed in the Material and
Methods section. The microstructure of the deposited
coatings in the cross-section is shown in Fig. 2. The
observation reveals two different regions. The PEEK par-
ticles form a dense and continuous matrix (the dark gray
region in Fig. 2). In contrast, the glass particles (the light
gray in Fig. 2) are embedded in the polymeric matrix,
suggesting that the PEEK particles reach a temperature
above its glass transition temperature and therefore have

B .

(B) powders g
®

g 10
=)
3

5

0

1 10

Particle diameter (um)

100 pm

15
S
g 10
=
(o]
- 5
0
100 1000 1 10 100 1000

Particle diameter (um)

@ Springer



900

J Therm Spray Tech (2024) 33:895-911

Fig. 2 Cross-sectional SEM
micrographs: (A) and (B) 45S5
10%, (C) and (D) 45S5 25%,
(E) and (F) 45S5 35%, (G) and
(H) 45S5 50%

SE MAG: 75 x HV: 20,0 kV WD: 20,0 mm

been plastically deformed during the process, while the
bioactive particles are perfectly surrounded and retained by
the polymeric matrix, maintaining their initial morphology,
which indicates that glass particles have not been plasti-
cally deformed during the spraying process. Moreover,
some porosity between particles can be observed in the
coatings with more glass.

The top surface of the sprayed coatings containing glass
is shown in Fig. 3. It is possible to observe how the glass
particles are surrounded by polymeric particles, and more
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SE MAG: 200 x HV: 20,0 kV WD: 20,0 mm

glass particles are observed on top of the coatings with
higher glass content in the blend. In the upper layer of the
coatings, the particles reached the substrate with slight
deformation, since in CGS, the deformation of the particles
in the coating is mainly achieved when they are impacted
by the following particles deposited on them.

The analysis of the cross-sections and the surfaces cor-
roborates the success of producing a composite coating,
which includes bioactive glass particles embedded in a
polymeric matrix. Furthermore, the deposition of the
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Fig. 3 Top surface SEM
micrographs: (A) 45S5 10%,
(B) 4585 25%, (C) 45S5 35%
and (D) 4585 50%

coatings has been achieved without altering the composi-
tion of the bioactive particles using CGS since the particles
have maintained their morphology and have been kept
below their glass transition temperature (550 °C) all over
the coating formation.

During the spraying process with LPCGS, the gas tem-
perature was set at a maximum of 350 °C. However, due to
the process’s speed, we can consider that the sprayed
blends were in contact with the hot flow of gas only for a
brief period. Furthermore, polymeric and ceramic materials
are known to have low thermal conductivity. Under these
conditions, it was expected that the particles did not reach
the temperature of the gas. When the PEEK particles
impinge onto the substrate, it is suggested that particles
should be between glass transition and melting tempera-
ture. As it is well known, the glass transition temperature of
PEEK starts at 143 °C, the melting is achieved at 343 °C,
and decomposition occurs at 575 °C (Ref 40, 41). In this
temperature range, the thermoplastics can be deformed
plastically and explain the dense polymeric matrix
observed in the cross-sections, in which the separation
between PEEK particles is not appreciated. On the other

hand, the glass transition temperature of the 45S5 occurs at
550 °C, and melting is evidenced at 1070 °C (Ref 42, 43).
Consequently, to undergo plastic deformation, the glass
particles require higher temperatures than those reached
during the process.

XRD patterns of the PEEK powder before spraying and
the PEEK 100% coating are displayed in Fig. 4. The
crystallographic structure analysis was done to determine
whether the crystalline phase of PEEK changed after
spraying. Both patterns exhibit broad peaks, as expected
for semicrystalline polymers. The identified peaks coincide
with the PEEK (Reference code: 00-053-1992), and the
intensity is very similar for both the powder and the
coating. The results suggest that the coating manufacturing
process has kept the crystallinity of the PEEK polymer.

For a good bioactive response of the coating, the glass
particles must be well distributed throughout the coating,
especially these must be present on the surface of the
coating that, in the end, it is the part of the component that
will be in direct contact with body fluids.

Image analysis was performed on the top surface and
cross-section of the different coatings to quantify the glass
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Fig. 4 X-ray spectra of PEEK +
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100% coating \
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particles retained in the coatings. It was done following the
procedure described in the Material and Methods sec-
tion. This method made it possible to compare the amount
of bioactive glass particles retained with the blend com-
position sprayed. Thus, the percentage of the area corre-
sponding to glass material in the coating cross-section and
top surface is represented versus the volumetric percentage
of glass on the sprayed blends in Fig. 5. It should be noted
that the values shown cannot be compared with the volu-
metric percentages of the blends.

For both the cross-sections and the top surfaces, a
gradual increase in the glass area can be observed related to
the amount of glass in the sprayed blends up to a glass
content of 25%. In addition, from 35% glass in the blend,
the increase in glass retained in the cross-section and on the
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surface is less significant. For the coatings with the highest
glass content, the glass particles are rebounding when they
impinge onto other glass particles that are already part of
the coating, having a lower ability to be retained by the
polymeric matrix but generating a kind of erosion on top of
the coating. The results corroborate that the glass particles
are present inside the coating and on the surface. These
composite coatings could promote the bioactive response
of coated PEEK because of the presence of bioactive par-
ticles on their surface.

In Vitro Bioactivity Study—Ability to Form Apatite

The presence of glass in the coatings is expected to provide
bioactive capacity to the samples since the ionic dissolution
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of glass stimulates the formation of the HCA, which pro-
motes the osteointegration between bone and implant.

The formation of the apatite layer follows a sequence of
rapid reactions described by Hench: (i) ion exchange
between glass and solution, (ii) formation of silanols at the
glass solution interface, (iii) formation of a silica-gel layer
by condensation and re-polymerization of silanols, (iv)
formation of a CaO-P,Os-rich layer by incorporation of
calcium and phosphate from solution, and (v) crystalliza-
tion of the amorphous CaO-P,Os-rich layer to form crys-
talline HCA layer (Ref 44, 45).

Due to the great importance of this HCA layer in
implant osteointegration, all the composite coatings were
immersed in an HBSS solution for 21 days, and the surface
of the coatings was periodically evaluated to analyze the
formation of the HCA layer. SEM micrographs of the
PEEK 100% coating (Fig. 6) after 14 days of immersion in
HBSS revealed that PEEK coatings could not form an
HCA layer as expected if we consider that this material is
not bioactive. By contrast, it can be observed that the key
role that 45S5 has is a bioactive coating component even at
low content; all the coatings containing glass particles can
form the HCA layer. The coatings with a glass content
higher than 10% followed similar behavior regarding
forming the HCA layer. In them, the incorporation of 45S5
glass promoted quicker development of the HCA layer

PEEK 100% 4585 10%

Immersion
days

14

4585 25%

compared to 4555 10% coating. Furthermore, it is possible
to appreciate the higher presence of small apatite spheres at
3 days. In particular, apatite deposits have begun forming
on the top of glass particles. On the contrary, in the 45S5
10% coatings, small apatite spheres were identified in the
early stages of the experiment (at 3 days of immersion),
which grew and formed aggregated deposits after 7 days of
immersion, until finally entirely covered the surface of the
coating by a continuous HCA layer after two weeks of the
test. At 21 days of exposure, the HCA layers of all coatings
with glass content continued growing. However, the
micrographs corresponding to that period are not shown in
Fig. 6 due to their similarity with the previous period.

These images allow us to validate the bioactive capacity
of the coatings with glass content. The results suggest that
coatings obtained by cold-spraying 45S5-PEEK blends
with at least 25% of glass promote a fast HCA layer
growth, which can lead to a successful implant osteointe-
gration. The coatings obtained with the 45S5 10% blend
also present bioactivity but with a considerable decrease in
the kinetic of HCA formation concerning the other coat-
ings. As expected, PEEK 100% coatings could not form an
HCA layer after 21 days in the solution.

The few bioactive glass particles found on the top sur-
face of the coatings (Fig. 5) have been shown to promote
the formation of the HCA layer. However, the coatings

4585 35% 45S5 50%

Fig. 6 SEM images of the surface of the samples after soaking in HBSS for different times: after 3, 7, and 14 days
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need 14 days of immersion to be fully covered by a bone-
like apatite layer. In comparison, in other studies with more
presence of bioactive materials on the top surface, the HCA
layer covers the coatings completely in shorter periods: Ur
Rehman et al. (Ref 46) at 3 days, Garrido et al. (Ref 24) at
6 days or Yu et al. (Ref 47) at 7 days.

X-ray diffraction analysis was used to confirm the for-
mation of HCA layers on the surface of the coatings
immersed for two weeks in HBSS. XRD patterns of the
rinsed and dried coatings after these 14 days are illustrated
in Fig. 7. The pattern of the pure PEEK coating revealed
broad peaks corresponding to the crystalline phase of the
PEEK polymer. The absence of peaks related to the for-
mation of the HCA layer corroborates the lack of bioac-
tivity of the inert coating, according to the SEM images of
Fig. 6, where no change in the surface of these coatings can

be detected. In the patterns of the coatings containing glass,
the detected peaks are consistent with sodium calcium
silicate (NagCa3SigOqg; code: 01-079-1089) and hydrox-
yapatite (Cas(PO4)3(OH); code: 00-001-1008), related to
the presence of bioactive glass particles and the HCA layer
formation. The sodium calcium silicate phase is not related
to the in vitro test. It is the result of the self-crystallization
that 45S5 glass undergoes at room temperature and atmo-
spheric pressure, as reported in a published study (Ref 48).
The intensity of the peaks corresponding to the HCA layer
is similar for the different composite coatings. Besides, it is
possible to appreciate a trend of lower intensity in the
peaks associated with PEEK as the amount of glass in the
coating increases due to the lower amount of PEEK in
these coatings. Considering the hydroxyapatite peaks, the
XRD results suggest that the growth kinetics of the apatite

Fig. 7 X-ray spectra acquired
on the samples after immersion
in HBSS for 14 days.
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layer was not affected by the increase in glass in the
coating.

The cross-section of the formed layer of HCA after 7
and 21 days of exposure can be observed in Fig. 8. After
one week, a thin layer (light gray) was formed on the
different coatings. However, this HCA layer is not con-
tinuous along all the coating, particularly in the 45S5 10%;
some parts are behavior without apatite deposition. These
results agree with the SEM images observation in Fig. 6 at
7 days, where 4555 10% coatings showed a slower rate of
apatite formation than the other glass coatings. At three
weeks, the HCA layer has grown for all the samples,
becoming continuous throughout all the surface coating
and reaching a thickness between 2 and 4 um. In addition,
after 21 days of exposure, the absence of glass particles
(light gray) in the coatings could be observed. It corrobo-
rates the process described in the literature, in which the
formation of the apatite layer is related to the degradation
of bioactive glass. In order to corroborate the composition
of the formed layer of HCA, chemical analyses were car-
ried out, and the atomic concentration measured is detailed
in Table 2. The chemical analysis confirms the presence of
a layer rich in apatite, and in particular, the Ca/P ratio
(atomic) after three weeks of test reveals values near the
crystalline hydroxyapatite (1.67) (Ref 49). The ratios
obtained are coherent with the values reported by other
authors (Ref 50, 51).

Degradation Study

The degradation rate and the ion release of bioactive
glasses can strongly affect the biocompatibility of the
coatings. Furthermore, the capacity of bioactive glass
particles to be replaced by bone is tightly linked to their

4585 10%

4585 25%

days

Immersion
7

'vH.CA layer. N

10 pm

f

HCA layer

&

)

<

SEMAG: 2000x HV:20kV  WD: 21mm SEMAG: 2000x  HV:20kV  WD: 21mm

Fig. 8 Cross-section micrographs showing the HCA layer after 7 an

dissolution. For this reason, a degradation study of the
developed coatings can provide valuable data on their
biological capabilities.

The weight loss associated with the degradation of the
glass retained on the coatings was studied in the degrada-
tion test. The coated samples were immersed for 120 h in
Tris—HCI solution, and the percentages of weight loss of
the samples and the pH values measured after the test are
illustrated in Fig. 9.

Incorporating bioactive glass in the coatings resulted in
a remarkable increase in degradation compared to the pure
PEEK coating, which is non-degradable in physiological
fluids. The increased weight loss observed can be con-
nected with the area percentage of bioactive glass quanti-
fied on the surface of the coatings shown in Fig. 5.
Remarkably, the two coatings with more glass content
(4555 35% and 50%) achieved the same weight loss values
(1.00 and 0.99%), suggesting that the glass found on the
surface was not significantly different in both cases. Fur-
thermore, the ions released from the glass particles of the
coatings cause an increase in the pH solution, proportional
also to the amount of glass in contact with the solution.

Table 2 EDS scan onto the formed layer of HCA after test in HBSS
for 21 days

Atomic concentration

45585 10%  45S525% 45585 35%  45S5 50%
Oxygen% 69.6 66.4 70.2 69.0
Calcium% 19.2 21.4 19.0 19.8
Phosphorus% 11.2 12.2 10.8 11.2
Ca/P ratio 1.71 1.75 1.76 1.77
4585 50%

4585 35%

/

ayer
{

©

HeA |
4 }

SEMAG: 2000x  HV:20kV WD: 21mm

10 pm

10
um

SEMAG: 2000x HV:20kV WD: 21mm

d 21 days of immersion in HBSS
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The dissolution products of the bioactive glass of the
coatings promote the formation of the HCA layer, as evi-
denced in the cross-sections after 21 days of immersion in
HBSS, where the glass particles near the surface were
dissolved (Fig. 8). After the degradation test, the chemical
contents of the solutions were measured using ICP-OES.
The concentration of elements released (silicon, calcium,
and sodium) at 5 days is shown in Fig. 10. The ions cor-
responding to the dissolution of the glass were detected,
which are associated with the loss of weight of the coatings
studied. These results are consistent with the lower
bioactive capacity observed on the 45S5 10% coatings, as
discussed previously in section 3.2.

According to Hench (Ref 52), the first step in bioactive
glass dissolution is the release of alkali modifier cations
(Na + in 45S5), consistent with our results, where sodium
ions are the most released, followed by calcium ions. Both
are the modifying elements of the network, consequently,
the most susceptible to being released. In addition, the

@ Springer

4555 25% 45S5 35% 4555 50%

Si mCa mNa

release of network-forming elements (silicon and phos-
phorus) was lower. Only silicon ions were detected in the
solution due to the high contribution of silicon oxide (45.0
wt.%) on this specific glass composition. Phosphorous was
not detected due to the low content in the original glass
(6.0% wt.%).

This ion exchange process caused by immersion in
HBSS of glass particles increases the solution’s pH and the
glass particles’ dissolution. The results from this analysis
perfectly match the weight loss, and pH values discussed
previously and validate the analysis of the bioactive
response of the coatings.

Figure 11 shows the top surface of the coatings con-
taining glass after degradation. Some glass particles are
partially degraded, mainly on the coatings with more glass
content. Other glass particles have not started to degrade,
and there are also some holes at the surface of the coatings.
However, these holes can be related to glass particles that
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Fig. 11 Top surface SEM
micrographs after degradation:
(A) 4585 10%, (B) 4555 25%,
(C) 4585 35% and (D) 45S5
50%

JoRTIT™
41 269 ym

¥

% Not degraded
$145S5 particies

2 1000x

<1 269 pm

were entirely degraded or can be generated during the
spraying, as observed in Fig. 3.

By combining the results from the different techniques
employed to study the bioactivity and degradation of the
coatings, we could conclude that the presence of glass in
the coatings is vital to acquiring bioactive behavior. In
comparison, the coatings with more glass on the blends
provide comparable bioactive capacity, due to the more
similar amount of glass retained in the sprayed coatings,
particularly on the surface. Moreover, the bioactive
capacity of the 45S5 10% coatings is considerably lower
than the other ones.

Cell Culture Study

The integrity of the coatings obtained by LPCGS is related
to the glass content in the blend. As the amount of glass
increases, erosion begins to occur, and the ability of the
polymeric matrix to retain the glass particles decreases. In
addition, the results obtained in the apatite layer formation
and degradation tests are correlated with the amount of
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glass exposed on the surface, where no significant differ-
ences were obtained for the coatings with higher glass
content (45S5 35 and 45S5 50%). Therefore, cell assays
were performed only on the following coatings: PEEK 100,
4585 10, 25, and 35%. TCP was also included as a positive
control.

PEEK is a biomaterial that does not favor cell adhe-
sion due to its high hydrophobicity (Ref 53. Compared to
other materials such as titanium, tantalum, or even
bioactive glasses, the cellular response of PEEK is low,
and strategies to induce positive cellular responses and
osteointegration are required (Ref 2, 7, 54). The results
of adhesion and proliferation of osteoblasts on the studied
coatings at different periods are plotted in Fig. 12.
Similar cellular activity was observed between the dif-
ferent coatings for short- and long-term periods. Other
studies have already reported that, in short-term periods,
no differences were observed in cellular response
between pure PEEK samples and PEEK/bioactive-ce-
ramic samples (Ref 32, 55-57). However, the ternary
biocomposite developed by Deng et al. (Ref 57) revealed

@ Springer



908

J Therm Spray Tech (2024) 33:895-911

Fig. 12 MTS activity analysis
for human osteoblasts after
incubation onto PEEK 100%,
4585 10%, 4585 25%, and 45S5
35% at 3, 7, and 14 days. (n =
9; p-values < 0.01).
*Significantly more cells in the
indicated group compared to the
other groups at the same time
point. tSignificantly fewer cells
than 45S5 25% and 45S5 35%
at the same time point.
#Significantly fewer cells than
45S5 35% at the same time
point

Fig. 13 SEM observation of
osteoblasts after 24-h incubation
(x1500). (A) PEEK 100%,

(B) 45S5 10%, (C) 45S5 25%,
and (D) 45S5 35%

Absorbance at 490nm

Day 3 Day 7 Day 14

PEEK 100% ®=45S510% m45S525% m45S535% ®TCP

an enhancement in cellular response at 7 days. According  glass in the coatings; possibly, the amount of glass on the
to the results of our study, there are no significant dif-  surface is not enough to promote the expected
ferences in cell proliferation caused by the presence of  improvement.
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The morphological aspect of cells onto the coating
surfaces was observed by SEM; micrographs after 24 hours
of culture are shown in Fig. 13. The darkest particles
correspond to PEEK, while the lighter ones are glass par-
ticles. In general, osteoblasts seeded onto the coatings with
and without glass content showed the same morphology;
the cells adhered to the coatings with long filopodia,
showing a typical cell morphology for this type of cell.
From these images, it can be concluded that cells can
adhere to the top of both materials that form the coatings
(PEEK and 45S5). The roughness of the different coatings
is practically the same for all cases (values of Ra between
7.6 and 8.6 um); therefore, this factor has not affected the
cell culture results.

Conclusions

In this work, we have produced 45S5/PEEK composite
coatings with enhanced biological properties using
LPCGS. The ratio of glass in the sprayed blends was
studied, by analyzing the quality of the coatings in terms of
microstructure and the in vitro response, with results that
show an improvement in the properties of the coatings due
to the presence of glass. However, interesting differences
among coatings were observed.

The produced coatings were composed of a dense
polymeric matrix, where the glass particles were embedded
without being altered during the deposition process. The
microstructure analysis revealed that the polymeric
matrix’s capacity to retain glass is limited since increasing
the amount of glass in the blends allows a maximum of
glass incorporation for 35% of glass content.

The amount of glass on the surface is a crucial aspect of
the bioactive behavior of composite coatings, as was
demonstrated by the studies of the HCA layer formation
and the degradation of the coatings. After three weeks of
immersion, a continuous HCA layer could be seen in all the
glass coatings, with a thickness between 2 and 4 pm. In
particular, the formation of the HCA layer occurs at a
similar rate for the coatings with 25, 35, and 50% of glass
content in the blends, while coatings containing only 10%
of glass in the blend showed slower kinetic reaction for
HCA layer formation. In addition, the degradation rate of
the different composite coatings was proven to be mainly
related to the glass content on its surface, with an increase
proportional to the identified glass area on the surface but
reaching a top at 35% of glass in the blend. The bioactivity
results were also supported by the weight loss, the ions
release, and the pH values after the 120-h immersion in
Tris—HCI solution.

Cellular in vitro studies showed that human osteoblasts
could adhere and proliferate on the evaluated surfaces, with

similar cell proliferation for the different coatings evalu-
ated. After 24 h of culture, osteoblasts were attached to the
different materials forming the coatings.
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