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This research focuses on the development of titania coatings containing calcium, phosphorus, and silver,
prepared using the sol-gel method and applied via dip-coating technique for use in biomedical
implants. These coatings were evaluated for their adhesion, bioactivity, antibacterial properties, and
cytocompatibility. The titanium substrates underwent mechanical grinding or blasting with AlLOs
particles, or chemical etching with hydrofluoric acid before coating application. Adhesion was assessed
using a tape test, revealing that all coatings adhered well to the substrates. Antibacterial activity against
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Escherichia coli was evaluated after 4 and 24 hours, demonstrating significant antibacterial effects.
Bioactivity was tested in simulated body fluid (SBF) over 20 days, showing promising results. Cytotoxicity
was assessed using L929, U-2 OS, and hFOB 1.19 cell lines, confirming the biocompatibility of the
coatings. These findings suggest that sol—gel prepared coatings can significantly enhance the functional
properties of titanium-based biomaterials for biomedical applications.
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Introduction
Surface treatments

Metal biomaterials and medical implants, crafted from
materials such as stainless steel, titanium alloys, and cobalt
alloys, are commonly used for their good biocompatibility and
mechanical properties desired for load-bearing and dental
applications.™” Surface treatment techniques are used to
enhance the durability and performance of biomedical sub-
strates, and these treatments can improve their chemical,
mechanical, and biological properties.” Numerous pieces of
research show that surface roughness is an important para-
meter that affects the rate of osseointegration and fixation of
implants. Techniques used to increase surface roughness and
reaction surface area include machining, blasting, etching, and
plasma spraying, among others.”> Nowadays, various coating
techniques are used as a highly efficient way to modify biome-
dical substrate surface, as it allows for the combination of
material and coating properties. There are several methods for
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preparing functional coatings, like plasma spraying, electro-
chemical deposition, sol-gel, biomimetic deposition, sputter-
ing, and others.>®’

Sol-gel

The sol-gel method is one of the most popular ways to prepare
functional coatings. This simple and inexpensive chemical
process based on hydrolysis and polycondensation reactions
of precursors allows for the fabrication of multi-component
materials in various forms (films, fibres, foams, etc.) from a
liquid phase.*®™° It has several advantages over other meth-
ods, including the possibility of doping various inorganic and
organic materials, or biomolecules, the ability to create a uni-
form fine-grained structure, high homogeneity, excellent adhe-
sion, and corrosion resistance. Additionally, it can coat
substrates with a complex geometry and has a lower processing
temperature. The sol-gel method is used not only in the
biomedical field but also in optics (e.g. dielectric mirrors) or
as anti-reflective coatings (ARCs).>° " Its cost-effectiveness and
adaptability make it a practical choice for various industrial
applications.®"

Adhesion

Adhesion is an essential parameter in the study of coatings in
the biomaterials field, as it determines their effectiveness and
durability. Adhesion tests are used to assess the durability of
coatings and determine if they are suitable for their intended

© 2025 The Author(s). Published by the Royal Society of Chemistry
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purposes. Failure to adhere can cause many problems for the
patient, including pain, infection and failure of the coating and
the entire implant. There are several common and uncompli-
cated techniques for measuring bond strength, such as the tape
test, scratch test, and pull-off test.’*"”

Bioactivity

The term “bioactivity”” has different definitions. Some define it
as a specific biological response resulting in an interaction
between a material and surrounding tissues, forming a bond.
Others consider bioactive materials as capable of releasing ions
and inducing bone hydroxyapatite formation in contact with
physiological fluids."®° According to the ISO 23317:2014 stan-
dard, bioactive materials are defined by their ability to form an
apatite layer in simulated body fluid (SBF), which mimics the
inorganic composition of human blood plasma, serving as a
key indicator of their potential for bone bonding.*® The bioac-
tivity index Iy = 100/ty5 [d™"] can be used to determine the
bioactivity level, where ¢, is the time for 50% binding for-
mation between the material and tissue.?! Bioactivity is crucial
for biomedical materials, enhancing their biocompatibility,
osseointegration, and implant fixation. It triggers a specific
biological response leading to stable tissue-implant bonds. The
presence of calcium and phosphorus, with a ratio close to
hydroxyapatite (Ca/P = 1.67), can increase bioactivity. There-
fore, hydroxyapatite (HA) is a highly desirable bioactive
material.»%**7>*

Antibacterial effect

Bacterial resistance is very important, especially in clinical
applications. Antibacterial materials are widely used to form
antibacterial implant coatings, which protect substrates from
bacterial contamination and prevent the formation of undesir-
able bacterial infections. Infections, in hospital environment
mainly caused by Escherichia coli and Staphylococcus aureus, are
a significant issue and risk during and after surgery. It may
result in implant failure and subsequent reoperation. Main-
taining a sterile environment allows for adequate tissue regen-
eration time and increases the chance of implant acceptance.
In addition, the amount of antibiotics, which are a considerable
burden for the patient’s body, can be reduced.”*® One effec-
tive way to achieve antibacterial properties in implant coating is
by incorporating silver nanoparticles or soluble compounds
(e.g. AgNO3, Ag;PO,). Silver has long been known for its anti-
bacterial properties, and nanoparticles of silver have a large
surface area relative to their volume, making them highly
effective at killing different bacterial strains, viruses, and fungi.
The gradual and long term release of silver from the biomater-
ial will provide a sufficient antibacterial effect.*>**?° The
mechanism of action for silver is thought to involve the release
of silver ions, which can penetrate bacterial cell walls and
disrupt their metabolic processes.>*>%3°

Cytotoxicity

The term cytotoxicity refers to the toxic effect of substances on
cells. Cytotoxic agents prevent the growth of cells and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sometimes cause their death. They are also used as a treatment
for some diseases. There are chemical, biological, and physical
agents that can affect cells to diverse degrees.® Medical
devices and biomaterials are in direct and indirect contact
with tissues and cells of a living organism and must exhibit
excellent biocompatibility in addition to physical and chemical
properties. Biocompatibility is essential in the field of bio-
materials and medical technology. It is the ability of the
material to perform the desired functions, induce an appro-
priate response of the organism, and interact with the living
system without the risk of injury, toxicity, rejection of the
implant by the immune system or any adverse reaction of
the organism.**** Biomaterials are often surface-modified with
antibacterial coatings containing antiseptics, antibiotics, or
metal ions, which prevent the colonization of the implant by
microorganisms and the formation of a biofilm. While anti-
bacterial properties are important, they should not compro-
mise biocompatibility.**

Aims

The aim of this study was to prepare titanium coatings contain-
ing calcium, phosphorus, and silver on chemically and
mechanically modified titanium substrates using the sol-gel
method and dip-coating technique. Titanium was chosen due
to its excellent biocompatibility and mechanical properties,
which make it a widely used material in biomedical applica-
tions. The inclusion of calcium and phosphorus aims to
enhance bioactivity and osteointegration, while silver was
selected for its well-known antibacterial properties. This
study provides new information to the current research by
examining how different chemical and mechanical surface
treatments influence the performance of the multifunctional
coatings. The study aims to contribute to the development
of advanced coatings that not only enhance the antibacterial
and bioactive properties of titanium-based biomaterials but
also ensure cytocompatibility. The findings from this research
could significantly advance the field of biomaterials, providing
valuable insights for future studies and potential clinical
applications.

Experimental conditions

Substrate treatments

Titanium substrate samples (Grade 2, ASTM B265) sized 30 x
10 x 1 mm were prepared and subjected to three different
surface treatments. The first group underwent mechanical
treatment by grinding with SiC grinding papers (P400, P600
and P800). The second group was treated by blasting the
samples with Al,O; particles (90-125 pm; made by RONA, a.s.
white fused alumina F120). The third group of samples under-
went chemical treatment through etching in hydrofluoric
acid (HF:H,0, 1:5) for 20 seconds. Afterwards, all samples
were cleaned in an ultrasonic bath using acetone and ethanol
for 10 minutes each, followed by air-drying at laboratory
temperature.

Mater. Adv., 2025, 6, 352-364 | 353
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Sols preparation and coating

Three sols with varying concentrations of silver were prepared
by mixing a basic titania sol with two 2 mol dm™ ethanol
solutions of calcium nitrate tetrahydrate (PENTA s.r.o.) and
triethyl phosphate (Sigma-Aldrich s.r.0.). The basic sol was
prepared by stirring a mixture of Triton X-100 (Carl Roth GmbH
+ Co. KG), nitric acid (1 mol dm ™) (Lach-NER, s.r.0.), acetyl-
acetone (Lach-NER, s.r.0.), tetra-n-butylorthotitanate (Sigma-
Aldrich s.r.0.) and ethanol at laboratory temperature for
24 hours. This mixture was then combined with the ethanol
solutions in the specified order and ratio (Ca/P = 1.67) and
homogenized for an additional 24 hours. Silver in the form of
AgNO; was introduced to the sols just prior to coating. The final
concentrations of silver in the sols were 0 mol dm* (TCP),
0.05 mol dm™? (TACPO05), and 0.07 mol dm* (TACP07).

The three different coatings were applied to all three types of
surface-treated titanium substrates by the dip-coating techni-
que at laboratory temperature with constant stirring. The
samples were submerged and extracted at a constant rate of
20 cm min~ ', and the dwell time in the sol was 30 seconds.
Subsequently, the samples were dried at laboratory tempera-
ture and fired at 400 °C for 2 hours with a heating rate of
2 °C min~". This was followed by spontaneous cooling down to
laboratory temperature.

Substrate surface morphology

The morphology and roughness of substrate surfaces after
mechanical and chemical surface treatments, as well as those
coated without silver content (TCP), were measured according
to CSN EN ISO standard 4287. Observation and characteriza-
tion were made by using a 3D laser confocal microscope from
Olympus (OLS5000-SAF). Roughness was measured and evalu-
ated three times for each sample, using Data Acquisition
Application and Analysis Application software.

Adhesion

The ability of the coatings to adhere to the surface-treated
titanium substrates was tested by a standardized tape test
(ASTM D 3359). The surfaces of the coatings were intentionally
damaged with 6 x 6 grid scratches, with a 1 mm gap between
each scratch. A special tape (Permacell 99) was applied to this
grid and loaded for 90 seconds. Afterwards, the tape was peeled
off at a 180° angle. After the tape test, the surfaces of the
coatings were examined using an optical microscope (Olympus
BX51) and a scanning electron microscope (Hitachi S4700). The
final appearance of the coatings after the test was compared
with a classification table to assign them a grade of adhesion.

Antibacterial effect

The antibacterial effect of coatings was tested against the Gram-
negative bacteria Escherichia coli. The entire experiment was
conducted in a sterile environment within a Flow-box. A test
suspension with a concentration of 10* cells mL ™" was obtained
by dilution of provided bacteria suspension with physiological
solution (9 g L~ " NaCl). Each test tube contained a single coated
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sample immersed in the test suspension, while the reference
samples consisted of tubes containing only the bacterial sus-
pension. The interaction between the coated substrates and the
bacterial suspension took place in the dark for 4 hours and
24 hours at laboratory temperature. After the interaction, the
samples were withdrawn from the tubes, and 100 pL of each
reacted suspension (as well as the reference unreacted suspen-
sion) were spread into two Petri dishes with agar. These dishes
were incubated at 36.5 °C in a biological thermostat for
24 hours. After the incubation period, the Petri dishes were
photographed, and the colonies of surviving bacteria were
counted using the computer program NIS-Elements AR 3.10.
The results of the antibacterial test are the average value from
two independent experiments which means four Petri dishes.

Bioactivity

The bioactivity of the coatings was tested in vitro using simu-
lated body fluid (SBF) under both static and static-dynamic
conditions. The static test was performed according to ISO
standard 23317:2014. The static-dynamic test differed in repla-
cing the SBF every 24 hours, which better corresponds to the
processes occurring in living organisms. Both tests lasted for 20
days. After the reaction time, the samples were removed from
the solutions, rinsed three times in demineralized water, and
air-dried at laboratory temperature. The sample surfaces after
these tests were observed by a scanning electron microscope
(Hitachi S4700) equipped with an EDS analyser (NORAN D-
6823) with a silicon drift detector (SDD) and characterized with
XRD analysis using a High Score Plus diffractometer equipment
with a conventional X-ray tube (CuKa 40 kV, 30 mA) to deter-
mine the composition of newly formed phases. The samples
were plated with an Au-Pd layer for SEM observation.

Cytotoxicity

Cytotoxicity testing in vitro was conducted using the mouse
fibroblast cell line 1929 (ATCC®™ CCL-1™") via test on extracts
according to ISO 10993-5 standard, and by seeding the cells
directly onto the samples (contact testing) with the use of U-2
0s cell line derived from human osteosarcoma (ATCC® HTB-
96™) and with hFOB 1.19 cells derived from human fetal
osteoblasts (ATCC® CRL-11372™). Cell viability was assessed
by monitoring the transformation of blue resazurin into purple,
fluorescent resorufin. Cells growing on the samples were
observed using a fluorescence microscope.

For testing, full-coated samples of mechanically and chemi-
cally modified substrates were prepared and sterilized in 70%
ethanol for two hours. Only samples coated with TCP and
TACP07 were used due to the expected lower cytotoxicity in
TACPO5 coatings.

Test on extracts. To prepare extracts of the test samples, a
Minimum Essential Medium (MEM, Sigma M0446) (surface-to-
volume ratio of 1.25 cm® mL ") with a 5% FBS (Fetal Bovine
Serum) and antibiotics was used. The extraction process took
place for 24 hours at 37 °C with continuous shaking (130 rpm).

1929 cells were seeded in a 96-well plate in MEM + 10% FBS at a
concentration of 1 x 10° cell mL™", aiming for sub-confluent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cell layers (approximately 80% of the well bottom was covered
with cells), at the time of exposure. Cultivation occurred at
37 °C in an atmosphere with 5% CO, for 24 hours. Following
this, the cell layer’s growth was checked, and the medium was
replaced by the extracts and another 24-hour incubation fol-
lowed. The sole cultivation medium served as the negative
control. Each extract was tested six times. After incubation,
the extracts were removed and replaced with a solution of
resazurin (final concentration 25 pg mL™") in a medium with-
out phenol red (MEM + 10% FBS). Plates prepared in this
manner were further incubated for 1 hour at 37 °C. The
quantification of the resulting resorufin was performed by
measuring fluorescence at excitation and emission wavelengths
of 560 nm and 590 nm, respectively, using a Synergy H1
fluorometer. The evaluation was conducted by comparing the
metabolic activity (fluorescence) of the samples to that of the
negative control. In accordance with the established standards,
cytotoxicity is considered to occur when cell viability decreases
by more than 30% compared to the negative control. The
concentration of silver in the extracts was determined using
an ICP-OES iCAP 7400 (Thermo Scientific), and measurements
were conducted only for samples coated with sol containing the
higher Ag concentration (0.07 mol dm™*; TACP07).

Direct contact cytotoxicity test and microscopy. For the
contact test, the samples were sterilized and placed in 6-well
plates, where 3 mL of cell suspension (U-2 OS 20.000 cells cm?,
hFOB 1.19 30.000 cells cm?®) in DMEM + 10% FBS + antibiotics
were added to each sample. After 24 hours, the wells were
washed with PBS (phosphate-buffered saline). The samples
were then transferred to new wells. Subsequently, 2.5 mL of a
resazurin solution in a medium without phenol red at a
concentration of 25 ug mL™ ' was added to the cells that were
originally in contact with the samples. After a four-hour incu-
bation, the amount of generated resorufin was measured again.
Fluorescence measurement was conducted under the same
condition as in the non-contact cytotoxicity testing, using a
Synergy H1 fluorometer at excitation and emission wavelengths
of 560 nm and 590 nm. Cells growing on the well bottom served
as the negative control. Cells growing directly on the samples
were fixed using a 4% formaldehyde solution in PBS (2.5 mL,
20 minutes) and permeabilized using a 0.1% Twen-20 (2.5 mL,
15 minutes). Cellular structures were visualized using TRITC-
phalloidin (1 pg mL™", 12 minutes, for cytoskeleton visualiza-
tion) and DAPI (0.5 pg mL~", 5 minutes, for nucleus visualiza-
tion). The evaluation was performed using an Olympus BX53

View Article Online

Materials Advances

fluorescence microscope with the CellSens Dimension soft-
ware, and images were further processed in Image] software.

Results
Characterization of substrates

Fig. 1la-c show images of surfaces of non-coated titanium
substrates treated in mechanical and chemical ways, depicted
by a scanning electron microscope (Hitachi S4700). All surface-
treatments of the substrate resulted in an increase in surface
roughness and thus the increase of the reaction surface area. In
the case of chemically treated samples, the hexagonal morphol-
ogy of individual grains was accentuated.

The roughness of the surface-treated substrates was
also measured using a 3D laser confocal microscope (Olympus
OLS5000-SAF). By comparing the roughness profiles of surface-
treated substrates, different morphology of the substrates was
observed. The surface roughness of the substrate leached in the
HF solution is not uniform, there are sudden jumps, on the
other hand, the surface of the blasted substrate is very fragmen-
ted. The grinded surface is the most uniform of all samples.

Coatings characterization

Fig. 2a-i show the surfaces of the coatings after firing. An
important part of coatings characterization was also the analyse
of the coating’s chemical composition by EDS, and coating
roughness measurements. Fig. 3 presents a representative sam-
ple with an example of EDS analysis of the coating (Grinding
TACPO05), showing the distribution of selected major elements.
By observing the fired coatings, it was found that all types of
coatings copied the surfaces of the surface-treated titanium
substrate almost perfectly. In all types of coatings, isolated
cracks throughout the surface emerged during the firing pro-
cess. A significantly higher number of cracks were present in
coatings on a blasted substrate, which might be attributed to
substantial stress in areas of significant height difference.
Spherical “craters” containing calcium-rich particles appeared
in all types of coatings, with sizes ranging from single to tens of

micrometres. Their presence may result from an immiscible phase
within the titania-phosphate/calcium nitrate system, leading to
structural irregularities in the coatings. The distribution of these
“craters” was notably influenced by the roughness and morphology
of the substrate surfaces. The arrangement of these “craters” was
more uniform on mechanically treated substrates compared to
chemically treated ones.

Fig. 1 SEM images of surface of titanium substrate after surface-treatment: (a) grinding, (b) etching, (c) blasting.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Grinding

TCP

TACPO5

TACPO7

Fig. 2 SEM images of fired coatings surfaces.

$S4700 15.0kV 12.7mm x1.50k SE(M)

Fig. 3 Representative samples of the coating (TACPO5 — grinding) with
EDS analysis showing the distribution of selected major elements across
the surface.

Small white spherical silver particles could be observed in
the images of coatings prepared from silver-containing sols.
These particles were present in the coatings both individually
and in clusters. Once again, the distribution of silver particles
across the coating surface was influenced by the substrate’s
morphology. Samples with coatings on chemically treated
substrates exhibited a more even distribution of Ag particles.

Surface morphology

The roughness profiles of mechanically and chemically
treated substrates are shown in Fig. 4 on the left side. Grinded
samples exhibit a very uniform surface morphology, with only
minor peaks visible compared to etched and blasted samples.
The surface roughness of the substrate treated in an HF
solution varies significantly, with abrupt changes, and average
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Etching )
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maximum and minimum values (from triplicate) of profile are
(7206 + 1.701) um and (—8148 + 2.468) um. The blasted
substrate surface is also highly uneven, with average values of
(7691 + 0.442) um and (—9984 + 0.365) um. Compared to
blasted substrates, etched ones have more flat areas. The key
profile parameters are shown in Table 1.

From the roughness profiles (Fig. 4), it was evident that
applying the coating to both mechanically and chemically
treated substrates led to a reduction in the overall profile
height. The distinctive features of the profiles (peaks, valleys,
ruggedness) remained preserved even after application and
firing, suggesting that the coatings replicate the relief of the
surface-treated substrates quite well.

Adhesion

The surfaces of the coatings after the tape test are shown in
Fig. 5a-i. It can be observed that the adhesion of the coatings to
the surface-treated substrates was very good. The extent of the
peeled coating area ranged from 0 to 5%, corresponding to
classification grade 5B. None of the coatings experienced any
significant damage. Only small particles of the coatings were
detached at the edges of the cuts. However, these particles,
along with the cracks in the coatings, had no impact on the
overall test results. After the tape test, coatings of all types
retained both the “craters” with calcium particles, and silver
particles.

Antibacterial tests

The results of the antibacterial tests (Fig. 6) indicated consis-
tent trends across all tested samples. In the case of the 4-hour
interactions, both coatings containing silver exhibited nearly a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Roughness profiles of mechanically and chemically treated substrates without coating and with TCP coating.

Table 1 Average values of surface profile roughness parameters in pm

Grinding Etching Blasting Grinding TCP Etching TCP Blasting TCP
Rp 0.599 + 0.106 7.206 + 1.701 7.691 + 0.442 1.492 + 0.331 2.864 + 0.382 2.114 + 0.186
Rv 0.812 & 0.090 8.148 4+ 2.468 9.984 + 0.365 1.353 £+ 0.192 3.441 + 1.060 2.883 4 0.548
Rt 1.411 £+ 0.121 15.354 + 4.104 17.675 + 0.688 2.828 + 0.204 6.305 + 1.038 4.997 £ 0.496

Rp represents maximum profile peak height, Rv represents maximum profile valley depth, and Rt represents total height of profile.

hundred percent antibacterial efficacy. Coatings without silver
showed only partial bacterial reduction. After the 24-hour
interaction, the bacterial reduction for all three types of coat-
ings was 100%, indicating an increased antibacterial effect for
TCP coatings with longer interaction time.

Bioactivity

Static in vitro bioactivity test. Fig. 7a-i show SEM images of
coatings surfaces after the 20-day static in vitro test of bioactiv-
ity. New phases of calcium phosphate, probably hydroxyapatite
(HA, Ca;((PO,)s(OH),), which is a mark of bioactive properties,
precipitated on the surfaces of all types of samples. Precipitates
occurred mainly in the places of original Ca-P “craters”. The
coatings cracks didn’t have any influence on the forming of
new phases. It is possible to observe small and large clusters of
precipitated Ca-P growing over the circular ‘“craters” and
through the coating’s cracks. In the images (Fig. 7d-i) of
coatings with the addition of silver, silver particles are also
visible, and their clusters that remained intact after the
in vitro test.

Clusters of calcium carbonate (CaCO;) can be observed
in Fig. 7i. Its presence was confirmed by XRD (Supplement Ia—c,

© 2025 The Author(s). Published by the Royal Society of Chemistry

ESIT) analysis which also confirmed the presence of a small
amount of hydroxyapatite (HA, Ca;z(PO4)s(OH),). Due to the
small amount of precipitated Ca-P phases, it wasn’t possible to
perform XRD analysis on the other samples (Fig. 7a, b, d, e,
g and h).

Static-dynamic in vitro bioactivity test. The images of the
coatings surface after the bioactivity test under the static-
dynamic are shown in Fig. 8a-i. Newly precipitated phases were
found to be present on all tested samples. The XRD analyses
(Supplement Id-i, ESIt) confirmed the presence of calcite
(CaCO;), which is a precursor to the formation of hydroxyapa-
tite, on all etched (Fig. 8b, e and h) and blasted samples
(Fig. 8c, f and i). As in the previous static test, the precipitates
grew mainly in places of Ca-rich “craters”, from which they
spread to the surroundings and through cracks. In the case of
coatings with a silver content (Fig. 8d-i), silver particles did not
disappear even after 20-day of interaction with SBF.

Cytotoxicity

Non-contact test. Fig. 9 shows the results of the relative
metabolic activity of the one-day long cytotoxicity test on
extracts with the L929 cell line. None of the tested extracts

Mater. Adv,, 2025, 6, 352-364 | 357
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Fig. 5 SEM images of surfaces of the coatings after tape test.

View Article Online

Paper

Blasting

100 - = -
&
z 80
=
S 60 -
s
o 40 -
ks
2
= 20 A
=
<
o -
TCP TACPO5 TACPO7
a) mGriding m Etching 1 Blasting

=
(=]
o
1
ml

80 -

60 -

20 4

Antibacterial activity [%]

o
L

TCP TACPO5 TACPO7

(=2

) m Grinding m Etching Blasting

Fig. 6 Average antibacterial activity after (a) 4 hours, (b) 24 hours.

caused a decrease below the normative toxicity limit (70%).
Silver concentrations in the extracts (Table 2) varied depending
on the surface treatment, with the highest concentration
observed in the grinding TACP07 samples. However, these
levels of silver did not lead to a significant reduction in cell
viability, suggesting minimal cytotoxic impact on L929 mouse
fibroblast cells. Based on these results, it can be said that silver
affected the viability of L929 mouse fibroblast cells only mini-
mally, and that none of the tested coatings were toxic to
these cells.

Contact test. Cell lines U-2 OS and hFOB 1.19 were chosen
for direct cytotoxicity test due to their similarity to bone cells.
Fig. 10 and 11 show the cytotoxicity results of the U-2 OS cell
line and Fig. 12 and 13 show results of the hFOB 1.19 cell line.

The graphical representation of the relative metabolic activ-
ity of U-2 OS cells growing one day in direct contact with

358 | Mater. Adv, 2025, 6, 352-364

materials (Fig. 10) shows that the metabolic activity of grinded
and etched substrates with the coating TACP07 was below the
70% viability of the control. An unexpected finding was that the
same occurred in the case of the substrate treated by blasting
without any coating, but other blasted samples with coatings
TCP and TACP07 had a good metabolic activity (90-100%).
Fig. 11a-i show the morphology of U-2 OS cells growing on
the surface-treated substrates without coatings and with TCP
and TACPO07 coatings observed by fluorescence microscope.
Cell nuclei are coloured blue, and actin filaments are coloured
red in the images. When cells are spread out, they display a
healthy morphology (Fig. 11a-f, i). Cells growing on substrates
(Fig. 11g and h) treated by grinding and by etching in hydro-
fluoric acid and coated by TACP07 appeared rounder and
shrunken, indicating reduced viability. Surprisingly, the sam-
ples with a blasted substrate and a TACP07 coating, despite the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM images of coatings surfaces after the static-dynamic bioactivity test.

silver content, achieved results comparable to samples with no
coating and those with a coating without silver.

Fig. 12 graphically represents the relative metabolic activity
of the hFOB 1.19 cell line after a one-day long direct toxicity
test. The reduction of metabolic activity close to the toxicity
limit (70%) occurred only in cases of treated samples with

© 2025 The Author(s). Published by the Royal Society of Chemistry

TACP07 coating - blasting 89% and grinding 75%. For
HF-treated samples, the metabolic activity of the cells was even
below the toxicity limit - 54%. For other tested samples, the
relative metabolic activity ranged from 100% to 125%.

Fig. 13a-i show hFOB 1.19 cells growing on the substrates
treated in three different ways and with a coating without silver

Mater. Adv., 2025, 6, 352-364 | 359
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Table 2 Silver concentration in MEM + 5% FBS extracts

Type of the coating Ag [mg dm™]
Grinding TACP07 (1) 0.608
Grinding TACP07 (2) 0.747
Grinding TACPO7 (3) 0.554
Etching TACP07 (1) 0.563
Etching TACP07 (2) 0.676
Etching TACP07 (3) 0.514
Blasting TACPO07 (1) 0.437
Blasting TACPO07 (2) 0.398
Blasting TACPO7 (3) 0.412
120% -
£ 100% | * I
E * Kk
>
T 80% o — o
©
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s
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Fig. 10 Relative metabolic activity of U-2 OS cells after one-day incuba-
tion. Metabolic activity is expressed as a percentage and error bars indicate
the samples standard deviation of eighteen values (three samples of each
type measured in six replicates). * indicates p < 0.05, ** indicates p < 0.01,
and *** indicates p < 0.001.

(TCP), and containing silver (TACP07). These images depict cell
morphology, which reflects their viability. The best results are
achieved by cells on substrates with TCP coatings lacking silver
content (Fig. 13d-f). The cells are elongated, and their density is
high. Rounded, thus impaired, cells are rare in images of these
substrates. Cells growing on surface-treated substrates without
a coating (Fig. 13a—-c) exhibited poor viability, indicating unfa-
vourable conditions for their survival. On grinded and etched
samples with TACP07 coating, (Fig. 13g and h), cell density is
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low but most cells exhibit a typical elongated shape. An excep-
tion is a blasted sample with TACP07 coating (Fig. 13i), densely
covered with live cells.

Discussion

The results of this study demonstrated that the titanium coat-
ings containing calcium, phosphorus, and silver showed vary-
ing degrees of success depending on the specific surface
treatments and the added amount of silver.

The antibacterial tests indicated that all coatings containing
silver were highly effective against Escherichia coli, reducing
bacterial growth significantly after 4 and 24 hours. This anti-
bacterial effect was particularly strong in coatings with higher
silver concentrations (cag = 0.07 mol dm ), suggesting a dose-
dependent relationship. This result underscores the potential
of these coatings to prevent infections in biomedical implants,
which is a critical consideration in their clinical application.

All samples also showed enhanced bioactivity in simulated
body fluid (SBF), especially samples that underwent mechanical
surface treatments. The increased surface roughness resulting
from grinding and blasting likely provided more nucleation
sites for the precipitation of new phases, thus improving
osseointegration potential. On the other hand, chemically
etched surfaces, despite slightly increased roughness, exhibited
less uniform precipitate formation, potentially due to the
irregular morphology created by the etching process. This
would suggest that mechanical treatment is more effective in
promoting the bioactive response leading to successful
osseointegration.

The tape test showed that all coatings (TCP, TACP05, and
TACP07) exhibited excellent adhesion to both chemically and
mechanically treated titanium substrates. Strong adhesion is a
critical property for biomedical applications, ensuring that the
coatings remain intact and functional. This shows that these
coatings are suitable for their intended use in biomaterials,
particularly in applications where long-term stability and dur-
ability are important.

The cytotoxicity and cell morphology tests highlighted sig-
nificant differences in cellular responses based on the type of
coating, surface treatment, and testing method. Non-contact
testing, where cells interact only with material extracts, is
standardized but less precise, as it does not account for direct
material-cell interactions. Contact testing, which involves direct
contact between cells and the test material, provides stricter
and more accurate results, reflecting a more realistic cellular
response to the material’s surface properties. In non-contact
tests, no sample treatment reduced the metabolic activity of
L1929 cells below the normative toxicity limit (i.e., below 70% of
the metabolic activity of the negative control). This indicates
that the materials are generally biocompatible. Although silver
concentrations in the extracts varied based on surface treat-
ment (Table 2), none reached levels sufficient to significantly
reduce cell viability. This suggests that while surface treatments
influence the release of silver, the concentrations observed in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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this study were not high enough to induce cytotoxic effects in
non-contact tests, aligning with the observed minimal cytotoxi-
city in L929 cells (Fig. 9). For uncoated substrates, both U-2 OS
and hFOB 1.19 cells generally exhibited high metabolic activity
in contact tests (except the blasted substrate with U-2 OS cells)
(Fig. 10 and 12). Healthy morphology was observed in U-2 OS
cells on all surface treatments (Fig. 11a—c). The cells were well
spread out, suggesting that the uncoated titanium surface
provides a supportive environment for cell attachment and
growth. In, contrast, hFOB cells showed poor viability on these
substrates because they were few and rounded (Fig. 13a-c).
When comparing the cell metabolic activity results with the
images of the cells growing on the surface of the samples, a
discrepancy can be observed on the blasted uncoated substrate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with U-2 OS cells (Fig. 10 and 11c). According to the metabolic
activity results, which may have been reduced due to residual
aluminium from the blasting process, there should have been a
reduction in the number of cells. However, the images showed
that a relatively large number of cells were present on the
substrate, and they had a healthy morphology (Fig. 11c). For
substrates coated with TCP (without silver), the results were
more favourable. U-2 OS and hFOB 1.19 cells on these sub-
strates generally exhibited better viability than uncoated sub-
strates, with cells spreading out and maintaining a healthy
morphology (Fig. 10, 11d-f, 12, and 13d-f). This suggests that
the TCP coating provides a more supportive environment for
cell growth than the uncoated titanium, likely due to the
coating’s ability to enhance surface properties without introdu-
cing cytotoxic elements. In contrast, the substrates coated with
TACPO07 (higher silver concentration) exhibited reduced cell
viability in contact tests. On the chemically treated and grinded
substrates with TACP07 coating, both U-2 OS and hFOB 1.19
cells showed significantly lower viability (Fig. 10, 11g, h, 12 and
13g, h). The cells often appeared rounded, indicating poor
attachment. This reduced viability is likely due to the cytotoxic
effects of silver ions released from the coatings. However, a
surprising finding was observed on the blasted substrate with
TACPO7 coating (Fig. 11i and 12i), where both U-2 OS and hFOB
1.19 cells exhibited relatively high viability and healthy mor-
phology. Both the metabolic activity and the images of the cells
indicated that the cells were growing on this surface, despite
the uneven surface and the presence of silver.

These variations in cell viability could be attributed to the
differences in surface roughness and chemical composition
introduced by the treatments, which are known to influence
cell attachment and proliferation. One potential reason for the
lower cell viability on certain samples could be the presence of

Mater. Adv,, 2025, 6, 352-364 | 361
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Fig. 13 Images of hFOB 1.19 cells growing on the substrates surface.

residual stress or suboptimal surface morphology, which may
create an unfavourable environment for cell growth. Addition-
ally, the distribution and concentration of silver ions likely
contributed to cytotoxic effects in some coatings especially with
higher content of silver, highlighting the need for precise
control over the incorporation of antibacterial agents.

These results are consistent with other studies showing that
surface roughness and chemical composition can significantly
affect bioactivity and cell compatibility of coatings on titanium
implants.>™ Previous research has also found that rough sur-
face textures, especially those created by mechanical treatments
like grinding and blasting, help improve osseointegration by
providing more sites for nucleation.**” However, unlike other
studies, this work offers a direct comparison of multiple sur-
face treatments, giving new insights into how each one affects
antibacterial properties, cell viability, and bioactivity. By inves-
tigating the combined effects of silver, calcium, and phos-
phorus, this study adds to current knowledge with a broader
understanding of how multifunctional coatings perform on
titanium surfaces.

The different behaviour of the coatings can be attributed to
the specifics of the surface treatments:

oGrinding: produced a uniform rough surface, offering
consistent nucleation sites for precipitation, enhancing coating
adhesion, and did not adversely affect cytocompatibility. Unlike
blasting or chemical etching, grinding does not introduce
residual chemicals or foreign particles that could negatively
impact cell viability.

eBlasting: created a highly fragmented surface with signifi-
cant height variations, which might have induced stress and
cracking in the coatings. This could affect the distribution
and efficacy of bioactive and antibacterial components, and
the residue from the blasting process may also impact

362 | Mater. Adv, 2025, 6, 352-364

View Article Online

Paper

Blasting

cytocompatibility, potentially leading to less favourable inter-
action with cells.

eChemical etching: resulted in a highly irregular surface
morphology with abrupt roughness changes, potentially lead-
ing to unpredictable new phase formation. The irregular mor-
phology and residual chemicals from the etching process could
negatively affect cytocompatibility.

These findings suggest that while the multifunctional coat-
ings hold promise for improving implant performance, careful
optimization of the surface treatments is essential to balance
bioactivity, antibacterial properties, and cytocompatibility.
Future studies should focus on refining these parameters to
develop coatings that maximize therapeutic benefits while
minimizing potential adverse effects.

Conclusion

This study successfully prepared and evaluated titanium coatings
containing calcium, phosphorus, and silver on chemically and
mechanically modified titanium substrates. The results demon-
strated that different surface treatments significantly influence the
coatings’ bioactivity, antibacterial properties, and cytocompatibility.
Mechanical treatments, especially grinding, provided the most uni-
form and effective surface for bioactive and antibacterial coatings.

The inclusion of calcium and phosphorus enhanced bioac-
tivity and potential osseointegration, while the addition of
silver provided effective antibacterial action. However, samples
with the higher concentration of silver exhibited cytotoxicity,
highlighting the need for future optimization of the coating
composition and surface treatments.

Overall, this research contributes valuable insights into the
development of advanced titanium-based biomaterials with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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multifunctional properties. By addressing the balance between
bioactivity, antibacterial efficacy, and cytocompatibility, these
findings pave the way for future studies aimed at improving the
safety and effectiveness of biomedical implants.
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