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antibacterial properties and principally improved compatibility with the innate immunity primarily due
to the proper programming of resident tissue macrophages to promote long-term implant acceptance.
Methods: Ti64 substrates were coated with CaP and Zn-doped CaP using the microarc oxidation (MAO)
technique. The adhesion between substrate and coatings are investigated by the progressive scratch test.
The corrosion resistance and bioactivity were evaluated through electrochemical tests and simulated
body fluid immersion. RNA sequencing was used to assess inflammatory responses in human primary
macrophages. Antibacterial efficacy was tested against Escherichia coli and Staphylococcus aureus.
Results: Zn addition significantly increased the adhesion of the coatings to Ti64 alloy, doubling up the
critical load (from 4 N to 11 N). Zn-doped CaP coatings demonstrated enhanced corrosion resistance
and increased biomineralization. RNA sequencing revealed that Zn addition suppressed inflammatory
and promoted tolerogenic macrophage programming. Most pronounced effects was compensatory effect
Zn on the CaP-supressed oxidative phosphorylation and lysosomal pathways in healing macrophages,
and by upregulation of metallothioneins. Zn-doped coatings also exhibited superior antibacterial efficacy,
reducing E. coli and S. aureus colonization by 99 % and 90 %, respectively.

Conclusion: Zn-doped CaP coatings on Ti64 implants significantly improved corrosion resistance, bioac-
tivity, and antibacterial performance. We developed an advanced multifunctional biomaterial equipped
with beneficial anti-inflammatory and tissue integrative programming of innate immunity providing
principal advantages for the long-term implant integration and reducing the implant failure risks.

© 2025 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Implant materials used for the treatment of a damaged tissue
must possess optimal combinations of mechanical, chemical,
bioactive properties for a specific application in the aggressive bio-
logical microenvironment, avoiding detrimental effects on the
tissue-specific functional cells and on the immune system [1,2].
Metals continue to be a key component for long-term acting artifi-
cial implants used to replace weight carrying parts of the hard tis-
sue, however, life-long integration is not achieved. The
disadvantages of metallic implants including high corrosion rate,
poor anti-infection qualities, and limited tissue integration [3,4].
Titanium (Ti) and its alloys are major materials used for implant
construction due to their light weight, excellent corrosion resis-
tance, low elastic modulus, and high biocompatibility [5-8]. How-
ever, Ti-based implants can elicit both bacterial and aseptic
complications, caused by detrimental foreign body reactions
orchestrated by macrophages [8,9]. Bacterial complications of tita-
nium implants are more pronounced in patients with the compro-
mised metabolism, in particular with diabetics, and can be specific
for the co-existing pathologies in the patients, as found for the
patients with cystic fibrosis [10-12]. We have recently demon-
strated that human primary M2-type healing macrophages are
triggered by titanium surfaces to produce pro-inflammatory and
tissue-destructive mediators that can lead to the implant failure
on the late stages, even in the absence of the bacterial contamina-
tion [13].

The low mechanical performance of commercially pure tita-
nium (cp-Ti) is currently solved by the variants of alloys, for exam-
ple, Ti6Al4V (Ti64) commonly applied as heavy load-bearing
implants such as total hip and total knee replacements [14]. In
order to enhance osteoinductive properties of the implant, Ti alloys
are coated with a thin layer of ceramic namely calcium phosphate
(CaP) [15-17]. The structure of CaP depends on the preparation
technique as well as the applied parameters [15-17]. The proper-
ties of CaP coat can still be improved by metallic or nonmetallic
dopants such as zinc (Zn), magnesium (Mg), silver (Ag), strontium
(Sr), silicon (Si), boron (B) [18,19]. Zinc is a good candidate as
dopant element being co-factor for over 200 different enzymes
[20]. Zn can also significantly impair bacterial colonization [21-
24] and inhibit osteoclast resorption, while in macrophages, dys-
regulated zinc turn-over causes impaired phagocytosis and
enhances inflammatory response [24-27]. Micro-arc oxidation
(MAO), also known as plasma electrolytic oxidation (PEO) is an

advanced and sophisticated electrochemical surface coating pro-
cess, which can be used to create porous, relatively rough, and
well-adherent ceramic layers, such as CaP, on the surfaces of met-
als [28]. Current major limitation in the development of implanted
biomaterials is that required properties are addressed separately,
and improvement of one parameter can have detrimental side
effects on other essential implant properties. In particular,
improvement of implant surface towards adhesiveness and corro-
sion resistance does not consider potential pro-inflammatory
effects provoked by such modifications [29,30].

In our study, we aimed to develop novel multifunctional bio-
effective modifications of Ti alloys by improving the corrosion rate,
bioactivity, antibacterial activity, and by providing principally new
properties of programming local innate immunity. We showed that
modification of Ti alloy substrate by Zn doped CaP coating via MAO
technique enhanced the biocompatibility of the implant materials.
By Zn doped CaP coating, we combined the bioactive properties of
CaP, commonly used in biomedical applications, with Zn, which
uniquely combines antimicrobial and anti-inflammatory proper-
ties. The MAO technique created a rough and porous surface, which
could affect the adhesion of the Zn-doped CaP coating, but it could
be desired for cells.

For the first time we addressed the effect of Zn-doped CaP coat-
ing on the systemic programming of key innate immune cells -
macrophages using primary human cells, and performed profound
analysis of the pathways that not only define short-term anti-
inflammatory effects, but ensure long-term tolerogenic program-
ming of macrophages. The identified characteristics of Zn-doped
CaP coating for titanium implant for the first time provide the
mechanistic evidence for the critical effect of Zn to minimise
potential implant complications both at the early and late stages
of implant integration.

Materials and methods
Ti64 alloy coatings preparation

The coatings were produced on Ti64 alloy (ELI grade) substrates
by the micro-arc oxidation method (MAO). A schematic represen-
tation of a MAO process can be found in our previous study [31].
The treatment was performed in aqueous electrolytes containing
CmH]zCaNzNazO& (NH4)3P04, KH2P04 and C4H604Zn as a Zn com-
ponent. The electrolyte was agitated by a magnetic stirrer. The
coatings were produced by applying a unipolar waveform with a
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constant peak current density of 5 A/dm~(—|-), 50 % duty cycle,
and 1 kHz frequency. The duty cycle is defined as the ratio of the
anodic on-time per cycle to the total time of the cycle. The electri-
cal parameters were chosen in such a way that layer thicknesses
between 10 and 20 pm were achieved. A voltage of 270 to 300 V
(peak) was applied for ensuring the reproducibility of the coating
process. The coating process was carried out until the current
dropped to a value of 50 % of the initial current.

Elemental composition and surface morphology

The elemental composition and surface morphology were eval-
uated by a scanning electron microscope (SEM, Hitachi
TM3030PLUS Tabletop) equipped with an energy-dispersive X-
ray spectrometer (EDS, QUANTAX 70, Bruker), having a XFlash
430H detector. The protocol proposed in BS EN 1071-4:2006 stan-
dard was used for EDS measurements. For the XPS analysis, the
device Axis Ultra DLD from Kratos Analytical Ltd. was used.

ATR-FTIR measurements

The ATR-FTIR measurements were performed using a Jasco
6300 spectrometer with an attached Pike MIRacle ATR accessory,
according to ASTM E168-16 standard. The ATR unit was equipped
with a Si/ZnSe crystal in order to record the specific infrared spec-
tra of the investigated samples from 4000 to 550 cm™! at a spectral
resolution of 4 cm~!. Before collecting any IR spectra at room tem-
perature, the interferometer chamber was purged and during all
measurements, a constant flow of nitrogen gas was used inside
the ATR unit. To ensure good spectral quality, the background
and sample spectra were acquired using 150 average scans.

Determination of coating thickness

Determination of coating thickness by cross-sectioning was
performed according to the protocol presented in EN 1071-
10:2009 standard. The images were taken by a reversed incident
light microscope (LEICA DMi8).

Measurement of the adhesion between substrate and coatings

The adhesion between substrate and coatings was investigated
by the progressive scratch test in the following conditions: inden-
ter speed of 10 mm/min, scratch length of 10 mm, and force varied
from 0 to 100 N. The adhesion was estimated by an inspection of
the normal load (L.) at which the failure of the coating happens
using the UMT-TriboLab platform (Bruker) by direct microscopic
observation and by an acoustic sensor. The conditions and protocol
were recommended by the BS EN 1071-3:2005 standard [32].

In vitro corrosion resistance

In vitro corrosion resistance was performed by electrochemical
tests using a VersaStat 3 Potentiostat/Galvanostat (Princeton
Applied Research, Ametek, USA). The surface was investigated with
the electrochemical cell being setup with saturated calomel elec-
trode (SCE), sample and Pt foil as reference, working and counter
electrodes. The corrosive solution was simulated body fluid (SBF)
with a pH of 7.4 and the test was performed at 37 + 0.5 °C [24].
The area in contact with SBF was 1 cm?. All measurements were
performed in accord with conditions imposed in ASTM standard
G5-94(2011)el. The experiments were elaborated in two steps:
measure/monitoring of the open circuit potential (Eqc) for 1 h
and the Tafel plots recorded by applying + 0.2 V versus Eqc with
a scan rate of 0.1667 mV/s.

Journal of Advanced Research xxx (xXxx) xxXx
In vitro behaviour of the coatings

For estimating the in vitro behaviour of the coatings (bioactivity),
the samples were immersed in Simulated body fluid (SBF) and Dul-
becco’s Modified Eagle Medium (DMEM) for 1, 3, 7, and 14 days at
37 £0.5 °C, by keeping into an incubator (Memmert IF 55, Memmert
GmbH, Germany) to control the atmosphere. The medium was
renewed daily to avoid microorganisms’ development. After each
period of immersion (1, 3, 7 or 14 days), each specimen was washed
in distilled water, dried in the desiccator for 24 h, and then weighed.
The weight difference of the formed/lost mass on each specimen
was calculated by the equation (1):

Am = my¢ — m;(mg) (1)

where: Am is the formed/lost mass variation, m; and m¢are the
weight before and after immersion in each medium, respectively.
The bioactivity tests were performed according to ISO/FDIS
23317:2007. After each immersion period, the surface was evalu-
ated by SEM and EDS to understand the evolution of elemental
composition and morphology.

Human primary monocytes-derived macrophages isolation and
cultivation

Monocyte isolation was performed according to the protocol
described previously [13,33,34]. Buffy coats obtained from German
Red Cross Blood Service Baden-Wiirttemberg - Hessen were
diluted at a ratio of 1:1 with Ca®'- and Mg**-free phosphate-
buffer saline (PBS) (Biochrom, Berlin, Germany). CD14 + monocytes
were isolated by 2 sequential gradient centrifugations followed by
the sorting with CD14 Microbeads (Miltenyi Biotech, Bergisch
Gladbach, Germany). Monocytes were cultivated for 6 days on
the sample disks at a concentration of 2 x 10° cells/mL in macro-
phage serum-free medium X-Vivo 10 (Lonza) supplemented with
5 ng/mL M-CSF (Peprotech, Hamburg, Germany) and cytokines:
10 ng/mL of IL-4 or 100 ng/mL of IFNy (Peprotech, Hamburg,
Germany). Conditioned medium was harvested for ELISA and cells
were harvested for RNA isolation, RT-PCR and RNA-seq.

Real-time PCR

Total RNA was isolated using the E.Z.N.A. total RNA kit [ (Omega
Bio-tek, Norcross, USA) according to the manufacturer’s instruc-
tions. RNA clean-up procedure was performed using the RNeasy
Mini kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. For cDNA synthesis, the RevertAid H Minus
First Strand Synthesis Kit (Thermo Fisher Scientific, Darmstadt,
Germany) was used according to the manufacturer’s instructions.
The obtained cDNA was diluted 1:10 with double distilled water
and 1 pL was used for RT-PCR. Real-time quantitative PCR analysis
was performed using SensiMix™ Il Probe No-ROX Kit (Bioline).

ELISA

The concentrations of IL-1B(DY201), TNFo(DY210), IL-6
(DY206), and CCL18(DY394) were measured in macrophage condi-
tioned medium by ELISA (Bio-Techne GmbH, Wiesbaden,
Germany).

RNA sequencing

The concentration of RNA samples was measured by Qubit
dsDNA BR Assay Kit (Q32850, Thermo Fisher Scientific, USA) The
quality of total RNA samples was checked on BioAnalyzer2100
(G2939BA, Agilent, USA) using Eukaryotic Total RNA Nano Kit
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(5067-1512, Agilent, USA) according to manufacturer’s protocol.
Samples with RNA integrity number (RIN) value > 8 were accepted
for the library preparation process. RNA-Seq libraries were pre-
pared from Illumina Stranded mRNA Prep and Ligation Kit
(20040534, Illumina, USA) according to the manufacturer’s proto-
col. Sequencing runs are performed on an Illumina NextSeq 550
instrument using single-end 75-cycle sequencing by the NextSeq
500/550 High Output Kit v2.5 (75 Cycles) (20024906, Illumina,
USA). Each pool of 17 samples was sequenced using an Illumina
NextSeq 500/550 High Output Kit v2 (75 cycles) (Cat# 20024906,
Illumina, Inc., San Diego, CA, USA) in single-end mode with a read
length of 72 bp. Sequencing was performed on an Illumina NextSeq
550 to achieve a depth of approximately 24,000,000 reads per sam-
ple (~400 million reads per kit). The Variance Stabilizing Transfor-
mations (VST) method provided by DESeq2 was applied to
normalize the raw counts matrix.

Bioinformatic analysis

All analyses and visualizations were performed in the
R (4.2.1) program. The differential expression analysis was per-
formed using the DESeq2 package. The protein-coding genes with
|log2(fold-change) [>1 and the adjusted p-value < 0.05 were
selected as differentially expressed genes (DEGs). The heatmaps
were visualized with the Complex Heatmap package (2.13.1). The
ggplot2 (3.3.6) package was used to generate volcano plots
showing the distribution of DEGs. The enrichment of annotated
pathways (LBL-10397-01_nCounter_Hs_Myeloid_Innate_Immunity_
V2, made available by NanoString Technologies, open access
on https://nanostring.com/support-documents/ncounter-hs-mye-
loid-innate-immunity-v2/) were analyzed in the GSEA software
(v4.3.2), in which the normalized counts of all protein-coding genes
of related samples were input. RNA-seq differential gene expression
analysis was conducted by comparing macrophages cultured on
CaP/CaP + Zn surfaces with those on Ti64, and the union of the
resulting differentially expressed genes was used for unsupervised
clustering into four clusters with the Mfuzz R package. Subsequent
GO and KEGG pathway enrichment analyses were performed in R
using clusterProfiler, with gene ID conversion facilitated by org.Hs.
eg.db. Significantly enriched terms were identified at p < 0.05 and
padj < 0.1.

Antibacterial tests

Titanium alloy samples, before and after surface modifications,
were analyzed for the antibacterial efficiency against E.coli and
S.aureus as described previously [35]. Briefly, E.coli and S.aureus
suspensions obtained from agar disks (0.5 McFarland turbidity)
were added on the samples and incubated for 48h. Then the
surfaces were examined under SEM after fixation process with
glutaraldehyde (2.5 %, v/v). Since agar is the natural media that
supports bacterial growth, it was used as a positive control. In
order to evaluate the antibacterial effect of Zn addition to the
substrate, experimental groups (pristine Ti64, CaP coated Ti64,
and Zn-doped ones) were also compared to one another. E.coli
and S.aureus on the SEM micrographs were pseudocolored with
blue and yellow, respectively using Adobe Photoshop software.
Meanwhile, the number of bacteria on the samples and agar
(control group) per 225 um? area were quantified using NIH Image
J. Calculations were carried out in three different regions of the
samples to account for spatial variability and ensure reliability.
Statistical analysis was carried out using one-way ANOVA in
GraphPad Prism 9 software. Rates for antibacterial efficiencies of
the samples were calculated using the equation [2]:

Antibacterial Activity(%) = [(Co — C;)/Co] x 100 (2)
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C, and C; represent the numbers of microorganisms on the control
group (agar), and the experiment group, respectively.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 soft-
ware. Bar graphs show mean * SEM. The significance of the data
was analyzed using ratio paired Student’s t-test. Two-tailed p-
value of less than 0.05 to indicated statistical significance (confi-
dence level 95 %).

Results
Thickness, morphology and composition of the coatings

The variations on the morphological and chemical properties of
the coated Ti64 samples are illustrated by Fig. 1 (A to C). Cross sec-
tions of the coated samples were examined by SEM (Fig.1A). Both
types of coatings showed the typical two-layer morphology of
MAO coatings with a compact inner layer that strongly adheres
to the substrate and an outer layer that is microporous in nature
due to the MAO process [36,37]. The coating thickness was uniform
for both types of coatings with average thickness 11.33 + 0.5 um
for CaP coats, and 14 + 1 um for CaP + Zn coats, which was in fames
of the published data [38-40]. We demonstrated, both coatings are
compact, well organized, and with columnar morphology having
rodlike deposition patterns. The IR measurements revealed charac-
teristic metal oxides and metal-OH absorption bands of the Ti64
substrate as given in the literature [41]. These peaks were present
on the surface within the 1200-550 cm™! spectral range (Fig. 1B).
These peaks were influenced by the morphology of the Ti64 sub-
strates used, and they were expected to become negligible after
the substrate surface is coated with CaP and CaP + Zn films. The
cleaning procedures of the used substrates before the deposition
process play an important role. The ATR spectra of CaP and
CaP + Zn coatings confirmed the presence of two characteristic
absorption bands of phosphate functional groups such as
PO3 (v3) and v(P-O(H)). In both types of coatings, a wider band
was detected ranging from 1270 cm~! up to 785 cm!. This broad
absorption band has a characteristic sharper peak situated at
906 cm™!, which can be attributed to the stretching mode of v(P-
O(H)) [42]. A weaker v; phosphate absorption band was observed
at 1021 cm™!, which corresponds to an asymmetric stretching
mode of PO [43,44]. No shifts of the PO3 (v3) and v(P-O(H))
groups were observed after the Zn addition into the dicalcium
phosphate structure. These results are in good agreement with
the XPS analysis data which testifies for the presence of a dical-
cium phosphate group (CaHPO,4) by revealing a Ca/P ratio situated
around 0.86. The composition data of the samples were obtained
by XPS (Fig. 1C). The atomic percent compositions of the elements
were determined on the base of 0 1's, P 2p, Ca 2p and Zn 2p bands.
The atomic percentages calculated with the semi-quantitative
analysis results were assumed to have an uncertainty of about 5 %.

The Ca/P ratio for coating was 0.86, a value which can be attribu-
ted to the dicalcium phosphate phase. For Zn doped coatings, the
(Ca + Zn)/P ratio was about 0.76, suggesting that the coating still
maintains the composition of the dicalcium phosphate phase. There
is a preferential uptake of phosphate ions as Ca/P was found to be
smaller than 1 in both cases. The chemical bonding of the coatings
was analyzed using the XPS (Fig. 1C). On the surface, there are
adsorbed components from the environment (adventitious carbon).
To increase the intensity of the signals, the surface was cleaned using
argon cluster ions (10 keV; Ar1000+). By using cluster ions, the
energy input is minimized without causing a change in the chemical
structure. The XPS spectra of both samples showed the presence of
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Fig. 1. Morphological and chemical properties, adhesion strength, and corrosion resistance of coated Ti64 alloys. A) Cross section of coatings (yellow arrows indicate the
coating thicknesses measured, scale bars: 20 pm); B) ATR-FTIR spectra of the modified Ti64 samples by CaP and CaP + Zn coatings; C) XPS spectra of Ca2p, P2p, Zn2p and O1s
peaks after coating Ti64 with CaP and CaP + Zn, respectively (sputtering duration 200 s); D) Morphologies of scratch tracks and critical loads (Lc) of CaP coating; E)
Morphologies of scratch tracks and critical loads (Lc) of CaP + Zn coating; F) Open circuit potential evolution; G) Tafel plots; H) SEM images and distribution of each element of
the surfaces after corrosion tests obtained by EDS (elements of substrate were not considered).

Ca, P, and O, indicating the formation of Ca-P phases. The Ca2p XPS
profile of both CaP coatings shows two well-defined peaks corre-
sponding to the Ca2p3/2 and Ca2p1/2, being in good agreement with
the results present in the literature [45,46]. The XPS of Zn doped CaP
exhibited Ca2p XPS broader profile and less-defined peaks, being a
confirmation that the Zn2+/Ca2 + -type substitution occurred in the
CaP lattice. Zn amount, as measured by XPS, was found to be close
to 5 at.%. In case of Zn doped samples, Zn presence revealed Ca2p
and P2p peaks. A peak observed at a binding energy value
of ~ 1018 eV was assigned to Zn2p3. This result proved the prepared
coating was indeed Zn-doped CaP. The samples with Zn doped CaP
showed less high-resolution of O1s profiles due to the presence of
Zn in CaP coatings. Based on XPS, it was assumed that the formed
phase is dicalcium phosphate (DCP). This conclusion is supported
by the results reported in the literature about the XPS of the DCP
phase [47-49]. The chemical formula of DCP is CaHPO4, having two
types in HPO,4 groups. In the HPO4 group, the oxygen atoms are only
associated with the phosphorus atom. Thus, the oxygen peak should
be formed of two main peaks.

On the Fig. 1C, the O1s peak is dissymmetric, and it can be
deconvoluted into two main components. Moreover, a lower con-
centration of oxygen can be noticed, as pointed out by the O/P ratio
of 4.45 and 3.94, respectively (Table 1) being below 6, which is the
value expected for dicalcium phosphate dihydrate (DCPD) [49].
This discrepancy observed between the experimental and the
expected result might indicate a loss of water from the first atomic
layers of DCP in the high vacuum of the XPS spectrometer. The two
main peaks have been assigned to the two different oxygen species

of HPO,4, and P-O-H [48]. By comparing the Ti/P and O/P ratios
(Table 1), a progressive decrease was found, indicating a gradual
coverage of the substrate by CaP coating. Zn addition decreased
the O/P ratio from 4.45 to 3.93 probably due to the presence of
hydroxyl groups. Both values are close to the one reported for
the DCP phase [48,49].

Adhesion of the coatings

Due to the large thickness of the coatings, the adhesion was
evaluated by the scratch-tests. The morphology of the scratch
tracks and critical loads (L.) of each coating is presented on the
Fig. 1D and 1E, respectively. Zn addition significantly increased
the adhesion of the coatings to Ti64 alloy, doubling up the critical

load (from 4N to 11N).
In vitro corrosion resistance

In order to simulate the human body liquid environment, the
corrosion tests were performed at 37 * 0.5 °C in SBF with
pH = 7.4. The evolution of open circuit potential (E,.) during 1 h
is presented on the Fig. 1F, showing the protective ability of the
passive film. The uncoated Ti64 substrate exhibited a stable value
of E,.. The fluctuating potential of samples coated by CaP indicates
an unsteady-state surface, without the formation of a protective
layer. After the Zn addition, the surface of CaP coatings started to
be more stable after 25 min of immersion in SBF. This finding indi-
cated that on this surface a stable protective layer was formed.
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Table 1

XPS results of deposited coatings after sputtering of 200 s.
Element Position [eV] Composition [at.%] Ratios
CaP
Cls 280.31 3.95 -
O 1s 527.11 63.92 -
Ti 2p 454.31 5.48 -
Ca2p 343.41 12.29 -
P 2p 129.51 14.36 —
Ca/P - - 0.86
o/P - - 445
Ti/P - - 0.38
CaP + Zn
Cls 280.91 3.45 -
O 1s 527.31 63.05 -
Zn 2p 1018.11 5.06 -
Ti 2p 454.71 4.31 -
Ca2p 343.51 7.19 -
K2p 288.61 0.92 —
P 2p 129.31 16.02 -
Ca/P - - 0.76
o/p - - 3.93
Ti/P - - 0.26

Based on the Tafel plots, presented on the Fig. 1G, the corrosion
potential (Ei-o) and the corrosion current density (icor) were
assessed by extrapolation technique, and the polarization resis-
tance (Rp) was estimated as the tangent of linear potential vs cur-
rent density curve at i = 0. These calculated parameters are
summarised in the Table 2.

Ceramic coated Ti64 substrates exhibited a more electropositive
value of the corrosion potential (E;- ) in comparison with
uncoated surface, signifying that the SBF solution had less influ-
ence on their surfaces. Zn addition shifted the value of the corro-
sion potential to a more noble potential, increasing the resistance
to SBF attack, which can be explained by chemically stable phases
formed by immersion of the surface in SBF. Both types of coatings
revealed a low value of current density (icorr) compared with the
uncoated Ti64 alloy showing their improved electrochemical sta-
bility in SBF. CaP doped with Zn presented a lower value of current
density (icorr), indication of higher corrosion resistance. Zn doped
CaP coatings exhibited a superior polarization resistance compared
to uncoated Ti64 alloy and undoped CaP. Lower corrosion current
density (icorr) and higher polarization resistance (R,) are associated
with superior corrosion resistance. Although the porosity is
reduced with the addition of Zn into CaP matrix, the corrosion
resistance of doped CaP coatings is better than that of undoped.
According to the protection efficiency values (Pe), higher efficiency
is found for the Zn doped CaP coatings. The effect of the corrosive
attack was evaluated by SEM and EDS measurements on each sam-
ple after electrochemical tests using the SEM system (Hitachi
TM3030PLUS Tabletop) (Fig. 1H). No Ca or P deposition from the
SBF solution was observed on uncoated Ti64. Ca/P ratio was found
as 0.7 on Ti64 alloy, indicating a decrease in the value (before cor-
rosion Ca/P was 0.91) indicating formation of dicalcium phosphate
monohydrate. EDS results demonstrated a homogeneous distribu-
tion of each element on the coating. Thus, Zn addition significantly
improves the corrosion resistance of the implant surface compared
to the undoped CaP as well as of uncoated Ti64.

In vitro behaviour of the samples in SBF and DMEM

In vitro behaviour of the samples was evaluated after immersing
them in SBF and DMEM for the different times points: 1, 3, 7, and
14 days, and the changes in masses were examined (Fig. 2A-B). In
SBF solution, for the uncoated Ti64 alloy, a small increase of mass
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was found up to day 7, followed by a drop-off, which indicates the
beginning of the degradation of the accumulated coat. In the case
of CaP coated samples, a degradation and dissolution of the coat
can be observed starting from day 1. After day 3, a small increase
in mass was detected, indicating that coating started to undergo
the mineralization. This deposition was increased significantly in
day 14. The Zn addition significantly increased the mineralization
ability of CaP structure even after day 1, without showing any sign
of mass loss. In the case of CaP + Zn coating, the mass value shows a
2-fold increase from day 1 to day 3, and from day 3 to day 7, indi-
cating an important intensification of mineralization ability. This
result is also in good agreement with SEM images of surfaces
coated by CaP + Zn (Fig. 2C-D).

In DMEM solution, all investigated samples demonstrated some
mineralization ability. The uncoated Ti64 alloy exhibited a little
mass increase after day 1, being more evident after day 7, and then
a small decrease was found on day 14, indicating a degradation
process of the formed phases. Both doped and undoped CaP coat-
ings showed good bioactive ability as biomineralization even after
the 1st day of immersion. The mass of the undoped and Zn doped
CaP has increased progressively after each day of immersion, and
this indicates faster biomineralization development. This finding
is more evident for the Zn doped CaP coatings. Therefore, it can
be concluded that the Zn addition enhances the in vitro bioactive
abilities of CaP ceramic coatings.

Composition and morphology variation after SBF and DMEM
immersion

SEM images of the surfaces after the immersion of each sample
in SBF and DMEM are presented in Fig. 2C and 2D, and EDS elemen-
tal analysis in Fig. 2E and 2F, respectively. SEM images of the sur-
face of samples immersed in SBF up to day 7 did not show any
change compared with the samples before immersion. On the
other hand, a significant difference of the surface structure was
found for the samples coated by CaP + Zn. On this surface, a con-
glomerate of a new structure was formed. According to EDS results,
this new phase exhibited Ca/P ratio of 1.9, indicating a formation of
tetracalcium phosphate or amorphous calcium phosphate phase.
These phases are difficult to separate based on SEM and EDS anal-
yses. Thus, we performed grazing XRD measurements (data not
shown) that indicated that the phase is amorphous. Thus, based
on this finding, it can be concluded that the newly formed phase
can be attributed to amorphous calcium phosphate.

After immersion of Ti64 in DMEM, some deposits (white areas)
are observed on the surfaces, increasing from day 1 to day 7, with a
Ca/P ratio of 2.2, indicating the formation of amorphous calcium
phosphate (Fig. 2F). Between day 7 and day 14, the amount of these
deposits decreased, indicating that the coat has started to dissolve.
On the other hand, on the surface of undoped CaP ceramic, some
deposits are detected after day 7, their amount increased during
immersion between day 7 and day 14. This result indicates a good
biomineralization ability of the undoped CaP coatings. After the Zn
addition, the biomineralization effect can be seen starting in day 1,
being more evident after day 14. This last finding demonstrated the
beneficial effect of Zn addition into the CaP ceramic matrix even in
small amounts.

Fig. 2G and 2H demonstrate the evolution of the Ca/P ratio of
the surfaces of each sample after immersion tests in SBF and
DMEM. These results are in a good agreement with SEM images
presented in Fig. 2C and 2D. For the samples immersed in SBF,
the Ca/P value approaches the unity, being similar to the value
before immersion, indicating a low bioactive character. An excep-
tion can be observed for the CaP + Zn samples after immersion
for the 14 days. They demonstrate Ca/P value of 1.56, being close
to stoichiometric hydroxyapatite structure. This finding revealed
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Table 2
Electrochemical parameters of the uncoated and coated surfaces in SBF solution.
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Sample Corrosion potential Corrosion current Polarization resistance Porosity Protective efficiency
(Ei=o) density (icorr) (Rp) (P) (Pe)
[mV] [nA/cm?] [©2x1073] [%]

Ti64 —414.78 62.27 622.20 - -

CaP -141.57 19.60 2254.26 0.068 68.5

CaP + Zn -126.85 16.44 3583.52 0.040 73.6

that, during immersion in SBF, some new phases of CaP were
deposited from the solution. Meantime, the samples immersed in
DMEM showed a Ca/P ratio increasing from 0.80 up to 1.45,
depending on the immersion time. As it was also shown on SEM
images, Zn doped CaP after 7 and 14 days exhibited the highest
bioactive abilities, and new phases of TCP were formed. The Ca/P
ratio of the Zn doped CaP increased with immersion time, demon-
strating that these surfaces have strong bioactive characteristics.

Zn addition reduces innate immune inflammation during acute and
healing phases

Macrophages are key innate immune cells in the implant
microenvironments that define immunological acceptance or
rejection of implant materials, and macrophages can induce
chronic reactions named “frustrated phagocytosis” [9]. In such
chronic state macrophages keep producing low levels of inflamma-
tory cytokines and matrix remodelling enzymes that can destroy
tissue in a close proximity to the implant leading to its failure even
in the aseptic conditions. Here we examined the effects of Zn addi-
tion to the complex implant context on the inflammatory and
tissue-remodelling functions of macrophages. As a model we used
human primary monocyte-derived macrophages differentiated
towards homeostatic phenotype (MO0), acute pro-inflammatory
phenotype (M1) and healing M2 phenotype. Monocytes of healthy
human donors have been placed on the implant surfaces directly
after isolation and differentiated for 6 days in serum-free condi-
tions without cytokines (MO), in the presence of IFN-y (M1) or
IL4 (M2) for 6 days. Afterwards, the transcriptome and secretion
profile of macrophages were analyzed by RT-PCR and ELISA for
production of major inflammatory and anti-inflammatory/tissue
remodelling biomarkers (Fig. 3). First, we identified that CaP,
which is an essential implant component used to facilitate osteoin-
tegration, has an unexpected pronounced detrimental effect acti-
vating both inflammatory cytokines and MMPs. In homeostatic
MO macrophages CaP addition resulted in the increased expression
of TNF-a, IL-1B, IL6, and CXCL8 (Fig. 3A- H), and suppression of
anti-inflammatory CCL18 and soluble matrix component SPARC
(Fig. 3I-K). In the inflammatory M1 macrophages CaP amplified
production of TNF-a, IL-1B, IL6 and CXCL8 (Fig. 3A-H). In healing
M2 macrophages CaP was able to stimulate biologically significant
levels of inflammatory cytokines TNF-o, IL-1B, IL6 and CXCLS8
(Fig. 3A-H), and to suppress gene expresses ion of M2-biomarker
CCL18 (Fig. 3I). Zn successfully suppressed several CaP-induced
undesired reactions. In MO Zn suppressed TNF-o (Fig. 3A) and
CXCL8 production (Fig. 3G), and restored SPARC production
(Fig. 3K). In M1 Zn suppressed TNF-a gene expression (Fig. 3A)
and IL-1B release (Fig. 3D). In M2, Zn suppressed IL-1B (Fig. 3D)
and CXCL8 (Fig. 3G) production, and increased the release of
anti-inflammatory CCL18 (Fig. 3I). In summary Zn has a potent
compensatory effect for the undesired inflammatory effects of
CaP, and suppresses the majority of inflammatory cytokines
induced by CaP in the acute inflammatory, healing and homeo-
static macrophages.

Effect of Zn modification on the transcriptome of human differentially
activated macrophages

We next systematically investigated the innate immune
responses modulated by the addition of Zn to CaP coatings, using
whole transcriptome profiling through RNA sequencing (RNA-
Seq). We compared the transcriptomes of homeostatic MO, acute
inflammatory M1, and healing M2 macrophages differentiated for
6 days on the surfaces of Ti64, CaP coated Ti64, and CaP + Zn coated
Ti64 disks (Fig. 4). Differential expression analysis (DEA) revealed
174 up-regulated and 37 down-regulated differentially expressed
genes (DEGs) in MO, 268 up-regulated and 86 down-regulated
DEGs in M1 and 85 up-regulated and 24 down-regulated DEGs in
M2 (Fig. 4A). The top 10 up- and down-regulated DEGs are demon-
strated by heatmaps at Fig. 4B. CaP induced more up-regulated
DEGs than down-regulated DEGs in all types of macrophages,
and had the most pronounced effect on M1 macrophages. In paral-
lel, we investigated the DEGs induced by the addition of Zn to CaP
coatings, using uncoated Ti64 as the control (Fig. 4C-D). DEA iden-
tified 19 up-regulated and 6 down-regulated DEGs in MO, 146 up-
regulated and 26 down-regulated DEGs in M1, and 14 up-regulated
and a single down-regulated DEGs in M2 (Fig. 4C). The top 10 up-
and down-regulated DEGs for each macrophage type are illustrated
in heatmaps (Fig. 4D). Although the CaP + Zn modification resulted
in less DEGs compared to CaP alone, it consistently resulted in
more up-regulated than down-regulated DEGs across all macro-
phage types, with the most significant impact in M1 macrophages.
Differential gene expression promoted by CaP and CaP + Zn coat-
ings in comparison with uncoated Ti64, is illustrated by Venn dia-
grams (Fig. 5A). These diagrams show that both CaP and CaP + Zn
coatings resulted the highest number of DEGs in M1 macrophages,
compared to MO and M2 macrophages. The incorporation of Zn
into CaP significantly enhanced the expression of genes belonging
to the MT1 family across all macrophage types.

To validate the specific DEGs elicited by the addition of Zn, DEA
was conducted by comparing CaP + Zn coated samples directly
with CaP coated samples, serving as the control (Fig. 4E-F). DEA
identified 1 up-regulated and 15 down-regulated DEGs in MO, 19
up-regulated and 22 down-regulated DEGs in M1, and 6 up-
regulated and 6 down-regulated DEGs in M2 (Fig. 4E). The top
up/down-regulated DEGs (up to 10) for MO, M1, and M2 macro-
phages are illustrated by heatmaps (Fig.5F). Compared directly
with CaP coatings, CaP + Zn coatings suppressed more DEGs than
they stimulated across all types of macrophages, with the most sig-
nificant impact in M1. The up-regulation of MT1 family genes in
M1 and M2 macrophages, triggered by the addition of Zn, was fur-
ther validated through a direct comparison with the CaP coating
alone.

In summary, among all activation types of macrophages, M1
macrophages exhibited the highest number of DEGs in response
to both CaP and CaP + Zn coatings. Furthermore, irrespective of
the comparison being with uncoated Ti64 or CaP coatings, the
CaP + Zn coating consistently and significantly up-regulated the
MT1 family genes.
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Fig. 2. In vitro behaviour of the samples incubated in SBF and DMEM. A) Mass evolution of uncoated and coated Ti64 by CaP and CaP + Zn after 1, 3, 7 and 14 days of immersion in SBF.
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behaviour of the samples immersed in DMEM; G) Variation of Ca/P ratio of the surfaces after 1, 3, 7 and 14 days of immersion in SBF. H) Variation of Ca/P ratio of the surfaces after 1, 3, 7

and 14 days of immersion in DMEM.
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the comparison between CaP + Zn and CaP (# p < 0.05; ## p < 0.01).

In the Gene Set Enrichment Analysis (GSEA) presented on
Fig. 5B, we demonstrated that CaP coating, despite its osteo-
inductive properties, elicited systematic detrimental effects by
activating several inflammatory pathways in all types of macro-
phages. In all types of macrophages, CaP-coated Ti64 activated
key pro-inflammatory pathways including innate immune activa-
tion (FC receptor, TLR signalling, complement pathway), antigen
presentation, T-cell activation, and enhanced cytokine/chemokine
signalling. Addition of Zn to CaP coatings resulted in the suppres-
sion of these inflammatory pathways. The only group of pathways
that were activated after Zn additions were metabolic pathways.

This highlights the dual function of Zn not only in mitigating
pro-inflammatory pathways but also in activating mechanisms
that potentially foster a more conducive environment for implant
integration and healing.

Because the limited number of differentially expressed genes
obtained from directly comparing the three macrophage types cul-
tured on CaP + Zn versus CaP prevented effective functional enrich-
ment analysis, we instead focused on the DEGs identified by
comparing macrophages cultured on CaP and CaP + Zn surfaces
with those on Ti64. Using the Mfuzz R package for unsupervised
classification, these DEGs, combined from both comparisons, were
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Fig. 4. Differential transcriptome of M0, M1 and M2 macrophages cultivated on CaP and CaP + Zn coated Ti64 surfaces. MO, M1 and M2 are derived from CD14" human monocytes,
cultivated for 6 days on implant surfaces and analysed by RNA-seq. A) Vocano plot of DEGs induced by CaP with Ti64 as control; B) Heatmap of up to 10 up-regulated DEGs and
up to 10 down-regulated DEGs induced by CaP with Ti64 as control; C) Vocano plot of DEGs induced by CaP + Zn with Ti64 as control; D) Heatmap of up to 10 up-regulated DEGs and up to
10 down-regulated DEGs induced by CaP + Zn with Ti64 as control; E) Vocano plot of DEGs induced by CaP + Zn with CaP as control; F) Heatmap of up to 10 up-regulated DEGs and up to 10
down-regulated DEGs induced by CaP + Zn with CaP as control. The protein-coding genes with [log2(fold-change)|> 1 and the adjusted p value < 0.05 were selected as DEGs.
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grouped into four distinct clusters. Each cluster exhibited a similar
gene expression pattern across the various material surfaces. Sub-
sequently, Gene Ontology (GO) enrichment (including Biological
Process, Cellular Component, and Molecular Function) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses
were conducted on the genes in each cluster. The top three
enriched terms in each category were then presented, offering
insights into the functional pathways associated with these genes
(Supplementary Figures). The GO/KEGG enrichment analysis and
visualization were performed in R using the clusterProfiler package
(for enrichment analysis) and the org.Hs.eg.db package (for ID con-
version). The enrichment threshold for terms was defined as hav-
ing a p-value < 0.05 and an adjusted p-value (padj) < 0.1.

In MO macrophages, there was a cluster of DEGs that were
downregulated by CaP, but their expression is restored upon the
addition of Zn (Supplementary Fig. 1A, Cluster 1). Top enriched
terms of these genes are related to lipid transport and metabolism,
including sterol transport, lipid catabolism, and high-density
lipoprotein remodeling (Supplementary Fig. 1B). Terms related to
macrophage scavenging functions were enriched, including lysoso-
mal and vacuolar lumen components (Supplementary Fig. 1B). In
another cluster, DEGs were upregulated in CaP while downregu-
lated in CaP + Zn (Supplementary Fig. 1A, Cluster 3). Enrichment
analysis revealed that these genes are involved in the activation
of macrophages including the top enriched terms: myeloid
leukocyte activation, response to molecules of bacterial origin,
and cytokine activity (Supplementary Fig. 1C). Also, the
inflammation-related pathways including IL-17 pathway, TNF
signaling pathway and PI3K-Akt signaling pathway and the
molecular function term, signaling receptor activator activity, were
enriched (Supplementary Fig. 1C).

In M1 macrophages, a cluster of DEGs was significantly
upregulated in the CaP group but returned to levels comparable
to Ti64 in the CaP + Zn group (Supplementary Fig. 2A, Cluster 2).
Enrichment analysis revealed that these genes are primarily asso-
ciated with cell division and proliferation. Specifically, terms such
as nuclear division, mitotic nuclear division, and organelle fission
indicate enhanced gene expression related to cell proliferation
and division (Supplementary Fig. 2B). Additionally, terms like con-
densed chromosome, centromeric region, mitotic spindle, and
spindle point to active processes involved in chromosome segrega-
tion, spindle assembly, and nuclear division (Supplementary
Fig. 2B). These findings suggest that M1 macrophages on the sur-
face of CaP may escape the cell cycle arrest and enter proliferative
state to support the demands of the inflammatory response. In
another cluster, DEGs were supressed in the CaP group but showed
partial restoration in the CaP + Zn group (Supplementary Fig. 2A,
Cluster 4). Functional enrichment analysis suggests that CaP may
suppress lipid metabolism processes, as indicated by biological
process terms such as cholesterol transport, monocarboxylic acid
biosynthetic process, and lipid transport, known to be dominant
in healing macrophages (Supplementary Fig. 2C).

In M2 macrophages, one cluster of DEGs was supressed by CaP
while substantially restored by addition of Zn (Supplementary
Fig. 3A, Cluster 1). According to the enrichment analysis, the genes
in Cluster 1 are primarily associated with oxidative phosphoryla-
tion, electron transport chain, and lysosomal function. Specifically,
key biological processes such as “oxidative phosphorylation,” “aer-
obic electron transport chain,” and “ATP synthesis coupled electron
transport” are downregulated by CaP, as are molecular functions
involved in “oxidoreduction-driven active transmembrane trans-
porter activity” and “electron transfer activity” (Supplementary
Fig. 3B). In parallel, “lysosomal membrane,” “lytic vacuole mem-
brane,” “vacuolar membrane,” and the “Lysosome” pathway also
show significant suppression (Supplementary Fig. 3B). M2 macro-
phages normally rely on mitochondrial oxidative phosphorylation
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to provide energy for their immunomodulatory and tissue-repair
functions; hence, inhibition of these pathways would reduce
energy generation and interfere their anti-inflammatory and repar-
ative capabilities. Furthermore, lysosomal function is critical for
clearance of cellular and implant debris, pathogens, and regulating
inflammation, so decreased expression of lysosome-related genes
may impair the processing and clearance of non-self elements or
self-derived waste and disrupt cytokine secretion or signaling.
Overall, cultivating M2 macrophages on CaP inhibited metabolic
pathways crucial for healing phase and for the long-term implant
integration, while Zn addition to CaP efficiency compensated for
this detrimental effects, and restored healing M2 phenotypes pro-
viding both tolerogenic energy source and efficient lysosomal/
phagocytic clearance function

Zn-induced MTs expression mitigates adverse effects of CaP on innate
immunity

Metallothioneins (MTs) are responsible for metal detoxification,
free radicals scavenging and degradation of pathogens without
triggering inflammatory activation. MTs represent promising
biomarkers for evaluating the biocompatibility of implantation
materials. We selected members of MT family for the validation
by RT-PCR The expression differences among MT1 family members
in MO, M1, and M2 macrophages were also elucidated through
three comparative analyses: CaP versus Ti64, CaP + Zn versus
Ti64, and CaP + Zn versus CaP (Fig. 5C).

In MO, RNA-Seq indicated that CaP coatings alone modestly
stimulated the expression of MT1 family genes while the addition
of Zn markedly enhanced this stimulatory effect (Fig. 5C). RT-PCR
demonstrated that Zn addition significantly upregulated the
majority of MT1 family genes, including MT1A (FC = 385.4;
p = 0.00012), MT1B (FC = 583.0; p = 0.00016), MT1F (FC = 23.4;
p = 0.0090), MT1G (FC = 29.8; p = 0.011), MT1H (FC = 19.4;
p =0.035) and MT1M (FC = 86.0; p = 0.0029) (Fig. 5C). The addition
of Zn to CaP coatings resulted in a significantly more pronounced
upregulation of MTs in M1 macrophages compared to MO macro-
phages. In the case of CaP + Zn coatings, the majority of effects
were statistically significant in both RNA-Seq screening and RT-
PCR validation. The following differentially expressed MT1 family
genes in RNA-Seq were confirmed by RT-PCR: MT1A (FC = 827.2;
p = 1.85E-05), MT1B (FC = 1362.1; p = 1.78E-06), MTIF
(FC = 50.0; p = 0.00019), MT1G (FC = 150.0; p = 0.0094), MT1H
(FC = 34.0; p = 0.00014) and MT1M (FC = 360.9; p = 0.00049)
(Fig. 5C). In M2, MTs upregulation was of a comparable stringency
with M1 macrophages (Fig. 5C). The majority of MTs were statisti-
cally significantly upregulated in both RNA-Seq screening and RT-
PCR validation (Fig. 5C). RT-PCR quantification of Zn effect was:
MT1F (FC = 70.1; p = 0.0037), MT1G (FC = 15.8; p = 0.017), MT1H
(FC = 95.3; p = 0.0060) and MT1M (FC = 656.0; p = 0.0014)
(Fig. 5C). Despite not being statistically significant in RNA sequenc-
ing, MT1A and MT1B were statistically significant upregulated by
Zn in M2 by RT-PCR: MT1A (FC = 374.2; p = 0.00010) and MT1B
(FC = 161.1; p = 0.00076) (Fig. 5C). The Pearson correlation test
applied to the fold changes of MT1 family genes expression,
revealed a strong positive correlation between data obtained by
as determined by RNA-Seq and RT-PCR (R = 0.597; p < 0.001).

Zn additional principally elevates anti-microbial properties of the
coatings

The antibacterial activity of the unmodified and modified Ti64
samples was assessed for the gram-negative E.coli and gram-
positive S.aureus at 48 h by examination of bacterial morphology,
distribution, and forming of colonial aggregates on the surfaces
(Fig. 5D). Rod-like morphology was observed for E. coli. Unmodified
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and CaP coated Ti64 samples present microbial colonization in
contrast to CaP + Zn coated samples. Number of E. coli on the
micrographs were quantified per 225 um? area and found as
24 +2,21 +2,and 2 + 1, for Ti64, and CaP coated and CaP + Zn
coated samples, respectively. Meanwhile, S.aureus on Ti64 samples
formed typical grape-like clusters, whereas sporadic colonies were
observed on all types of samples. The number of adherent S.aureus
per 225 pm? area were found as 197 + 10, 132 + 36, and 86 + 7 for
Ti64, and CaP coated, and CaP + Zn coated samples, respectively.
Quantitative analysis of the antibacterial efficacy rates demon-
strated that, the CaP + Zn coated surfaces have the strongest effect
with 99 % and 90 % activity for E. coli and S. aureus, respectively
(Fig. 5D).

Discussion

Our study for the first time developed the multifunctional coat-
ing for the most widely used metallic implant material based on
the Ti64 alloy providing novel combination of properties that
ensure long-term integration in tissue with minimal potential
adverse effects and low failure rate. Such beneficial combination
of properties is provided by the Zn doped CaP bioceramics that
enhance corrosion resistance and biomineralization, as well as pro-
gram local innate immunity for the long-term implant acceptance,
providing both direct antibacterial activity as well as enhancing
macrophage ability to eliminate bacteria in a tolerogenic way.
The percentage of Zn doped in CaP was selected based on the
review of the literature related to the improving of antimicrobial
resistance [46,50-53]. For example, Ofudje et al. reported that
the small addition of Zn (5, 10, 15, and 20 mol%) into CaP leads
to increased inhibitions of Staphylococcus aureus and Escherichia
sp |46]. Similar with the study reported by Ofudje et al., Zn incor-
porated samples displayed an effective antibacterial efficacy. This
improvement in antimicrobial activity can be ascribed to modifica-
tions in the material’s surface and structural characteristics. In par-
ticular, it has been observed that when the proportion of Zn ions in
hydroxyapatite (HAp) increases, the crystallinity of HAp decreases,
thereby increasing the apatite’s surface area. This increased surface
area makes it easier to bond with microorganisms which eventu-
ally results in cell death [54]. The antimicrobial mechanism of
Zn-doped HAp was explained in the literature as creating strong
surface bonds with functional groups on the membranes of
microorganisms, which results in structural alterations. The
microorganism'’s capacity to control movement across the plasma
membrane is disrupted by these alterations, which raise mem-
brane permeability and cause cell death [52]. Tank et al. also
demonstrated that the Zn doped CaP with approximately 1, 3,
and 5 mol% Zn can guarantee a proper resistance against Staphylo-
coccus aureus, Micrococcus luteus, Bacillus cereus, Shigella flexneri,
and Pseudomonas aeruginosa [23]. Ullah et al. reported that the
Zn (from 2 to 3.5 mol%) and Sr (from 2.5 to 4.7 mol%) additions into
CaP are more efficient to attack of S.aureus and E.coli, as well as
leading to increase in proliferation, fixation, and cell adhe-
sion properties compared to undoped CaP [55]. Results of these
two studies reported by Tank et al. and Ullah et al. are in line with
our results where Zn doped CaP materials showed great antimicro-
bial activity against E.coli and S.aureus. Furthermore, Ullah et al.
reported that the E. coli strain is more susceptible than S.aureus
similar with the observations in our study. In preliminary tests,
we found that a zinc acetate content of 25 g/L in the MAO elec-
trolyte used represents an optimum between a coating that can
still be applied and a corresponding Zn content of approx. 5 % in
the layer that forms.

The bone bonding ability of implants and their consequence on
bone tissue formation is related to the surface reactivity of the
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implant which can be attributed to the reactions at the interface
between material and tissue and depends on the time-dependent
changes in the surface characteristics [56,57]. Thus, resistance
has to be examined under physiological conditions of the human
body: corrosive saline solutions or SBF at 37 °C under variable,
multiaxial and cyclical mechanical loads, degradation effect by
immersion in SBF or PBS or DMEM at 37 °C with pH variable and
for various periods of time, etc. Based on the electrochemical tests
performed at 37 = 0.5 °C in SBF with pH = 7.4, CaP ceramic pre-
pared by MAO technique enhanced the resistance of Ti64 alloy.
Furthermore, the Zn addition in CaP improved even more the resis-
tance in the SBF solution, meaning that the coated surfaces exhib-
ited a low degradation rate. According to the XPS results, it was
obtained the dicalcium phosphate phase, which in the literature
it was reported to have a high dissolution rate in SBF [58]. This
finding can be related to the difference in deposition method. We
can explain the decreased dissolution rate by to the high thickness
(~12 pm) and the MAO deposition technique. It is compatible with
the report of Dorozhkin et. all that the solubility at 25 °C of differ-
ent types of CaPs follows the order: Monocalcium phosphate
monohydrate (MCPM, ~17 g/L) >>>>> Dicalcium phosphate dihy-
drate (DCPD, 0.088 g/L) >>>>> Calcium-deficient hydroxyapatite
(CDHAp, 0.0094 g/L) > Octacalcium phosphate (OCP, 0.0081 g/L) >
o-Tricalcium phosphate (a-TCP, 0.0025 g/L) >> Tetracalcium phos-
phate (TTCP, 0.0007 g/L) > B-Tricalcium phosphate (B-TCP, 0.0005
g/L) > Hydroxyapatite (Hap, 0.0003 g/L) > Fluorapatite (Fap,
0.0002 g/L) [58].

Most of the CaP coatings via electrochemical methods are pre-
pared by an anodization process which limits adhesion strength
of the coating [59-61]. MAO technique produced more adherent
coatings due to the high voltage used for deposition. This can pro-
vide further benefit by the decreased dissolution rate of the dical-
cium phosphate phase compared to the same phase obtained by
the anodization process. Our coatings were prepared at a voltage
of 250-300 V and the coatings with a spherical porous morphology
homogeneously distributed on the surfaces were obtained. The
value of voltage was appropriate, because by increasing the voltage
to more than 350V, the pore size increased, leading to a diminish-
ing of biological properties [62]. The published results in this
respect demonstrated that the applied voltage through the MAO
technique plays an important role in the production of CaP coat-
ings [63]. Moreover, the deposition time is also important for the
pore number and structure. It was reported that the structure of
CaP began to decompose with increased deposition time [62-64].
Thus, published data indicate that the characteristics of CaP coat-
ings manufactured by MAO are dependent on several factors [62].

According to immersion tests, the developed coatings exhibited
more bioactive ability in DMEM solution. Nevertheless, the Zn
doped coatings are more bioactive in both corrosive solutions, indi-
cating that the Zn addition could be a solution for enhancing the
in vitro bioactive abilities of the CaP structure prepared by MAO
technique. Some studies reported that the SBF is not appropriate
for the immersion tests, because it does not contain the various
ingredients normally present in the blood fluid, such as proteins
[64,65]. Moreover, SBF contains a high amount of chloride, leading
to high degradation rates. They reported that the DMEM or EMEM
(Eagle’s minimum essential medium) are more suitable media
because their compositions are closer to physiological conditions
and contain amino acids and vitamins [64,65]. By taking into
account all these statements, the SBF used by us is a more aggres-
sive media for immersion tests, and all surfaces were damaged
more after three days of immersion. Despite the aggressive effect
of the SBF solution, Zn doped CaP coatings developed by us showed
an important sign of the biomineralization process after 7 days of
immersion. This important finding shows that Zn addition can
improve the bioactivity ability also in aggressive environment
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(mass grows 5 times after 14 days as compared to day 1). In DMEM
solution, biomineralization process was observed after day 1 for
both CaP coatings, being more evident for Zn doped coating. By
comparing the mass evolution after day 1 and day 14 for doped
CaP coating, a significant increase was found (x5.2), compared with
undoped CaP (x3). Thus, for the first time we demonstrated that
the Zn addition into CaP coatings prepared by MAO technique
leads to the improvement of corrosion resistance in SBF and bioac-
tive properties in SBF and DMEM. We attribute this result to the
superior adhesion of the Zn based CaP to Ti64 alloy substrate.

The essential improvement achieved by Zn addition to CaP coat-
ings is the significantly increased compatibility with the innate
immune system, which causes most of the complications on the
late stage of implant integration due to evolutionarily conserved
foreign body response [9]. Transcriptome profiling of human pri-
mary macrophages unexpectedly demonstrated that CaP (which
activity is ultimately needed for osteo-integration) has also a detri-
mental pro-inflammatory effect on the innate immunity by acti-
vating several pro-inflammatory pathways. The addition of Zn
had a dramatic suppressive effect on multiple pro-inflammatory
pathways from one side, and a substantial enhancement of the
expression of metallothioneins. Most critical detrimental, effect
of CaP identified by a pathway analysis was suppression of oxida-
tive phosphorylation and scavenging/lysosomal pathways, and
both pathways are critical for the tolerogenic activity of macro-
phages, identified in tissue regenerative, however also in tumor
supporting microenvironment [66-69]. Zn addition efficiently
compensated these limitations of CaP coating providing M2 macro-
phages the necessary energy source as well as long-term tolero-
genic programming, including anti-bacterial properties due to the
elevated levels of metallothioneins. Recently the attempt to switch
glycolytic M1 metabolism toward oxidative phosphorylation meta-
bolism of M2 macrophages was done by developing the technology
of a laser-drilled and covered with metal organic framework-miR-
27a agomir nanomembrane (L-MOF-agomir) titanium implant,
with the ability to release miR-27a and to reprogram mitochondria
in macrophages [70]. Despite the elegance of this approach, the
complexity and cost of such implant modification is very high,
while developed by us Zi-dopped CaP coating provides more prac-
tical and efficient solution, and is combined with needed for the
osteo-integrative CaP properties, not considered in the L-MOF-
agomir titanium implant. Metallothioneins are crucial for the
intracellular clearance of bacteria by macrophages, and their key
advantage is that MTs do not activate inflammatory pathways.
The biological importance of the MT family is justified by the exis-
tence of a large number of family members, ensuring that the sys-
tem never fails [71]. MTs reduce free radical formation, can
scavenge ROS species and have antioxidant activity; they directly
interfere with inflammatory signalling pathways, and suppress
the production of pro-inflammatory cytokines [72-74]. Thus, Zn
addition has an active role in the orchestration of anti-
inflammatory bacterial clearance by macrophages, and such func-
tional surface modification is indispensable for long-term, even
life-long implant integration. The antibacterial rate of the uncoated
and coated samples showed that the Zn addition into CaP
improved the resistance to gram-negative E. coli (antibacterial rate
of 99 %) and gram-positive S. aureus (antibacterial rate of 90 %) bac-
teria. The antibacterial feature of Zn addition was in line with the
previous data obtained for the MgCa1 alloys and for the Cu-Zn-P
as well as hydroxyapatite coatings [75,76].

Since the Zn addition into CaP coatings improves inflammatory
signalling pathways, future work should focus on the effect of dif-
ferent Zn content to assure compatibility with the innate immune
system. In this respect, the zinc acetate content as a zinc carrier in
the doping solutions to CaP will be changed from 25 g/L to 100 g/L
to find the effect on immunological character.
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Conclusion

For the first time we developed new multifunctional coating for
the titanium alloys that provide advanced combination of stability
and programming innate immunity for the long-term implant
acceptance combined with the potent anti-bacterial activity, both
direct and macrophage-mediated. XPS, FTIR and EDS clearly
demonstrated that Zn?" ions were incorporated into the CaP struc-
ture by replacing the Ca%*ions. The adhesion between the CaP
coating and Ti64 alloy substrate was improved by Zn doped CaP.
Corrosion resistance in SBF of coatings was significantly improved
by the addition of a small amount of Zn into CaP matrix. Zn doped
CaP coatings showed an important sign of the biomineralization
improving the bioactivity ability of the implant surface, and pro-
viding substantial advance in the implant properties during the
bone reconstructions.

Our study for the first time demonstrates the significant role of
Zn in mitigating the inflammatory effects induced by CaP coatings
across various macrophage activation states that will act during
the initial inflammatory stage, healing stage, and also on the later
stages of implant integration when tissue homeostasis is restored.

Zinc addition effectively reduces production of pro-
inflammatory cytokines and tissue destructive enzymes, restored
tolerogenic metabolism of healing macrophages, while providing
pronounced anti-bacterial properties towards to E. coli and S. aur-
eus and orchestrates anti-inflammatory bacterial clearance by
macrophages by up-regulation of MT1 family genes. Such func-
tional surface modification indispensable for long-term, even life-
long implant integration in wide spectrum of tissues.
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