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A B S T R A C T

Temporary fixation devices must support bone healing, be easily removed without bone tissue overgrowth, and 
reduce the risk of infection. To match these needs, mechanically and chemically stable thin coatings, based on a 
zirconia matrix doped with silver (ZrO2-Ag), were sputtered on Ti6Al4V. Coatings with two silver concentrations 
were produced: a low (0.2 % at Ag) concentration (AL) for bacteriostatic effect and a high (0.5 % at Ag) con
centration (AH) for antibacterial properties. Surfaces were characterized for silver content and release, me
chanical adhesion, morphology, roughness, wettability, and surface zeta potential, reporting high stability and a 
continuous Ag release over 28 days. Direct cytocompatibility was shown for human mesenchymal stem cells 
(hMSC), while antibacterial properties were verified towards Staphylococcus aureus. Results revealed non-toxic 
and anti-adhesion effects of AL that were deeply investigated towards hMSC by a multi-omics approach. Tran
scriptomics revealed a down-regulation of cadherins- and integrins-related genes involved in the cell-to-cell and 
cell-to-substrate adhesion, whereas proteomics confirmed a reduced expression of adhesion proteins (Talin and 
Ras homolog family member A - RhoA). The OMICS profiles were matched by bioinformatics analysis, con
firming a cluster of preserved biological functions strongly related to the cells’ adhesion but not to apoptosis. 
Therefore, AL is a good candidate for bone temporary fixation devices, not interfering with bone healing 
(cytocompatible), avoiding bone adhesion on the implant surface, and being bacteriostatic.

1. Introduction

It is widely accepted that the surface properties of biomaterials have 
a significant role in cellular and bacterial adhesion to implants [1]. 
However, while the research of innovative pro-regenerative and anti
bacterial surfaces is extremely active especially in the field of permanent 
implants [2,3] few works can be reported focused on the peculiar needs 
of temporary implants: those devices are usually applied for a short 
period to stabilize fractures during the initial management of poly
trauma patients, but then they are removed in order to proceed with the 
definitive treatment [4]. Their primary purpose is not to induce or 
enhance osteogenesis, but rather to stabilize the bone. As such, materials 
designed for temporary fixation devices should not support cell adhesion 
or proliferation (as permanent implants), since their removal prior to 
prosthesis implantation could damage the bone if tissue ingrowth occurs 

[5]; nevertheless, materials must still be cytocompatible to prevent the 
release of toxic compounds in the healing site. The main issues associ
ated with temporary fixation devices are bacterial contamination and 
tissue overgrowth. Bacterial colonization can lead to the development of 
a severe infection requiring antibiotic therapies or even device removal 
in the worst scenario. Undesired tissue overgrowth can make surgical 
removal of the device very complex, with the risk of causing fractures 
[6–8].

To overcome these issues, some literature underlines the role of 
surface roughness on tissue adhesion, thus suggesting for the develop
ment of extremely smooth surfaces to prevent tissue overgrowth on 
temporary fixation devices [9,10]. Moreover, it can be speculated that 
surface roughness is a key factor influencing bacterial adhesion, too. In 
fact, a threshold of Ra for microbial adhesion has frequently been re
ported in the literature to be set at 0.2 μm to avoid the presence of 
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anchorage points for the pathogens’ adhesion [11,12].
Beyond roughness control, other literature deals with the develop

ment of innovative coatings based on functionalization with silica and 
ornidazole [13], chitosan and hyaluronic acid [14], or vitamin E [15], to 
cite some examples. Nowadays, only a temporary fixation device with a 
biodegradable coating releasing the antibiotic Gentamicin (Depuy 
Synthes PROtect™), and two devices with coatings/surface treatments 
releasing silver ions (Agluna® Accentus and LOQTEQ® antibacterial 
AAP Implantate AG) are available on the market.

In this context, the Authors previously reported the development of 
thin inorganic coatings of potential interest for temporary fixation de
vices based on silica, alumina, or zirconia, doped with silver, with very 
smooth topography, being able to reduce bacterial adhesion [16]. Based 
on these previous results, in the present work, the zirconia matrix was 
selected due to its better stability in physiological conditions and was 
enriched with different amounts of silver (Ag) to obtain surfaces able to 
match different clinical needs: (i) infection prevention at the early stage 
by low-Ag (named AL) and (ii) infection treatment in a high-risk situa
tion by high-Ag (named AH). Ag is widely employed in antibacterial 
coatings for its well-known ability to eradicate bacteria by disrupting 
membrane integrity, protein synthesis, DNA replication, or by causing 
oxidative stress by the production of reactive oxygen species (ROS) 
within the cytoplasm [17]. However, its unpredictable behaviour poses 
risks to eukaryotic cells, necessitating the use of a concentration toxic to 
bacteria yet safe for cells; in fact, as recently reported by the Authors, a 
good balance between antibacterial properties and cytocompatibility is 
not easy to find [18]. Moreover, cytocompatibility must be maintained, 
but direct cells’ colonization on temporary devices should be discour
aged to prevent undesired tissue overgrowth.

Based on these premises, AL and AH ZrO2-Ag coatings were char
acterized for their physical-chemical properties through silver content 
and release, adhesion, morphology, roughness, wettability, and surface 
zeta potential. Then, biological characterization was focused on cyto
compatibility towards human mesenchymal stem cells (hMSC) and 
antibacterial efficacy to counteract Staphylococcus aureus infection. AL 
specimens reported promising non-toxic anti-adhesive properties; so 
hMSC cultivated onto such specimens were deeply investigated by 
transcriptomics and proteomics, investigating for an eventual effect, due 
to released Ag, modulating the expression of genes and proteins 
involved in cell-to-cell and cell-to-substrate adhesion. Finally, bioin
formatics analysis was exploited to reveal the biological functions 
influenced by the AL coatings and highly preserved from RNA to protein 
expression.

2. Materials and methods

2.1. Specimens’ physical-chemical characterization

2.1.1. Specimens’ preparation
Ti6Al4V samples (10 mm × 20 mm × 2 mm) were sectioned using 

electro-discharge machining. The material was identified as compliant 
with ASTM B348 specification for Grade 5 titanium alloy, exhibiting the 
following chemical composition (in wt%): Al = 5.50–6.75; V = 3.5–4.5; 
Fe <0.4; O < 0.2; C < 0.08 %; H 0.01; N 0.05; Ti: balance; tot impurities 
<0.4. Samples were mirror polished (abrasive papers up to P4000 and 
diamond paste of 1 μm) and washed in an ultrasonic bath, once in 
ethanol, 5 min, and two times in ultrapure water, 10 min each. Thin 
films constituted of a zirconia matrix, enriched with silver, were 
deposited by means of the co-sputtering technique [16]. A custom- 
designed Kenosistec™ three confocal sputtering equipment was used. 
In particular, pure (99.9 % ZrO2, NanoVision™) and pure (99.99 % Ag, 
NanoVision™) targets were used on two confocal 3 in. circular cathodes, 
both magnetron-type. On the ZrO2 cathode, radio frequency (RF) power 
was supplied, while for Ag DC was used. The depositions were per
formed in pure Ar atmosphere at 5.5 dPa (5.5 μbar) pressure, while pre- 
deposition pressure was 1 μPa (10− 5 mbar). Two different 

concentrations of silver were considered: (i) low Ag concentration (Ag 
content around 0.2%at, named as AL specimens) for bacteriostatic sur
faces aimed at preventing surface infection, and (ii) Ag high concen
tration (Ag content around 0.5%at, named AH specimens) for 
antibacterial surfaces aimed at killing bacteria colonies on the surface. 
Undoped zirconia coatings (named Z specimens) and Ti6Al4V (Ti) 
substrate were considered as a control.

2.1.2. Surface characterizations
Coating adhesion resistance to mechanical stress was evaluated by 

means of the tape and scratch tests. The tape test was performed ac
cording to the Standard Test Methods for Rating Adhesion by Tape Test 
(ASTM D 3359, Standard test methods for measuring adhesion by tape 
test) [19].

The scratch test was performed on a CSM Revetest equipped with a 
Rockwell tip with a radius of 200 μm. Three scratches were done on each 
sample with a linear applied load of 1–20 N, a scratching rate of 10 mm/ 
min, and a length of 2 mm. Two critical loads (Lc) were determined 
based on the photo analysis of the scratch. The first failure, Lc1, corre
sponds to initial cracking, the second failure, Lc2, to partial delamina
tion of the coating from the substrate. For each coating, the full trace and 
an example of the two critical loads are shown.

Surface roughness (Ra) was measured by a contact surface profiler 
equipped with a diamond stylus tip (Talysurf Intra Touch Ultra™, from 
Taylor Hobson, UK).

Then, the coating chemical stability and the release of characteristic 
elements (Ag and Zr) were investigated by soaking 3 samples per type in 
25 ml of ultrapure water at 37 ◦C up to 28 days. As a comparison, a 
similar release test was also performed in PBS (phosphate-buffered sa
line 79,382-50TAB Sigma Aldrich) at 37 ◦C for samples Z and AH (3 
specimens per type). The release medium was completely changed at 
each time point. Surface composition before (day 0) and after soaking 
(day 28) was determined by means of Energy Dispersive Spectroscopy 
(EDS, JEOL, JED 2300™). Ion release was quantified by means of 
Inductively Coupled Plasma (ICP-MS; iCAP™ Q spectrometer, Thermo 
Fisher Scientific, Waltham, MA, USA).

Zeta potential titration curves were obtained with an electrokinetic 
analyzer (SurPASS, Anton Paar™) equipped with an adjustable gap cell. 
A pair of samples was inserted in the cell with a gap (≅ 100 μm) between 
them. 0.001 M KCl was used as an electrolyte and forced to flow in the 
gap. The streaming potential was measured and zeta potential was ob
tained by the instrument software (Attract). The electrolyte pH was 5.5 
at the beginning of each measure, then it was titrated with 0.05 M HCl 
down to pH 2 (acid range). The samples and the instrument were then 
washed with ultrapure water and new KCl electrolyte was prepared (pH 
5.5). A basic titration was obtained by the progressive addition of 0.05 M 
NaOH up to 9 (basic range) with the automatic titration unit of the 
instrument.

2.2. Biological characterization

2.2.1. Antibacterial properties
Specimens’ ability to prevent surface bacterial colonization was 

verified towards the commercial MRSA strain Staphylococcus aureus 
(ATCC 43300, from the American Type Culture Collection). Bacteria 
were cultivated at 37 ◦C overnight in Luria Bertani broth (LB, from 
Sigma, Milan); then, the bacteria suspension was diluted 1:10 in LB and 
incubated again at 37 ◦C for 3 h to achieve the logarithmic growth 
phase. Before each test, bacteria were diluted in fresh medium in order 
to reach a final concentration of 1 × 105 cells/ml corresponding to an 
optical density of 0.001 at 590 nm wavelength. Specimens were directly 
infected onto the surface by drop-seeding a defined number of bacteria 
(1 × 103 cells/specimen) and incubated at 37 ◦C. After 2, 4, and 24 h 
from the infection, the supernatant was gently removed from the spec
imens’ surface, avoiding enzymes. At each time-point, the viability of 
surface-adhered bacteria was evaluated as their metabolic activity by 
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the colorimetric assay Alamar blue (ready-to-use kit from Life Tech
nologies, Milan) using a spectrophotometer (Tecan Spark, Tecan, USA) 
at 590 nm wavelength fluorescence. The number of non-adhered 
floating bacteria was obtained by the Colonies Forming Units (CFUs) 
assay [20]. The viability was visually confirmed using the Live/dead 
fluorescent assay (BacLight from Life Technologies, Milan) by confocal 
microscopy (Leica TCS SP8 LIGHTNING, from Leica Systems, Basel). To 
rank the Z, AL and AH specimens’ activity, bulk Ti6Al4V specimens were 
used as a positive control; experiments were performed using triplicate.

2.2.2. Cytocompatibility evaluation
To verify specimens’ in vitro cytocompatibility, commercial human 

bone marrow-derived mesenchymal stem cells (hMSC, PromoCell C- 
12974) were exploited as a model of the tissue self-healing process. Cells 
were maintained in DMEM Low glucose supplemented with 15 % Fetal 
Bovine serum (FBS, from Sigma) and 1 % antibiotics (penicillin/strep
tomycin). After reaching 70–80 % confluence, cells were detached by 
trypsin-EDTA solution, harvested and used for experiments. Cells were 
directly drop-wise seeded onto the specimens’ surface (3,5 × 103 cells/ 
specimen) and incubated at 37 ◦C, 5 % CO2 for cultivation. Afterwards, 
the viability of the surface-adhered cells was evaluated by the Alamar 
blue metabolic assay as previously described; moreover, non-adhered 
cells in the supernatant were collected, counted by trypan blue into a 
Bürker chamber and then spotted into a new 24-multiwell plate for 24 h 
after that their viability was visually checked by the Live/dead assay (L/ 
D from Life Technologies, Milan) by fluorescent microscopy (EvosFLoid, 
from Invitrogen, Milan). To rank the Z, AL and AH specimens’ cyto
compatibility, bulk Ti6Al4V specimens were used as positive control; 
experiments were performed using triplicate.

2.3. OMICS profiling

2.3.1. Transcriptomics by RNAseq
To determine the anti-adhesion or pro-apoptotic effect due to the Ag 

doping, the genetic profile of cells cultivated directly onto the surface of 
the specimens was screened by total RNA sequencing (RNA-seq). 
Accordingly, after 24 h of cultivation, floating cells were collected from 
the supernatants and the total RNA was extracted and analyzed with an 
Illumina 550 NexSeq sequencer for their coding and non-coding regions. 
RNA was isolated using miRNeasy Tissue/Cells Advanced Mini Kit 
(Qiagen, Hilden, Germany); RNA concentration was measured using 
QubitTM RNA BR Assay Kit on a QubitTM 4.0 Fluorometer (Invitrogen, 
Thermo Fisher Scientific Inc.) while its integrity was assessed using an 
Agilent 4200 TapeStation System with the Agilent High Sensitivity RNA 
ScreenTape Assay (both from Agilent Technologies Inc., Santa Clara, CA, 
USA). All RNA samples showed an RNA integrity number (RIN) ≥ 9 and 
were considered high-quality samples. For mRNA-seq library prepara
tion, 300 ng of total RNA per sample was captured using oligo(dT) 
magnetic beads-based protocol using the Illumina® Stranded mRNA 
Prep, Ligation Kit (Illumina Inc., San Diego, CA, USA). Libraries were 
sequenced on an Illumina NextSeq™ 550 platform (Illumina Inc.) using 
a NextSeq 500/550 High Output Kit v2.5 (150 cycles, 2 × 75 bp read 
length, paired-end) (Illumina Inc.) to achieve sufficient read depth for 
the bioinformatics analysis. Finally, for bioinformatics analysis, Fastq 
files were trimmed using Trimmomatic [21] with the option SLI
DINGWINDOW on the entire sequence length to keep only reads with an 
average Phred quality >30. Good quality reads were used in input for 
the RSEM software pipeline [22] to quantify expressed genes, using 
STAR [23] as aligner and hg38 as reference genome. Gene annotation 
was obtained from Ensembl v100. Data matrix containing expressed 
genes were filtered to keep only the genes with TPM > 2 in at least one 
sample. DESeq2 [24] was used to evaluate differentially expressed 
genes. Lists of “adhesion” genes were selected using Gene Ontology 
annotation downloaded by Ensembl Biomart, selecting all the genes 
associated with the keyword “adhesion” in the Gene Name, GO Term 
accession, GO term name or GO term definition. Venn diagrams were 

produced using InteractiVenn [25]. Heatmaps were produced using 
“pheatmap” package in R. Functional analysis was performed with 
ToppGene (Bonferroni test, significance set at p < 0.01).

2.3.2. Proteomics
To confirm whether the direct contact with the specimens’ surface 

modified the cells’ protein expression as well as their genetic profile, 
total DNA was extracted from adhered and floating cells, and the pro
teomic profile was obtained by mass spectrometry using a Q Exactive 
Plus Mass Spectrometer (from Thermo Scientific, Milan). Cells were 
collected, washed, lysed with RIPA buffer, and sonicated. Proteins were 
then precipitated with cold acetone and resuspended. Proteins were 
then reduced in 25 μL of 100 mM NH4HCO3 with 2.5 μL of 200 mM DTT 
(Merck) at 60 ◦C for 45 min and next alkylated with 10 μL 200 mM 
iodoacetamide (Merck) for 1 h at RT in dark conditions. The iodoace
tamide excess was removed by adding 200 mM DTT. Proteins were 
digested with trypsin. The digests were dried by Speed Vacuum and then 
desalted. Digested peptides were analyzed with a UHPLC Vanquish 
system (Thermo Scientific, Milan) coupled with an Orbitrap Q-Exactive 
Plus (Thermo Scientific, Milan). Peptides were separated by a reverse 
phase column (Accucore™ RP-MS 100 × 2.1 mm, particle size 2.6 μm). 
The column was maintained at a constant temperature of 40 ◦C at a flow 
rate of 0.200 ml/min. Mobile phase A and B were water and acetonitrile 
respectively, both acidified with 0.1 % formic acid. The analysis was 
performed using the following gradient: 0–5 min from 2 % to 5 % B; 
5–55 min from 5 % to 30 % B; 55–61 from 30 % to 90 % B and hold for 
one minute, at 62.1 min the percentage of B was set to the initial con
dition of the run at 2 % and hold for about 8 min to re-equilibrate the 
column, for a total run time of 70 min. The mass spectrometry analysis 
was performed in positive ion mode. The ESI source was used with a 
voltage of 2.8 kV. The capillary temperature, sheath gas flow, auxiliary 
gas, and spare gas flow were set at 325 ◦C, 45 arb, 10 arb, and 2, 
respectively. S-lens was set at 70 rf. For the acquisition of spectra, a data- 
dependent (ddMS2) top-10 scan mode was used. Survey full-scan MS 
spectra (mass range m/z 381 to 1581) were acquired with resolution R 
= 70,000 and AGC target 3 × 106. MS/MS fragmentation was performed 
using high-energy c-trap dissociation (HCD) with resolution R = 35,000 
and AGC target 1 × 106. The normalized collision energy (NCE) was set 
to 30. The injection volume was 3 μL. The mass spectra analysis was 
carried out using MaxQuant software (version 1.6.14). MaxQuant pa
rameters were set as follow: trypsin was selected for enzyme specificity; 
the search parameters were fixed to an initial precursor ion tolerance of 
10 ppm and MS/MS tolerance at 20 ppm; as fixed modification, carba
midomethylation was set, whereas oxidation was set as variable modi
fication. The maximum missed cleavages were set to 2. Andromeda 
search engine searched the spectra in MaxQuant against the Uni- 
prot_CP_Human_2018 sequence database. Label-free quantification was 
performed, including a match between runs option with the following 
parameters: protein and peptide false discovery rate was set to 0.01; the 
quantification was based on the extracted ion chromatograms, with a 
minimum ratio count of 1; the minimum required peptide length was set 
to 7 amino acids. Proteomics data generated from the mass spectrometry 
were analyzed through the MetaboAnalyst software; the functional 
analysis of the regulated proteins was done through the STRING 
software.

2.4. Bioinformatic analysis of the similarity between OMICS profiles

To gain additional insights on how proteomic and transcriptomic 
expression levels interplay, they were analyzed as single entities with an 
ad hoc procedure rather than through correlation. Indeed, in theory, 
higher mRNA expression levels should result in higher protein expres
sion since proteins are translated from mRNA; however, the correlation 
between mRNA and protein levels might not be perfect due to post- 
transcriptional regulation factors, different translational control be
tween genes, post-translational modifications, and the dependence of 
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correlation on the specific tissue type, cell line, or experimental condi
tions (i.e., stress response). For these reasons, the analysis of shared 
regulatory factors was conceptualized as a distance-based mapping be
tween proteins and genes over a Cartesian plane (Fig. 1a).

The procedure aims at evaluating which genes are activated by the 
low silver concentration coating (AL) compared to bare titanium (Ti 
cnt), jointly using proteomics and transcriptomics expression levels. 
Considering titanium as the baseline condition, modifications on gene 
expression data activated by AL could be measured using distance 
metrics to summarize the degree of relationship and interpret changes 
connected to biological modifications on both transcriptomic and pro
teomic data. Cosine distance could represent the coherence between 
transcriptomic and proteomic findings, whereas the Euclidean distance 
should reflect expression level changes in the two experimental condi
tions (schematized in Fig. 1b). The proposed workflow started, 
excluding proteins or gene expression levels with missing values. The 
initial number of proteins was 590 (5 excluded), whereas the initial 
genes were 60,683, lowered to 27,050 due to the inconsistencies in the 
data. Afterwards, the raw values from the three cell lines were log- 
transformed for the proteomic and transcriptomic datasets, and z- 
score standardization was performed.

2.5. Statistical analysis of data

For the biological characterization, experiments were performed 
using three replicates. Normal distribution and homoscedasticity were 
tested with Wilk–Shapiro’s and Levene’s tests, respectively. Samples 
were statistically compared by the statistical package for the social 
sciences (SPSS) software (v25, IBM, New York, NY, USA) using the one- 
way ANOVA test and Tukey’s post-hoc analysis. Results were considered 
significant for p < 0.05. For the OMICS assays, statistical analyses are 
detailed in the specific sub-chapters 2.3.1 and 2.3.2, respectively.

3. Results and discussion

3.1. Surfaces’ physical-chemical properties

The visual appearance of the samples immediately after the coating 
is shown in Fig. 2a, upper panel. Visually, the zirconia coating (Z) 
appeared to be mostly golden when undoped, violet when doped with 
low silver content (AL), and close to blue when doped with high silver 
content (AH). In the clinical scenario, the observed colors can allow fast 
and easy identification of the coating typologies, which have different 
potential applications: anti-adhesive (AL) or antibacterial (AH). Z is used 
in this paper mainly as a reference for a coating without silver doping. It 
has potential as a protective ceramic coating on Ti6Al4V to improve 
surface chemical stability, hardness, and tribological properties [26], 
but this aspect was not investigated in this paper.

The tape and scratch tests were performed to measure the coatings’ 
mechanical stability: results are reported in Fig. 2b–c. Both the low (AL) 

and high silver (AH) content coatings registered an optimal adhesion to 
the Ti6Al4V substrate: in fact, both AL and AH specimens were ranked as 
5B (corresponding to 0 % detachment) according to guidelines of the 
tape test (ASTM D 3359).

Concerning the scratch test, the registered critical loads were: Lc1(Z) 
= 6.2 ± 1.4; Lc2(Z) = 9.6 ± 0.07; Lc1 (AL) = 5.2 ± 0.4; Lc2 (AL) = 9.7 
± 0.8; Lc1 (AH) = 5.9 ± 0.79; Lc2 (AH) = 11.9 ± 1.97. No significant 
differences were observed between the undoped ZrO2 coating (Z) and 
that with a low Ag content (AL), while a slightly higher second critical 
load was found for the sample doped with a high Ag content (AH), 
indicating a higher adhesion of the coating. As far as the type of cracks is 
concerned (Fig. 2c), there were no substantial differences between the 
three coatings. The scratch tracks of the coatings exhibited brittle 
chipping at lower loads and severe spallation at high loads. For both 
critical loads, cracks were mainly noticed at the edges of the tracks. The 
observed scratch resistances are in agreement with previous data ob
tained by the authors. A brittle behaviour is expected for a ceramic 
coating and concerning the quantitative values obtained for the scratch 
resistance, they are comparable to those reported for a chemically 
treated titanium surface finalized to permanent implants (Lc1 = 4–5 N; 
Lc2 = 9 N) [27], which was demonstrated to survive without evident 
damages to a simulated implantation in an animal bone [28].

Surface roughness was then measured to understand how the coating 
deposition changed micro-roughness; results demonstrated that Z, AL, 
and AH specimens hold a Ra value between 0.10 μm and 0.13 μm, 
comparable to the Ti6Al4V substrate. Moreover, such micro-roughness 
can be considered acceptable for biomedical applications because the 
literature states that the threshold of Ra to not favor bacterial adhesion 
is 0.2 μm [12,29].

Subsequently, the release of characteristic elements (Ag and Zr) was 
investigated over 28 days by soaking specimens in water. The initial 
colors did not substantially change after soaking, as reported in Fig. 2a, 
lower panel. This observation can be interpreted as macroscopic evi
dence of the chemical stability of the coating towards environmental 
degradation. The chemical surface composition was compared by EDS 
analysis before (day 0) and after (day 28) the soaking; results are re
ported in Fig. 3. As expected, the silver release (Fig. 3a) was proportional 
to the silver content in the coating (lower for the AL samples and higher 
for the AH ones). AL was designed to reduce the risk of infection by a 
bacteriostatic action on the implant surface, while AH was designed to 
be actively antibacterial by killing bacteria in the surrounding area of 
the implant [16]. In both cases, the total amount of the released ions was 
lower than the threshold for cytotoxicity reported in the literature for 
silver ions (LD50 (Ag) ≅ 0.4 mg/l) [30]. Moreover, even if an early 
release boost was registered in the first days, a continuous further Ag 
emission was observed for all the tested 28 days, thus suggesting a 
constant reservoir of active principle preventing secondary infections 
after surgery. The zirconium release (Fig. 3b), which is associated with 
an eventual matrix degradation, was extremely low for the whole 
soaking period and can be considered negligible; this evidences the 
zirconia matrix chemical stability, confirming the lack of significant 
degradation over the tested 28 days. Results of the ionic release (con
cerning Ag and Zr) were confirmed by a test in an inorganic solution 
(PBS - phosphate-buffered saline) closer to the physiological fluids (S1), 
confirming that the presence of inorganic salts does not affect the 
results.

As a confirmation, EDS analysis (Fig. 3c) showed that the surface 
composition was almost constant before (day 0) and after 28 days of 
soaking; the only exception is represented by a certain reduction of the 
Ag content, as previously demonstrated. The stability of the zirconia- 
based coatings agreed with previous results reported by the Authors 
dealing with similar coatings compared with others based on alumina- 
and silica [16].

Finally, the zeta potential titration curves of the bare Ti6Al4V sub
strate and the coated samples (Z, AL, and AH) were investigated; results 
are reported in Fig. 4. The Ti6Al4V substrate showed an isoelectric point 

Fig. 1. (a) Conceptualization of Ti (cnt) and AL averaged samples analysis 
employing mutually proteomics and transcriptomic expression profiles. (b) 
Visual interpretation of Euclidean (d) and cosine (θ) metrics for each experi
mental pair of points.
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Fig. 2. Soaking and tape test. (a) Visual appearance of coated samples before and after 28 days soaking in ultrapure water. The colors were maintained thus 
demonstrating stability over time. (b) Tape test images demonstrated an optimal adhesion of the coatings as almost no detachment was observed after the test. (c) 
Images of the scratches performed on the different samples and enlargements of the areas corresponding to the critical loads (Lc1–Lc2).

Fig. 3. Ion release and surface composition studies. (a) Silver was constantly released over 28 days in quantities correlated with the starting composition (AH or AL), 
but always in a smaller quantity than LD50 (indicated by the red line). (b) Conversely, Zr was almost not released, demonstrating the coating stability that was 
confirmed by the EDS results (c) where no significant differences were observed in terms of surface composition before (day 0) and after soaking (day 28). Bars and 
values represent means±dev.st. of n = 3 replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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(IEP) close to 4; this is typical of surfaces lacking specific functional 
groups with an acid-basic reactivity, in accordance with previous liter
ature dealing with bulk titanium surfaces [31,32]. According to the 
detected IEP value, the Ti6Al4V surface can be considered as negatively 
charged at physiological buffered pH (7.4), and no plateaus were 
detected in the curve. This represents a plausible finding because the 
presence of a plateau is usually related to the exposition of functional 
groups, which are completely deprotonated/protonated above/below a 
specific pH value in contact with an aqueous solution. The zirconia- 
based coatings (Z, AL and AH) evidenced IEPs at more basic values in 
comparison to Ti6Al4V (5.50–6.25). The detected IEPs are close to what 
was previously reported by the Authors for similar ZrO2-Ag coatings 
deposited on stainless steel [16], but significantly higher than the IEP 
previously obtained on specimens of bulk zirconia [33]. However, 
different properties of thin film coatings with respect to the bulk ma
terials are not surprising and are worth investigating. The zeta potential 
of the Zr-based coatings resulted in a negative value at physiological pH 
(as usual for implant biomaterials), but positive at the inflammatory one 
(pH 4–5), thus suggesting an interesting acid-basic reactivity of these 
surfaces in pro-inflammatory conditions. In fact, a positive zeta potential 
at pro-inflammatory acidic pH can induce an interesting “smart” 
mechanism of the material to counteract bacterial adhesion and biofilm 
formation when the increase of the infection causes an acidification of 
the environmental pH [34]. A moderate plateau in the acid region can 
also be associated with the exposition of functional groups (likely Ti-OH 
groups) with a basic reactivity, in agreement with the shift of the IEPs 
towards a higher value of pH, compared to the Ti substrate. The standard 
deviations of zeta potential registered for the Ag-doped coatings are 
significantly larger with respect to the undoped zirconia one (almost 
negligible). This is explainable considering the high chemical stability of 
the undoped coating in contrast with the silver release by the doped 
ones.

3.2. Specimens biological characterization

3.2.1. Antibacterial properties
One of the major drawbacks of titanium and its alloys (such as 

Ti6Al4V) is represented by the ease with which bacteria colonize their 

surface; unfortunately, as reported by very recent literature dealing with 
clinical revisions of orthopedic implants [35], infections still represents 
a primary cause of implant failure despite the large research done to 
confer antibacterial properties to implantable materials. Here, silver 
(Ag) was selected as a potential antibacterial agent due to its broad- 
spectrum activity targeting both Gram+ and Gram- strains due to the 
different killing mechanisms, which hardly allow bacteria to develop 
effective resistance mechanisms [17]. Regarding the target strain, 
Staphylococcus aureus was selected due to its frequent involvement in 
orthopedic medical device infection [36]; bacteria were forced to adhere 
to the specimens’ surface by an established protocol from the Authors 
[37] to simulate the device colonization. Antibacterial properties of the 
undoped (Z) and Ag-doped (AL and AH) zirconia coatings were ranked 
considering Ti as a control.

As expected, results of surface-adhered bacteria metabolic activity 
(Fig. 5a) demonstrated an increasing activity over time of the Ti control 
and undoped Z specimens; on the opposite, Ag doping determined a 
significant reduction for both AL and AH specimens in comparison to Ti 
and Z starting to 4 h of direct contact (Fig. 5a, p < 0.05 indicated by # 
and §). The reduction of metabolically active pathogens was considered 
as a parameter for the % of viable bacteria that were normalized towards 
Ti (=100 %); results revealed a reduction of ~45 % for AL and 78 % for 
AH after 12 h (Fig. 5b, p < 0.05 indicated by # and § in comparison to Ti 
and Z, respectively). These results were logically correlated to the 
amount of surface-deposited Ag by hypothesizing a dose-dependent ef
fect. However, we also analyzed the number of viable floating bacteria 
released in the supernatant due to detachment from the specimens’ 
surface by colonies forming unit (CFU), as well as with fluorescent live/ 
dead staining, and unexpected results were observed, as reported in 
Fig. 5c, d, and e. The number of viable bacteria in the supernatant of the 
AL samples after 24 h was comparable to the Ti and Z ones CFU count 
(Fig. 5c), which disagrees with the metabolic activity results. Results 
from live/dead staining (Fig. 5d), followed by dot count by ImageJ 
software (Fig. 5e), were coherent with each other and confirmed the 
presence of a numerous viable (stained in green) bacterial population of 
the AL supernatant. On the opposite, results from AH supernatants were 
aligned with the metabolic activity ones, reporting the presence of a 
statistically significant lower number of viable bacteria in comparison to 

Fig. 4. Zeta potential. Specimens’ titration curves reported an isoelectric point (IEP) close to 4 for bulk Ti specimens, while zirconia-based coatings (Z, AL and AH) 
evidenced IEPs at more basic values (5.50–6.25).
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Ti, Z, and AL as coherently demonstrated by CFU count (Fig. 5c, p < 0.05 
indicated by §), live/dead staining (Fig. 5d) and dots count (Fig. 5e). So, 
we hypothesized that the Ag amount on AH was, actually, effective in 
eradicating bacteria by contact-killing effect, whereas the Ag amount on 
AL was mostly anti-adhesion rather than antibacterial, thus preventing 
surface colonization but not providing a significant killing effect.

3.2.2. Cytocompatibility
As previously discussed in the introduction, a good balance between 

antibacterial and cells’ friendly Ag surface doping is not an easy-to-solve 
matter. Even if the LD50 of silver ions is generally defined by literature 
to be around 0.4 mg/l [30,38], the release profile and the possible in
teractions with other chemicals from the coating can influence the 
different stages of cells’ colonization, from early adhesion and spread to 
proliferation. Accordingly, we seeded human mesenchymal stem cells 
(hMSC) directly onto the surface of the specimens for 24 h to evaluate 
cell behaviour. hMSCs were selected due to their common use as a 
representative in vitro model of cells deputed for tissue healing.

Results of hMSC metabolic activity initially suggested a dose- 
dependent toxicity due to silver; in fact, values were significantly 
lower for AL and AH when compared to Ti or Z (Fig. 6a, p < 0.05 
indicated by # and §, respectively). As a consequence, the viability ob
tained by the normalization of metabolic activity results towards Ti (=
100 %), suggesting a reduction of 66 % for AL and 75 % for AH of viable 
cells colonizing specimens’ surface (Fig. 6b).

However, taken in consideration the anti-adhesion effect previously 
observed for the AL specimens in the antibacterial assays (previously 
reported in Fig. 5), we collected the supernatants covering the speci
mens seeded with cells, counted the number of viable detached cells by 
trypan blue and Bürker chamber and moved them to a new polystyrene 
plate to confirm their ability to adhere, spread and proliferate into a new 
substrate as a confirmation of their metabolic activity. Very interest
ingly, a large number of viable cells (around 42 % of the seeded ones, 

Fig. 6c, p < 0.05 indicated by #) was found to be detached in the su
pernatants of AL specimens, thus confirming the hypothesis that such 
substrates hold intrinsic anti-adhesion properties rather than a toxic 
effect as previously observed for the antibacterial essays. On the oppo
site, the detached cells from AH specimens were almost all dead, thus 
confirming that the Ag amount loaded into those specimens is in fact in a 
range of high toxicity even for eukaryotic cells. Accordingly, the low 
number of detached cells from Ti and Z can probably be justified by the 
evidence that the majority of cells correctly adhered to the surface, as 
demonstrated by the high metabolic activity in Fig. 6a. As a further 
confirmation, when detached cells were moved to a new polystyrene 
plate for 24 h (Fig. 6d) and then marked by fluorescent live/dead assay 
(Fig. 6e) AL reported >95 % of viable cells (stained in green) while AH 
showed a > 97 % of dead cells (marked in red). Therefore, in line with 
previous findings of the antibacterial assay we hypothesized that the AL 
surfaced did not produce a real toxic effect on hMSC, but rather avoided 
cell adhesion in the first colonization step. On the opposite, AH surfaces 
prevented specimens’ colonization by imposing a toxic effect.

In conclusion, a promising anti-adhesion effect was observed for the 
AL specimens in view of a potential application for temporary devices: 
cells are not stimulated to adhere by a non-toxic surface composition 
thus preventing the formation of tissue overgrowth but without intro
ducing cytotoxicity. This result corresponds exactly to the clinical need 
to use, for a short period, a cytocompatible material able to support the 
fixation of the bone but not to allow its growth to avoid damaging the 
tissue at the time of removal.

3.3. OMICS profiling

The results obtained by the cytocompatibility and antibacterial 
studies suggested an interesting anti-adhesion and non-toxic effect of the 
AL specimens towards cells and bacteria. This can be of great interest for 
a possible clinical application of temporary implants due to the 

Fig. 5. Antibacterial properties. (a) The metabolic activity of adhered bacteria was significantly reduced by the Ag doping of AL and AH specimens in comparison to 
Ti (p < 0.05, indicated by §) and Z (p < 0.05, indicated by #), (b) bringing to a viability reduction of ~45 % for AL and ~ 78 % for AH in respect to Ti after 12 h. 
However, (c) the CFU count of floating surface-detached bacteria reported a comparable number of viable bacteria for Ti and Z. AL displayed a higher, though not 
statistically significant, increase in bacterial count, while AH resulted in significant reduction (p < 0.05, indicated by §). (d) Fluorescent live/dead images, based on 
SYTO9 and Propidium Iodide staining, confirmed CFU results and (e) the dots count done by ImageJ software showed the representative number of bacteria/fields. 
Bars and lines represent means±dev.st of n = 3 replicates.
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possibility of preventing infections and, at the same time, tissue over
growth on the device that will be soon removed without causing cyto
toxic side effects to the healing tissue. To confirm whether the observed 
anti-adhesion effect was due to the surface properties, human mesen
chymal stem cells (hMSC) cultivated in direct contact with AL specimens 
were analyzed for their transcriptome by RNAseq and compared to the 
bulk Ti ones to unravel the regulated genes. Then, proteomics was 
applied to verify whether the influence of the specimens towards cells’ 
genome was transduced into comparable protein regulation and to 
confirm the transcriptome regulation. The bulk Ti was considered as 
control due to the evidence that the transcriptome of hMSC cultivated on 
this substrate was comparable (> 97 % match) to the ones cultivated on 
the gold standard polystyrene, as reported in Supplementary (S2) 1.

3.3.1. Transcriptomics studies
The comparison of the transcriptome of cells cultivated on control 

(Ti) and AL test specimens revealed 811 differentially expressed genes 
(DEGs). In line with the hypothesis of the anti-adhesion role of the 
surface functionalization, 71 genes have been categorized by the Gene 
Ontology annotation (by Ensembl Biomart) as “adhesion genes”. The 
generated heatmap showing the difference in gene expression between 
AL and Ti specimens is presented in Fig. 7a, where downregulated and 
upregulated genes are distinguished by blue and red colors, respectively 
(AL vs Ti).

Then, the functional analysis of the regulated genes was performed 
with ToppGene (by Bonferroni test, a threshold set at p < 0.01) to 
correlate detected genes with the respective biological processes, 
cellular components, or molecular functions. As a result, in Fig. 7b, the 
obtained terms are clustered into downregulated genes (green), upre
gulated genes (red), and miscellaneous genes (blue), respectively. Very 
interestingly, “cell adhesion”, “cell-substrate adhesion”, and “cell-cell 

adhesion” are the most significant terms identified by the software based 
on the genes differently expressed on the AL samples compared to the Ti 
controls.

In detail, the complete lists of genes clustered in the above- 
mentioned biological processes are summarized in Table 1.

The surface composition of the AL specimens significantly influenced 
the expression of Protocadherin Beta 8 (PCDHB8), Protocadherin Beta 7 
(PCDHB7), Protocadherin Beta 16 (PCDHB16), and Protocadherin Beta 
13 (PCDHB13), all members of the cadherin superfamily. This group of 
genes is crucial for the early t cell-to-cell and cell-to-substrate adhesion 
phase and their functionality is strictly dependent on calcium; in this 
regard, Li et al. [39] demonstrated that silver ions cause depolarization 
of the plasma membrane by interfering with calcium and potassium 
exchange. So, the observed poor adhesion of cells cultivated on AL 
specimens can actually be hypothesized due to the interference of Ag 
released from the surface. As a confirmation of this hypothesis, RNAseq 
revealed that AL significantly influenced the expression of Integrin 
Subunit Alpha 6 (ITGA6) and Integrin Subunit Alpha 2 (ITGA2), 
consistent with previous results obtained by Martin et al [40]

Similarly, a reduction in the expression level of collagen I and 
collagen III has been observed. Collagen I and III are the main structural 
elements of the extracellular matrix, providing tensile strength, sup
porting migration, and regulating cell adhesion [41]. Although a direct 
effect of silver ions on the downregulation of these specific genes has not 
been observed before, there is a large literature describing the role of 
silver in reducing cell membrane stability [42–44], supporting our 
findings.

Taken together these results, the simultaneous downregulation of 
genes involved in cell adhesion and the upregulation of genes involved 
in cadherin binding can appear to be contradictory; however, the genes 
involved in cadherin bindings are mainly chromatin condensation genes 

Fig. 6. Cytocompatibility. (a–b) Cells’ metabolic activity and viability were significantly reduced by the Ag doping of both AL and AH in respect to Ti and Z ones (p 
< 0.05, indicated by # and §, respectively); (c) however, by counting the number of viable cells detached from specimens, a large number (~42 %) was observed for 
AL thus suggesting for an anti-adhesion effect rather than a toxic one. This non-toxic anti-adhesive effect was confirmed by morphology (d) and live/dead staining of 
detached cells (e) that showed >95 % of viable cells (calcein-positive stained green) for AL after being cultivated into a new substrate. Bars represent means±dev.st of 
n = 3 replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

S. Ferraris et al.                                                                                                                                                                                                                                 Biomaterials Advances 176 (2025) 214360 

8 



(H3C3, H3C10, and H3C12) or genes involved in the upregulation of 
HSPs (DNAJB1, AHSA1, HSPA1A, and BAG3). The upregulation of H3 
Clustered Histone 3 (H3C3), H3 Clustered Histone 10 (H3C10), and H3 
Clustered Histone 12 (H3C12) causes chromatin condensation, a phe
nomenon often associated with a condition of stress that Morais et al. 
[42] correlated to the presence of silver as the leading agent causing this 
unfavourable condition. Therefore, previous literature was again helpful 
to support and justify our findings.

3.3.2. Proteomics profile
The volcano plot in Fig. 8a displays the 552 unregulated proteins (in 

grey), the 20 downregulated proteins (in blue, AL vs Ti), and the 13 
upregulated proteins (in red, AL vs Ti). Six out of 33 have been cate
gorized as proteins involved in focal adhesion by GeneOntology. Fig. 8b 
reports, among these six, the upregulated and downregulated proteins in 
green and red, respectively. The upregulated proteins include members 
of the Heat Shock Protein (HSP) family, such as HSP family A member 
1B (HSPA1B), HSP family A member 5 (HSPA5), and HSP family A 
member 8 (HSPA8). Discovered in the early 1960s, HSPs were initially 
associated with heat shock responses; however, recent literature re
ported their expression during tissue remodeling or after exposure to 
metal ions [45]. Notably, the upregulated HSPs belong to the heat shock 
70 superfamily (Hsp70s) and play the role of chaperonins assisting 
various biological events, including protein assembly and folding [46]. 
Chakraborty et al. [47] demonstrated that the upregulation of this 
family directly impairs the stability of Talin (TLN), a key mechano
sensing protein assisting cells ‘adaptation and adhesion to surfaces; in 
line with these findings, here, TLN was found to be significantly 
downregulated in cells, being in contact with AL specimens. Similarly, 
the HSP upregulation determined a significant reduction of the Ras 
homolog family member A (RhoA) expression; however, similarly to 
TLN, this protein has been reported in the literature as playing a pivotal 
role in the actin rearrangement when cells adapt their cytoskeleton to 
the topography of the target surface [48–50]. So, further evidence of the 
direct role of the AL surfaces’ composition in influencing the behaviour 
of the cells in tight contact seems to be revealed.

Fig. 7. Transcriptomics studies by RNAseq. (a) Heatmap of differentially expressed genes (DEGs) upregulated (red) and downregulated (blue) in hMSC cultivated in 
direct contact with AL or Ti specimens. (b) Functional analysis of the biological processes upregulated (red), downregulated (green) and miscellaneous (blue) ac
cording to the detected genes. This analysis confirmed that the observed anti-adhesion effect reported by the AL specimens is due to the down-regulation of genes 
responsible for to the biological processes identified as “cell adhesion”, “cell-substrate adhesion”, and “cell-cell adhesion”. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Lists of genes clustered into specific biological functions identified by the 
functional analysis.

Biological 
function

Strength (− log10 
(padj))

Genes

Cell adhesion 13.44466367 PCDHB8, PCDHB7, COL3A1, THEMIS2, 
FZD4, ITGA6, KIF14, CCR1, NLGN1, 
DENND6A, ITGA2, GCNT1, HAS2, RASA1, 
EMILIN1, FMN1, LRFN5, WNT5A, 
PCDHB16, CDON, PCDHB13, HAPLN1, 
COL1A1

Cell-substrate 
adhesion

6.20999648 COL3A1, FZD4, ITGA6, KIF14, ITGA2, 
HAS2, RASA1, EMILIN1, FMN1, COL1A1

Cell-cell 
adhesion

6.20999648 PCDHB8, PCDHB7, ITGA6, NLGN1, 
DENND6A, ITGA2, GCNT1, HAS2, 
EMILIN1, LRFN5, WNT5A, PCDHB16, 
CDON, PCDHB13
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Finally, in line with TLN and RhoA findings, proteomics reported 
downregulation of Galectin 3 and Eukaryotic translation initiation fac
tor 5A-1; they are involved in cell-matrix adhesion and cell-cycle pro
gression, respectively, thus bringing other evidences of how the AL 
specimens’ properties directly affect the ability of cells to properly 
adhere to the target substrate [51]. To the best of our knowledge, a 
direct effect of silver ions on their downregulation has never been 
observed before in the literature.

3.4. Similarity between OMICS profiles

The relationship between transcriptomics and proteomics lies in that 
mRNA transcripts serve as templates for protein synthesis [52]. How
ever, the relationship is only sometimes straightforward due to factors 
affecting protein abundance and post-transcription activity, such as 
alternative splicing, mRNA stability, translation efficiency, and post- 
translational modifications [53]. Accordingly, here we applied a bio
informatic approach where transcriptomics and proteomics averaged 

measurements evaluated by Euclidean and cosine distances to establish 
the degree of closeness between Ti cnt and AL experimental patterns. 
The intention was to quantify the dissimilarity or similarity between 
expression levels and data types: closer data points should have a small 
Euclidean distance, thus the average expression levels for Ti cnt and AL 
are similar, implying no difference due to AL coating, while Cosine 
distance could reinforce this assumption highlighting relationships or 
exposing peculiar patterns between transcriptomic and proteomic 
datasets [54]. As a result of applying the Euclidean and Cosine distances 
on the dataset under investigation, it was possible to obtain a scatterplot 
representing the analogy between the proteomics and transcriptomics 
data (Fig. 9a); then, the expression levels were clustered by the unsu
pervised algorithm DBSCAN (Density-Based Spatial Clustering of Ap
plications with Noise) to group data points based on similarities 
allowing for a more focused analysis on interesting subsets. So, 3 clusters 
were identified (Fig. 9b) and interpreted as follows: Cluster 1 groups 
results showing different patterns between experimental conditions (Ti 
cnt Vs AL) but reporting a low match between transcriptomic and 

Fig. 8. Proteomics studies. (a) Volcano plot, where the intersection of the lines indicates the threshold of significance. Dots on the plot represent unregulated, 
downregulated, and upregulated proteins in grey, blue, and red, respectively. (b) Functional analysis of the regulated proteins using the STRING software. The graph 
depicts upregulated and downregulated proteins in green and red, respectively. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 9. Comparison of OMICS profiling. (a) Average distance of Ti cnt and AL specimens from proteomics and transcriptomics dataset applying the proposed 
procedure. (b) Groups of the genes as identified by distance metrics values. (c) Groups of the genes as identified by distance metrics values and their means: Cluster 3 
contains points with major differential expression measures in the two metric values.
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proteomic measurements, meaning that the profiles exhibited by the two 
metrics do not match completely each other. On the opposite, Cluster 3 
gather data where both proteomics and transcriptomics match in 
revealing the pathways up-regulated by the AL coating in comparison to 
the Ti bulk control. Finally, Cluster 2 is in the middle of these two 
conditions, with moderate variations due to AL in terms of magnitude 
difference and mild divergence between proteomic and transcriptomic 
findings. Further evidence can be appreciated in Fig. 9c which highlights 
the centers of the three clusters aligned over an increasing trend where 
Cluster 3 showed a high “consensus” between transcriptomic and pro
teomic datasets in identifying relevant changes due to Ti (cnt) presence.

Based on the results obtained by the OMICS signatures comparison, 
Table 2 reports the enrichment findings on the genes belonging to 
Cluster 3 with all databases’ searches [55,56]. The table contains the 
significant terms of gene ontology (GO subdivided in BP biological 
process, MF molecular function, and CC cellular component), signaling 
pathway (KEGG, Reactome, WikiPathways), regulatory motifs in DNA 
(TRANSFAC, miRTarBase), protein databases (Human Protein Atlas, 
CORUM), and human phenotype ontology. Only statistically significant 
databases’ search results were included (p-value adjustment by Bon
ferroni correction).

Very interesting, the enrichment analysis revealed that proteomics 
and transcriptomics matched in the main biological functions previously 
correlated to the non-toxic anti-adhesion effect of the AL coatings; in 
fact, functions such as “focal adhesion”, “cell-substrate junction”, 
“anchoring junction”, “protein binding”, “cytoskeletal protein binding”, 
“actin binding” clearly refer to the different ability of hMSC to adhere or 

detach from Ti and AL substrates. As a consequence, functions like 
“cellular response to chemical stimulus”, “response to endogenous stimulus” 
are most likely activated by the direct contact of the cells with the Ag 
that determined a spontaneous detachment rather than pro-apoptotic 
pathways. Finally, the different secretory profile highlighted by the 
“secretory vesicle” and “cytoplasmic vesicle” suggest even for a different 
signaling profiles which would be very interesting to evaluate for future 
experiments.

4. Conclusions

Bacterial adhesion and bone tissue overgrowth are the main issues 
affecting the clinical success of trauma temporary fixation devices. The 
specific goal for these implants is a cytocompatible coating, not inter
fering with bone healing (cytocompatible), but with an anti-adhesive 
behaviour for bone cells, to avoid bone damage when the implant is 
removed, and low bacterial contamination, to reduce the risks of 
infection. Moreover, the coating must be chemically and mechanically 
stable. In the present research, Ag-doped zirconia thin films were ob
tained on Ti6Al4V substrates by sputtering. The proposed coatings 
present low roughness (around 0.1 μm, close to the substrate one), 
optimal mechanical adhesion (0 % detachment at tape test and good 
scratch resistance) and long-lasting (up to 28 days), tailorable Ag release 
(proportional to silver content in the coating). Zirconia films with low 
silver content (AL) were cytocompatible for mesenchymal stem cells but 
were able to reduce cellular and bacterial adhesion. For the first time, 
the ability of these coatings to downregulate specific adhesion-related 

Table 2 
Enrichment analysis on Cluster 3 entries (grey and white background distinguish the different sources).
Source Native Name p_value

CORUM CORUM:27 Arp2/3 protein complex 1.70475E+16

CORUM CORUM:6289 Prohibitin 2 complex, mitochondrial 1.03322E+16

CORUM CORUM:1183 CDC5L complex 1.18865E+16

GO:BP GO:0070887 Cellular response to chemical stimulus 1.80767E+15

GO:BP GO:0009719 Response to endogenous stimulus 2.3083E+16

GO:BP GO:0007163 Establishment or maintenance of cell polarity 2.40187E+15

GO:CC GO:0005925 Focal adhesion 15311925.57

GO:CC GO:0030055 Cell-substrate junction 200558396.2

GO:CC GO:0005615 Extracellular space 287345306

GO:CC GO:0070161 Anchoring junction 870774353.5

GO:CC GO:0005576 Extracellular region 889978218.4

GO:CC GO:0030054 Cell junction 1.26547E+11

GO:CC GO:0005737 Cytoplasm 26504765818

GO:CC GO:0005885 Arp2/3 protein complex 3.91112E+15

GO:CC GO:0099503 Secretory vesicle 4.45954E+15

GO:CC GO:0031410 Cytoplasmic vesicle 2.13265E+16

GO:CC GO:0043227 Membrane-bounded organelle 3.35727E+15

GO:CC GO:0098588 Bounding membrane of organelle 3.49543E+15

GO:MF GO:0005515 Protein binding 1.43962E+15

GO:MF GO:0051015 Actin filament binding 2.49588E+16

GO:MF GO:0008092 Cytoskeletal protein binding 4.2302E+15

GO:MF GO:0044877 Protein-containing complex binding 8.46095E+15

GO:MF GO:0003779 Actin binding 2.04288E+15

GO:MF GO:0003925 G protein activity 4.36452E+15

KEGG KEGG:04144 Endocytosis 3.07732E+15

KEGG KEGG:05418 Fluid shear stress and atherosclerosis 1.52752E+16

KEGG KEGG:05100 Bacterial invasion of epithelial cells 1.89718E+16

MIRNA MIRNA:hsa-miR-1-3p hsa-miR-1-3p 1.56112E+15

REAC REAC:R-HSA-168249 Innate immune system 4.01392E+16

REAC REAC:R-HSA-6798695 Neutrophil degranulation 9.3438E+15

WP WP:WP4495 IL 10 anti inflammatory signaling pathway 2.72125E+15
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genes and to reduce the adsorption of related proteins was demonstrated 
in the present work. The present research demonstrates that sputtered 
silver-doped zirconia thin films can effectively satisfy the requirements 
of temporary fixation devices, reducing risks associated with bacterial 
adhesion and tissue overgrowth. Moreover, the sputtering technique is a 
green, competitive and easily scalable approach suitable for the pro
duction of medical devices.
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