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A B S T R A C T

Spinal orthopedic infections, with incidence rates of 15–20%, pose a significant challenge. To prevent this 
complication, metal-based antibacterial coatings are widely used. However, current coatings have several 
drawbacks, with possible toxicity or impaired osteointegration. This study aimed at evaluating the use of 
nanostructured silver-based coatings to provide antibacterial efficacy to 3D printed custom-made porous spine 
prostheses. Coatings were obtained by Ionized Jet Deposition, which guarantees nanostructuring and nanoscale 
thickness, both of which help avoid toxicity. To further mitigate interference with bone regeneration, the silver 
(Ag) was mixed with bone apatite (Bone). Deposition technique was also optimized for future industrial scale-up, 
and application to a real-scale prosthesis is demonstrated.

Our results showed that all the films were nanostructured and maintained the same composition as the target. 
The real-size device was effectively coated, also in the inner areas, potentially discouraging microbial contam
ination onto the entire device.

Ag and Ag-Bone films demonstrated remarkable in vitro efficacy against gram-positive and gram-negative 
bacteria, with no observed cytotoxicity. Both Ag and Ag-Bone apatite films showed significant bacterial inhi
bition activity also in an in vivo model infected with the Methicillin-Resistant Staphylococcus aureus USA 300 
strain, demonstrating their promising future applications for tackling infection associated with spine devices.

1. Introduction

Vertebral body replacement is among the most challenging proced
ures in orthopaedic surgery, burdened by a 45.5 % complication rate, 
posing a huge societal, healthcare, and economic burden, which drives 
the research for innovative solutions [1–3].

Among its complications, spine infection, particularly after 
segmental resection, is critical, and may lead to a fatal evolution. Indeed, 
infection compromises the outcome, causing the need to restore stability 
and prevent spreading to the neighbouring visceral cavities [3–5]. Spine 
infection has high incidence rate, up to 15–20 %, varying depending on 
the underlying disease, the site, the surgical technique and, mostly, on 
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associated comorbidities, such as tumors, diabetes, or immunodeficient 
conditions [6–9]. The onset of infection correlates with impaired bone 
regeneration and mechanical instability, thus requiring additional sur
gery with a negative impact on the patient as well as on the healthcare 
system. The development of innovative solutions or clinical approaches 
should consider all these crucial aspects [10–18].

Orthopaedic implants, including spine prostheses, need to integrate 
successfully with bone tissue and this process requires the capability of 
implant surfaces to support adhesion, proliferation, and differentiation 
of the osteogenic cells. There are two approaches to achieve this: (i) 
tailoring the geometry and porosity of the device to promote bone 
ingrowth and mechanical interlocking, and (ii) functionalizing the 
implant surface by coatings with composition and surface morphology 
favourable to promoting the response of the host cells. Three dimen
sional -printed custom-made titanium implants, allow for the optimi
zation of the macro- and micro- architecture, geometry, and mechanical 
properties of the device. This enhances stability and osteointegration 
while also allowing the therapeutic and surgical approaches to be 
tailored to the individual patient’s needs and characteristics [19–23]. 
Indeed, they are being increasingly used in the spine, even for chal
lenging applications such as column reconstruction after en bloc resec
tion surgery for spinal tumours, giving promising results and positive 
clinical perspectives [24–27]. The implant surface finishing and the 
presence of nanostructured coatings also play key roles in the process of 
bone healing [28] in addition to the composition, crystallinity and 
surface morphology of the coating material, as they determine the 
availability of specific ions (such as Ca, P, Mg, Sr, Na, etc.) in the per
i‑implant environment [29].

Bone infection surrounding implanted devices is still an issue of 
concern [6,7] and when debridement, antibiotic therapy and implant 
retention (DAIR) is not sufficient, implant removal is mandatory. This 
circumstance is even more challenging in spine surgery, where the 
surgical options are limited by the need of avoiding damage to the noble 
structures and preserving mechanical alignment and stability [30]. 
Indeed, the presence of instrumentation (rods, plates, screws, cages, 
etc..) enhances by itself microbial colonization and exposes the patient 
to the risk of infection [31–33].

Infection arises from bacterial colonization of the implant surface, on 
which microorganisms proliferate and produce a biofilm, a complex 
structure composed of an extracellular matrix that protects bacteria 
from the host immune system and from antibiotics, allowing coloniza
tion of other sites [34–36]. Controlled antibiotic release systems such as 
antibiotic impregnated devices or antibiotic loaded coatings can be a 
promising alternative, as they allow to deliver higher concentrations of 
antibiotics directly in the infection site, thus enhancing efficacy and 
lowering systemic toxicity. However, the incidence of bacterial strains 
resistant to several antibiotics is an increasingly serious issue in medi
cine, and also derives from the frequent use of these antibiotics for 
impregnating implantable medical devices such as central venous 
catheters [37] and is clearly testified by the enormous discrepancy be
tween the increase in hospital visits and that of infections contracted 
during the visits (for example, +8 % vs +62 %, respectively, from 1999 
to 2005) [38]. Metal-based coatings, and in particular, silver coatings, 
which are widespread on the market, have shown the ability to inhibit 
bacterial adhesion and biofilm formation, showing high efficacy against 
both gram-negative and gram-positive bacterial strains [39,40]. How
ever, traditional coatings exhibit some drawbacks, due to insufficient 
control over metal release, leading to toxicity as well as to excessive 
thickness, causing cracking and detachments, and, in turn, scarce con
trol over antibacterial efficacy [41]. More advanced deposition tech
niques, such as magnetron sputtering, permit a better control over film 
characteristics and a fine rune of ion release, but pre-conditioning of the 
substrate and/or post deposition treatments are normally needed [42].

Our preliminary data have shown that silver-based nanostructured 
coatings deposited by Ionized Jet Deposition (IJD) exhibit significant 
inhibition of bacterial growth in vitro without causing cytotoxicity and/ 

or nanotoxicity both in vitro and in vivo [43], but their antibacterial ef
ficacy has never been tested in vivo. In addition, applicability of IJD and 
plasma-assisted techniques in general is limited by the fact that they are 
regarded as line-of-sight techniques, and are subjected to the so-called 
shadowing phenomenon, i.e. the parts that are not directly exposed to 
the plasma plume remain uncoated. For this reason, the combination of 
nanostructured coatings by plasma-assisted techniques and 3D printed 
scaffolds has not been explored. In addition, this approach would permit 
to have multi-scale featured in the implants starting from the nanoscale 
(providing antibacterial efficacy and optimal adhesion to the substrate), 
but also encompassing micro- and macro- scales, where geometry and 
shape of the implants is customized to boost integration and to be 
patient-specific.

The use of nanostructured silver as coating, is still the subject of 
debate. Nanostructuring offers great advantages to the process of im
plants osseointegration [44–45], but, controversial data and concerns 
have been raised about the potential toxicity to biological systems due to 
the dimensional issue [46]. Silver exerts multiple antimicrobial mech
anisms, including interaction with microbial membranes, leading to 
structural damage and increased permeability, disruption of cellular 
respiration and ATP production by interfering with essential enzymes in 
the electron transport chain, DNA damage, protein impairment, and 
generation of reactive oxygen species (ROS) [47,48]. However, the same 
mechanisms can adversely affect mammalian cells. Excessive ROS pro
duction induced by silver may overwhelm the cellular antioxidant 
defence system, leading to oxidative stress, mitochondrial dysfunction, 
lipid peroxidation, DNA damage, and ultimately apoptosis or necrosis 
[49]. Hence, investigating its potential toxicity is of paramount impor
tance. To promote osseointegration, calcium phosphates, and, ion 
particular, hydroxyapatite coatings are widely used, and represent, to 
date, the most explored clinical option [29]. In particular, our previous 
results have shown that, thanks to their biomimetic composition and 
multiscale (micro- to nano-) morphology, bone apatite coatings ob
tained by IJD can guide cellular behaviour and promote differentiation 
towards the osteogenic lineage [28,43], thus appearing as a promising 
strategy to oppose possible detrimental effects of metals on host cells. 
Among different calcium phosphates, and, in particular compared to 
stoichiometric apatite IJD coatings of biogenic hydroxyapatite has 
shown a better behaviour in terms of durability and capability to pro
mote host cells behaviour [50,51].

Merging the antibacterial capacity of silver, with and without the use 
of bone apatite to reduce potential toxicity, the aim of this study was to 
create a new nanostructured antibacterial and osseointegrative coating 
that can be effectively combined with a custom-made spine prosthesis to 
obtain absence of toxicity to host cells combined with antibacterial ac
tivity. To further promote the enhancement of bone regeneration and 
integration, we investigated a combination of silver and bone apatite, in 
view of their clinical application. Silver-bone apatite coatings are 
designed with a gradient in composition, with a higher amount of silver 
in the surface, progressively reducing in depth, so as to achieve a higher 
release of silver in the first hours after implantation (when infection is 
more probable) and then an increasing release of bioactive ions to boost 
regeneration in the later stages. We showed that the coatings can be 
applied to porous-custom made prostheses without significant shad
owing or loss of efficacy. The developed approach was evaluated in vitro, 
and in vivo, also targeting the methicillin-resistant Staphylococcus aureus 
(MRSA) USA 300 strain, which is scarcely susceptible to several anti
microbial compounds currently used in clinics [52].

2. Materials and methods

2.1. Design and additive manufacturing of samples for in vitro and in vivo 
test

Starting from previous experience in the reconstructions of 
segmental defects [53], Instituto Tecnológico de Canarias (ITC) 
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exploited the gyroid-type structures deformed in the load direction. 
Three-dimension printed scaffolds for all in vitro and in vivo preclinical 
investigations were manufactured using EBM process (ARCAM S12) 
with Ti6Al4V powder layers of 50 μm, beam current of 44 mA, voltage of 
60 kV and electron beam size of 200 μm in a vacuum condition (10− 3 
mbar) controlled by using helium. A constant temperature of 700 ◦C was 
maintained inside the vacuum chamber throughout the building. Tita
nium alloy was used as raw material, with an average particle diameter 
of 50 μm. No heat treatment or other post processing steps were applied. 
Ti6Al4V has been selected as the most widely used material for ortho
paedic prostheses in general, and porous Ti6Al4V is the gold standard 
for custom-made spine prostheses following vertebral resections, where 
the high and multi-axial loads prevent the possibility to use ceramics or 
polymers.

For the physical-chemical investigations of the coatings, and the in 
vitro biological investigations (antibacterial efficacy and bioactivity), 
and the in vivo studies, porous disks AM with a height of 5 mm and a 
diameter of 4, 5 and 10 mm were manufactured, all maintaining the pore 
size of the large-scale prostheses. Because of challenges posed by char
acterization of highly rough and highly porous substrates and/or by the 
interference of metallic substrate with the characterization of coatings, 
reference substrates (i.e. glass wafer for XRD, and flat Ti6Al4V disks for 
pre-screening of coatings morphology and homogeneity and for absence 
of cytotoxicity of Ag-Bone films) were also used.

2.2. Materials

For manufacturing the coatings, silver targets were purchased from 
Kurt J. Lesker, PA, USA and used as supplied. Bone apatite targets were 
obtained as described in a previous paper [54]: bovine cortical shafts 
were deproteinized for 14 days in NaOCl 2 wt % for complete removal of 
organic fractions. Ag and Ag-bone films were deposited onto 3D printed 
porous titanium substrates, supplied by Instituto Tecnológico de Cana
rias - ICT in different sizes (as specified in Supplementary File Table 1). 
Glass wafers and flat titanium disks were also used as reference 
substrates.

2.3. Composite targets manufacturing and coatings deposition

Coatings were obtained by silver (Ag) and silver-bone apatite (Ag- 
Bone) composite targets (Fig. 1). To obtain the latter, different tech
niques were tested, including impregnation in Ag-salts and deposition of 
silver on bone apatite and vice versa. The optimal target preparation 
route was selected based on the homogeneity of the coatings and the 
inhibition of planktonic growth of Escherichia coli (data not reported).

Briefly, bone apatite was deposited onto silver films by IJD to create 
a bone apatite film onto the top of the silver target. Upon progressive 
ablation, both materials were deposited on the surface of the prostheses, 
with an increasing concentration of bone apatite for increasing depth. 
This was selected to permit to have a higher release of silver in the first 
hours (when infection is more frequent) and higher release of bone 
apatite in the later timepoints, where osseointegration is needed. To 

obtain the composite targets, bone apatite was deposited for 1 hour onto 
silver target to obtain a film thickness of about 2 µm. This was selected 
based on a pre-screening of different deposition times, based on coatings 
homogeneity and antibacterial efficacy (data not reported). For this 
step, deposition conditions were based on a previously published 
method [54]. Working voltage and electron beam frequency were set at 
17 kV and 7 Hz, while target-substrate distance was 8 cm.

Once the targets were prepared, both silver and silver-bone apatite 
targets were deposited for 60 min, using the same conditions. The whole 
target preparation and coatings deposition and conditions are schema
tized in Fig. 1. IJD is a versatile technique where the characteristics of 
the coatings, including their thickness and surface roughness can be 
determined by deposition parameters and in particular by deposition 
time, which directly correlates with film thickness. Here, deposition 
parameters were selected based on previous results for silver and bone 
apatite films: target to substrate distance 8 cm, frequency 7 Hz, 22 kV 
voltage. The substrate was kept rotating while the target was fixed. For 
all samples, deposition was carried out in two steps, along two opposite 
directions, to coat all areas of the samples. Each deposition was carried 
out for 60 min, as specified above. No pre- or post- deposition treatments 
were performed, to reduce manufacturing time and increase industrial 
scalability. Indeed, high adhesion also in the absence of these treatments 
is one of the main advantages of IJD compared to similar techniques, 
such as magnetron sputtering [55].

2.4. Preliminary assessment of the properties of ag-bone films in 
comparison with ag-films

Films composition was first studied by X-ray Diffraction (XRD), 
performed on reference substrates (glass slides), to avoid interference of 
the metallic substrate with the coatings’ spectra. XRD was carried out 
using a Malvern PANalytical Empyrean series III instrument (40 kVand 
30 mA, 2θ range=20–80, step size=0.01, time per step=30 s).

Since Ag-Bone samples had never been previously developed, a 
preliminary characterization was performed to investigate their char
acteristics prior to deposition on the final porous implants. To this aim 
morphological and compositional characteristics of the coatings and 
their homogeneity were first tested on non-porous titanium alloys disks. 
This was done by using a Field Emission Gun Scanning Electron Mi
croscopy (FEG-SEM, Tescan Mira3, CZ, working distance = 10 mm, 
voltage = 10 kV), and Energy Dispersive X-ray Spectroscopy (EDS) 
maps. A working voltage of 10 kV was used for Scanning Electron Mi
croscopy (SEM) and EDS. The samples were made conductive before 
observation by coating them with carbon. Uniformity of the coatings 
and absence of defects were verified by examining 3 areas on two 
different samples and observing the eventual presence of defects (such 
as uncoated areas, cracks or delamination). EDS, was performed to study 
homogeneity in distribution of Ag, P and Ca, using a Bruker probe 
coupled with a field emission gun scanning electron microscope.

Fig. 1. Materials, composite targets preparation and final coatings combinations.
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2.5. Compositional and morphological characterization of the coatings on 
vertebral prostheses

Following the deposition of the films on Ti6Al4V alloy porous sam
ples, EDS and Inductively Coupled Plasma Optical Emission Spectros
copy (ICP-OES) were performed to detect their elemental composition. 
ICP-OES was performed using a ICP-OES Perkin Elmer Optima 8300, 
equipped with a Cross flow nebulizer and nebulization chamber Scott. 
RF 1500 W, Plasma Ar 12 l/min, after digesting the samples in 1 ml 
acetic acid for 24 h. EDS was performed as described above (cfr. §2.4). In 
addition, EDS maps for silver and, when relevant, calcium and phos
phorous, were obtained to study coatings homogeneity.

FEG-SEM was performed on the porous samples to detect possible 
alterations to the substrate porosity or pore shape. Absence of defects 
was also verified as described for non-porous samples.

The thickness of the Ag and Ag-Bone layers, as well as their homo
geneities and the possible presence of interlayers were investigated by 
Focus Ion Beam-Scanning Electron Microscopy (FIB-SEM) using a Zeiss 
Crossbeam 550 equipped with an inlens, secondary electrons and 
backscattered electrons detectors and an Oxford Instruments X-MaxN 

150 energy-dispersive X-ray spectroscopy (EDS) detector. Milling was 
done at an ion beam accelerating voltage of 30 kV and beam current 300 
pA, while SEM imaging was performed with an accelerating voltage of 
1.5 kV. FIB-SEM analysis was coupled with EDS measurements, carried 
out with an accelerating voltage of 10 kV. Prior to milling, a protective 
layer of carbon several µm thick was deposited over the region of in
terest using the Gas Injection System.

Silver release was measured by immersing the samples in 1 ml PBS 
and store them in incubator, mimicking the protocol followed by cells 
tests. At different timepoints (3 h, 1 day, 7 days), silver amount was 
quantified by ICP-OES to match silver concentration with biological 
results.

Durability of the films was assessed at day 7 (corresponding to the 
length of animal tests and the target duration of the coatings), following 
immersion in PBS, by performing FEG-SEM (secondary and back
scattered electrons) and EDS maps on the samples to detect and quantify 
residual presence of the coatings.

2.6. Optimization of the deposition on a real scale vertebral prosthesis

Because IJD is a plasma assisted technique, it could be subjected to 
shadowing, when applied to objects having pores and/or large 
dimensions.

For this reason, special attention was devoted to: (i) assessing 
absence of alterations to substrates porosity, pore size morphology and 
surface finishing; (ii) studying the uniformity of coating of complex 
substrates when moving further from the plasma plume and inside the 
porosity.

For the latter, two different conditions were tested for obtaining the 
best substrate coverage, differing for the angle between the prosthesis 
and the plasma plume, that influences the ability of the plasma plume to 
enter the prosthesis and, consequently, the extent of the shadowing ef
fect. To this aim, both 0◦ (deposition onto the cylinders bases) and 90◦

(deposition onto the cylinders longitudinal surfaces) deposition were 
carried out. These angles were selected as they are the two most 
different positions in which the samples can be position in IJD 
deposition.

For the analysis, an entire vertebral prosthesis was 3D printed on 6 
separate disks with the aforementioned dimensions (height of 5 mm and 
10 mm in diameter). The disks were connected and composed in the 
shape of the vertebra for the deposition, then divided for SEM obser
vations. Thus, it was possible to study the presence/absence of the 
coating, as well as its morphological characteristics, at different depths 
in the substrate and both at the surface of the prosthesis and in its center.

2.7. Biological investigations

2.7.1. Antibacterial efficacy in vitro
Optimal films for in vivo testing were selected based on pre-screening 

aimed at assessing their antibacterial efficacy in vitro. The antibacterial 
activity of the coated disks/cylinders was assessed testing standard 
reference pathogenic strains commonly used in ISO protocols, specif
ically E. coli ATCC 8739, Staphylococcus aureus ATCC 6538P In addition, 
the methicillin-resistant Staphylococcus aureus (MRSA) USA300 strain 
was included due to its clinical relevance; since its emergence in the 
early 1990s, S. aureus USA300 has rapidly disseminated and has become 
a leading cause of community-associated and hospital-acquired in
fections, particularly skin and soft tissue infections among otherwise 
healthy individuals [56,57]. All cultures were prepared by inoculating a 
single bacterial colony (pre-grown on Tryptic Soy Agar (TSA) plates for 
18–20 h) in 50-mL tubes with 5 mL of Tryptic Soy Broth (TSB) medium. 
Cultures were grown overnight at 37 ◦C under agitation and then diluted 
based on standardized optical density measurements at 600 nm (OD600) 
to achieve a final concentration of approximately 106 CFU (Colony 
Forming Units) mL-1. For the test, the control (titanium substrate 
without coating) and the coated samples were placed at the bottom of 
48-wells microplates that were filled with 500 µL bacterial suspension to 
be further incubated for 8 h at 37 ◦C under shaking conditions (130 
rpm). At the end of the incubation, the growth of the microorganisms 
was assessed by spreading serial dilutions of cultures on TSA plates and 
by counting the number of CFU mL-1 after 18–24 h of incubation at 37 
◦C. Triplicates were performed for each experimental condition.

2.7.2. Cell cultures
For in vitro cytotoxicity tests, MG63 osteoblast-like cells were used. 

Cell culture medium was prepared using Dulbecco’s modified Eagle’s 
medium (DMEM, Sigma, lot SLBz1832) additioned with 10 % fetal 
bovine serum-FBS (Euroclone, lot EUS028877), and 100 IU/ml peni
cillin - 100 μg/ml streptomycin (Sigma, lot 128M4809V). MG63 cells 
preserved in − 180 ◦C liquid nitrogen were thawed for the test and cells 
were incubated in a 75 ml flask in DMEM at 37 ◦C in 5 %CO2 humidified 
atmosphere. Upon reaching 80 % confluence, cells were treated with 
trypsin 0.05 % (w/v)/EDTA 0.02 % (w/v) (Sigma, lot SLCC0835) for cell 
release and counted in a Neubauer chamber using Erythrosin B exclusion 
dye (Thermo Fisher, Kandel, Germany) prior to use.

For the in vitro bioactivity study, primary normal human osteoblast 
(nHOb) cells (Lonza LOCC2538) (P2 upon arrival) were expanded under 
standard culture conditions and used at passage 4 (P4) for all experi
ments. Cells were cultured using the provided culture medium OBM™ 
(Osteoblast Growth and Differentiation Basal Medium (LONZA) sup
plemented with 10 % FBS, 100 U/ml penicillin, and 100 μg/ml strep
tomycin), under standard conditions. Upon reaching 80 % confluence, 
nHOb were treated with trypsin 0.05 % (w/v)/EDTA 0.02 % (w/v) 
(Sigma, lot SLCC0835) for cell release and counted in a Neubauer 
chamber using Erythrosin B exclusion dye (Thermo Fisher, Kandel, 
Germany) prior to seeding in contact with materials.

2.7.3. In vitro cytotoxicity evaluation of silver and bone apatite/silver 
nanostructured coatings

In vitro cytotoxicity tests assessed the biological safety of silver and of 
the new combined bone apatite/silver coatings, according to the 
guidelines provided by the UNI EN ISO 10,993 –Biological evaluation of 
medical devices - Part 5 (2009): Tests for in vitro cytotoxicity. Specific 
biological parameters were evaluated after the direct interaction of the 
coatings with MG63 osteoblast-like cells. These screening tests were 
performed by depositing silver (Ag) and silver/bone apatite (Ag-Bone) 
coatings onto flat Ti6Al4V disks (height of 5 mm and diameter of 10 mm) 
in comparison to uncoated substrate (Ti-substrate). All materials were 
sterilized by gamma rays at a dose of 25 kGy before biological tests.

Each material was placed into a six-well plate and MG63 cells sus
pension at a concentration of 2.0 × 104 cells/cm2 was seeded onto and 
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around the experimental and control materials (n = 6), while cells 
seeded in six wells with DMEM only and with 1 % phenol solution in 
DMEM were used as negative and positive controls, respectively. Plates 
were incubated at 37 ◦C in 5 % CO2 atmosphere for 72 h. After 72 h of 
culture, the amount of lactate dehydrogenase (LDH) enzyme released 
into the culture medium was measured adopting the LDH kit (Roche lot 
11,644,793,001), according to manufacturer instructions. Briefly, after 
incubation of cells supernatants with the reaction mix, the colorimetric 
reaction proportional to the amount of enzyme in culture supernatant 
was measured with a spectrophotometer at 490/655 nm (Micro Plate 
reader – Bio-Rad Laboratories, CA) and the values expressed in per
centage of cytotoxicity by applying the following formula: 

% Cytotoxicity =
(LDH) experimental coating − (LDH) negative ctr

(LDH) positive ctr − (LDH) negative ctr 

Cell proliferation was evaluated using the WST-1 test (Roche, lot 
38,418,000), which represents a sensitive method to perform a quanti
tative evaluation of cell proliferation, by measuring the amount of dye 
generated by a specific enzyme and directly proportional to the number 
of living cells. Briefly, WST1 reagent was added to a fresh culture me
dium in a final concentration of 1:10 and after 4 h of incubation the final 
dye produced by viable cells was quantified by measuring the absor
bance at 450/625 nm. Results are reported as optical density (OD) and 
values directly correlate with cell number.

Finally, a solution of neutral red at 0.033 % (Sigma, lot SLBW7291) 
warmed to 37 ◦C, was added to all wells at the end of the experimental 
times for further 90 min to evaluate the morphology of the cells around 
the coatings and to additionally quantify the viability of cells by means 
the solubilization of the vital dye. The absorbance of solubilized dye was 
measured by spectrophotometer at 540 nm. Data are reported as per
centage of viability onto negative control.

2.7.4. In vitro bioactivity study on the combined bone apatite/silver 
nanostructured coating

An in vitro bioactivity study was conducted to investigate the oste
ogenic potential of the combined Ag/Bone coating. Normal human os
teoblasts (nHOb) were seeded at a density of 5 × 104 cells/ml onto 
silver/bone apatite coated porous customized substrates (5 mm height, 
10 mm in diameter) and onto a control substrate without any coatings 
manufactured by ITC. After cell seeding, cultures were maintained in 
OBM™ basal medium for 24 h to allow initial cell adhesion and prolif
eration. On day 2, the medium was replaced with osteogenic differen
tiation medium consisting of basal medium with the addition of 
supplements and growth factors (OGM™ Differentiation SingleQuot) 
which was used for the remainder of the experimental period. As for all 
biological tests (cytotoxicity and antibacterial investigations) all sub
strates were sterilized by gamma rays at a dose of 25 kGy. The osteo
blasts were also directly seeded onto tissue culture polystyrene, used as a 
standardized 2D culture control (CTR).

At each experimental time, 3, 7, 14 days, cell metabolic activity was 
tested with Alamar Blue (Serotec, Oxford, UK). The reagent, added to the 
experimental and control substrate (1:10 v/v) and incubated for 4 h at 
37 ◦C, incorporates a fluorometric growth indicator related to the 
detection of metabolic activity. The fluorescence was read at 530ex- 
590em nm wavelengths using a Micro Plate reader (VICTOR X2030, 
Perkin Elmer, Milan, Italy) and although fluorescence values were not 
normalized to cell number or surface area, all experiments were per
formed using equal seeding densities and reagent volumes to ensure 
consistency across conditions. The fluorescence values were expressed 
as relative fluorescence units (RFU).

Cell supernatants were collected from each condition, centrifuged to 
remove particulate matter and tested with enzyme-linked immunosor
bent assays (ELISA) to quantify the release of some of the major osteo
genic marker and inflammatory cytokines even elicited by the silver 
presence. Briefly, 100 μL of cell culture supernatant was added to 96- 
well plates coated with antibodies specific to human alkaline 

phosphatase (ALP - Cloud-Clone Corp, Katy, TX, catalog number: 
SEB472Hu), Type I collagen (COL1 - Cloud-Clone Corp, Katy, TX, cat
alog number: SEA571HU) osteocalcin (OC – Raybiotech life, Inc, 
Parkway Lane Suite, GA, US, catalog number: ELH–Osteocalcin), 
osteoprotegerin (Human TNFRSF11B/OPG - Booster Biological Tech
nology, Pleasanton, CA, US, catalog number: EK0480), RANKL ligand 
(TNFS11/RANKL – Booster Biological Technology, Pleasanton, CA, US, 
catalog number: EK0842), interleukin 6 (IL-6–4A Biotech Co. Ltd, Suz
hou, CN, catalog number: CHE0009), and caspase 3 (CASPASE 3- 
Booster Biological Technology, Pleasanton, CA, US, catalog number: 
EK1425). Each assay was performed according to manufacturer’s in
structions and the concentration of each marker was calculated by 
reading the absorbance at 450 nm on a spectrophotometer (MicroPlate 
reader, Bio-Rad Laboratories, Hercules, CA, USA) and referring to a 
standard curve of antigen concentration.

At 7 and 14 days of culture, total RNA was extracted from nHOb 
seeded directly onto Ag-Bone and Ti-substrate as well as from nHOb 
seeded onto polystyrene well (used as control to verify regular cell 
proliferation, differentiation and gene expression, regardless of sub
strate presence), using Trizol® reagent (AMBION by Life Technologies, 
Carlsbad, CA, USA) and Chloroform (Sigma Aldrich) until harvesting the 
aqueous phase. The procedure was continued by using the commercial 
PureLinkTM RNeasy Mini Kit (AMBION), quantified by NANODROP 
spectrophotometer (NANODROP 2720, Thermal Cycler, Applied Bio
system) and reverse transcribed with SuperScriptVILO cDNA Synthesis 
Kit (Life Technologies), following the manufacturer’s instructions. The 
obtained cDNA was diluted to the final concentration of 5 ng/μL for each 
sample, taking into account the starting amount of RNA, to exploit the 
same range of amplification efficiency. Semi-quantitative polymerase 
chain reaction (PCR) analysis was performed for each sample, in 
duplicate, in LightCycler 2.0 Instrument (Roche Diagnostics GmbH, 
Manheim, Germany) using QuantiTect SYBR Green PCR Kit (Qiagen, 
Hilden, Germany) and gene-specific primers (QuantiTect Primer Assay 
from Qiagen) for Alkaline phosphatase (ALPL), Osteoclacin (BGLAP), 
Collagen I chain α1 (COL1A1), Caspase 3 (CASP-3), Interleukin-6 (IL-6) 
and Nitric oxide synthase 2, inducible (NOS2).

The protocol included a denaturation cycle at 95 ◦C for 15′, 25 to 40 
cycles of amplification (95 ◦C for 15′’, 55 ◦C annealing temperature for 
each target for 20′’, and 72 ◦C for 20′’). After melting curve analysis to 
check for amplicon specificity, the threshold cycle was determined for 
each sample, gene expression levels of the target genes were calculated 
by normalization to the reference gene GAPDH. The results were re
ported in terms of Relative value to the n100000 molecules of GAPDH.

2.8. In vivo studies

In vivo studies were performed in accordance with the Italian Law on 
animal experimentation, within the framework of projects approved by 
the Ethics Committee and the Animal Welfare Board of the Rizzoli Or
thopaedic Institute and the Ministry of Health, as required by the current 
Legislative Decree (No. 26/2014), with authorizations No. 44/2016-PR 
for the local effect after implant in bone tissue (histocompatibility study) 
and authorizations No. 106/2022-PR for the antibacterial efficacy 
study.

The in vivo protocols were developed in accordance with the PRE
PARE guidelines (Planning Research and Experimental Procedures an 
Animals: Recommendations for Excellence) [58]. In vivo studies were 
performed onto customized materials appropriately miniaturized by ITC 
(5 mm height x 5 mm diameter) with the appropriate geometric and 
structural characteristics coated or uncoated to evaluate coating histo
compatibility and osteointegrative properties and antibacterial efficacy. 
For both studies, rabbit animal model was chosen due to its bone ar
chitecture and immune characteristics, which provide a relevant 
approximation of human conditions in implant-related studies [59–60]. 
To further improve the quality of the studies, the in vivo research 
methodology was reported in the manuscript according to criteria set in 
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the Animal in Research: Reporting in Vivo Experiments (ARRIVE 2.0) 
guidelines [61].

For both studies, male New Zealand (NZ) white rabbits, sourced from 
an authorized supplier (Charles River, SAS France RMS) and weighing 
2.81 ± 0.39 kg were used, housed in individual cages and fed with a 
standard pellet diet (Mucedola, Settimo Milanese, Milan, Italy) and 
water ad libitum.

After the quarantine period, the animals underwent a surgical pro
cedure for implants placement. All surgical procedures were performed 
under general anaesthesia, induced by intramuscular injection of 44 
mg/kg ketamine (Imalgene 1000, Merial Italy SpA, Assago-Milan, Italy) 
and 3 mg/kg xylazine (Rompun, Bayer SpA, Milan, Italy) and main
tained with O2/air (60 %/40 %) mixture with 2–2.5 % sevorane (Sev
orane, ABBOTT Srl, Latina, Italy) in spontaneous breathing by a facial 
mask.

During the post-operative period, the animals received analgesic 
therapy which comprised intramuscular injection of 1.5 mg ropivacaine 
hydrochloride (Ropivacaine Kabi 7.5 mg/mL—Fresenius Kabi Italia Srl, 
Isola della Scala VR) at the end of the surgical procedures; application of 
a 1/3 fentanyl-based transdermal patch (Matrifen50 µg/hour—
Grunenthal Italia Srl, Milan, Italy) and intramuscular injection of 50 
mg/kg/day for 3 days of sodium metamizole (Farmolisina, Vetem SpA, 
Porto Empedocle—AG, Italy). For 5 days consecutively, only for the 
animal of the histocompatibility study, antibiotic therapy with 10 mg/ 
kg of enrofloxacin (Baytril, Bayer S.p.A., Milano, Italy) was administered 
s.c.

The animals were housed in individual cages and underwent daily 
veterinary clinical examination in the first week and weekly thereafter 
throughout the study’s duration. The animal welfare evaluation 
involved monitoring general and local conditions such as the mobility 
and functionality of the operated limbs, weight, major organ functions, 
food, and water consumption. If weight loss, infection, or surgical 
wound lesions were observed, the pharmacological and/or analgesic 
protocol was adjusted. Humane endpoints were established in advance: 
body weight loss greater than 20 %, severe limb injuries, fractures, or 
significant alterations in major organ functions. At the end of scheduled 
experimental times, pharmacological euthanasia was administered by 
intravenous injection of 2 mL of Tanax (Hoechst AG, Frankfurt-am- 
Main) after deep premedication with ketamine and xylaxine, as previ
ously described

2.8.1. In vivo assessment of histocompatibility and osteointegrative 
properties of nanostructured coatings (No. 44/2016-PR)

Ten New Zealand rabbits were used for this assessment. No a priori 
statistical power analysis was performed, as the number of animals was 
determined in compliance with the recommendations provided by UNI 
EN ISO 10,993- Part 6. After the quarantine period, under general 
anaesthesia as previously described, after trichotomy and hind limb 
surface disinfection, a bilateral longitudinal cutaneous and subcutane
ous incision was made until reaching the muscle layer, exposing the 
lateral distal femoral condyle surface. A low-speed perforation of the 
bone tissue was performed with tips of different diameters, accompanied 
by continuous irrigation with room temperature saline solution, result
ing in a bone loss of 5 mm in diameter and 5 mm in depth. Implant 
randomization was not conducted as the right femoral condyle always 
received Ag/Bone coatings, while in the left condyle the uncoated sub
strate was implanted, according to the guidelines provided by the UNI 
EN ISO 10,993 –Biological evaluation of medical devices - Part 6 (2017): 
Tests for local effects after implantation. The materials were implanted 
by press fit. Then the surgical wounds were sutured layer by layer. Prior 
the end of the fixed experimental time (12 weeks), animals were sub
mitted to intramuscular administration of 30 mg/kg oxytetracycline 
(Terramycin 100, Pfizer Italy, Italy) administered consecutively for two 
days, discontinued for ten days, and again administered for two more 
days, in order to mark the growing bone tissue at the level of the im
plants and to perform dynamic histomorphometric assessments.

Upon reaching the experimental time of 12 weeks, the animals were 
pharmacologically euthanized under general anaesthesia as previously 
described. Distal femoral epiphyses were explanted and a macroscopic 
evaluation of tissue reaction to the coating was performed focused onto 
the presence of hematomas, oedema, inflammatory or necrotic type 
reactions. The explanted bone segments were fixed, dehydrated, and 
finally embedded methacrylate-based solution. Once the resin poly
merization process was completed, the specimens were cut transversely 
using the EXAKT Cutting and Grinding Systems (EXAKT Cutting and 
Grinding Systems, GmbH Apparatus GmbH & Co., Norderstedt, Ger
many). Histological sections from the central area of the implant were 
thinned and polished with abrasive papers using a polishing system 
(Saphir 550, ATM GmbH, Mammelzen, Germany) until a final thickness 
of 15 ± 5 µm. Unstained sections were observed under an optical mi
croscope equipped with a fluorescence device (BX51, Olympus Optical 
Co. Europe GmbH, Germany) at 20x magnification for visualisation of 
the administered fluorochrome, and the corresponding images were 
acquired with the CellSense image analysis system (Olympus Optical Co. 
Europe GmbH, Germany) for dynamic histomorphometric analysis. 
Subsequently, these sections were stained with Toluidine Blue coun
terstained with Picrofucsin according to Van Gieson. Histological 
preparations were acquired by Aperio digital scanner as images in .svs 
format (AperioScanscope CS System, Aperio Technologies, Vista, CA - 
USA), later converted to .tif files at different magnifications. The semi- 
quantitative score provided by ISO 10,993–6:2017 (Annex E) for eval
uation of inflammatory cell infiltrates, necrosis, neovascularization, 
fibrosis, and adipose tissue infiltration was applied on the histological 
preparations. On the stained and unstained histologic sections, the 
regenerative and osseointegrative process was also evaluated by 
measuring the following parameter as defined by the "American Society 
of Bone and Mineral Research (ASBMR)" [62] using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA): 

− Percentage of contact between the materials implanted in each 
defect and the bone tissue (Bone to Implant contact BIC, in %), 
expressed as the ratio between the perimeter of the material and the 
perimeter of bone-to-material contact.

− Mineral Apposition Rate (MAR µm/day): rate of mineralization of 
newly formed bone calculated as the ratio of the average distance 
between the two fluorescence bands of the same trabeculae (label #1 
and #2 in the side image) and the number of days elapsed between 
the first and fourth marking. It represents the rate of deposition over 
time of bone matrix by osteoblasts which, by mineralizing, in
corporates the fluorochrome used. Higher values of this parameter 
indicate a higher rate of deposition of new bone, which is indicative 
of greater osteoblastic activity conditioned by the topography of the 
implant and its chemical composition.

− Bone Formation Rate (BFR/BS µm3/µm2/day): expresses the mea
sure of the amount of mineralized bone formed per unit area of 
trabecular bone per day. It is calculated by multiplying the value of 
MAR by the following formula: 

MAR ∗ (1 /2 sL.Pm /B.Pm + dL.Pm /B.Pm)

Where sL.Pm/B.Pm is the length of the single fluorescent band 
expressed relative to the length of the bone trabeculae on which it is 
present, and dL.Pm/B.Pm is the length of the double fluorescent band. 
Higher values of this parameter indicate the presence of more newly 
formed bone that is mineralized and therefore mature

2.9. Microbiological set-up for in vivo antibacterial assessment

2.9.1. Bacterial culture preparation
For the in vivo assessment of the antibacterial properties of the 
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coating, we developed an experimental procedure aimed at implanting 
the substrates in animals after immersion in a bacterial suspension that 
was optimized and prepared as follows. S. aureus USA 300 was streaked 
onto Tryptic Soy Agar (TSA) plates and grown at 37 ◦C overnight. One 
single colony was cultured in Tryptic Soy Broth (TSB) and grown 
overnight at 37 ◦C in a shaking incubator. To obtain mid-logarithmic 
phase bacteria, a 1/50 dilution of the overnight culture was incubated 
for 2 h at 37 ◦C. Bacterial cells were pelleted and washed three times 
with Phosphate Buffered Saline (PBS) and then resuspended in NaCl 
0.85 %. Bacterial concentration was adjusted in NaCl 0.85 % to obtain a 
final concentration of 5 × 105 Colony Forming Unit (CFU) mL-1. 0.1 mL 
aliquots were finally prepared for the immersion (and bacterial adhe
sion) of the substrates used for the in vivo experiments.

2.9.2. In vivo antibacterial efficacy of the nanostructured silver and silver/ 
bone apatite coatings (N◦ 106/2022-PR)

To investigate the antibacterial activity of the developed nano
structured coatings, another specific research project was approved by 
the Animal Welfare Board of the Rizzoli Orthopaedic Institute and 
authorized by the Ministry of Health, (Authorization code N◦ 106/2022- 
PR). A priori power analysis was performed using G*Power software 
(v.3.1.9.2, Germany). Assuming a power of 1-β = 0.80, a type I error 
probability α= 0.05, and an effect size f > 0.55, it was estimated that an 
= 5 animals per experimental group were required for the evaluation of 
the nanostructured coatings. In this experimental set-up, the effective
ness of the silver and silver/bone apatite coatings was evaluated in a 
setting that tried to mimic the device contamination occurrence. Indeed, 
to understand and assess the influence exerted by the bone apatite 
component in the nanostructured coating, full silver nanostructured 
coatings were also investigated.

The porous coated and uncoated material with the same dimensions 
previously reported (5 mm x 5 mm), were soaked in 0.1 mL suspension 
of USA 300 bacterial cells (prepared as described above) for 20 min 
before bone implantation. Three experimental groups (n = 5 rabbits for 
each group) were set-up: Ag-Bone Group, Ag-Group, and Control 
Group (uncoated porous material). Fifteen New Zealand rabbits were 
used. Animals were allocated to treatment groups according to the order 
of surgical sessions. While no individual randomization was performed, 
this approach minimized potential temporal and procedural bias. Under 
general anesthesia, as previously described, a defect of 5 mm in diameter 
and 5 mm in depth was created in the intercondylar region of the right 
femur, and the soaked substrates were implanted in the created defect by 
press-fit. During the postoperative period, the animals were housed in 
individual cages and underwent daily veterinary clinical examination 
and by recording body weight and any symptoms using the appropriate 
evaluation form.

After 1 week from surgery, while keeping animals in deep sedation, 
two blood samples (about 5 mL each) were harvested from the medial 
auricular artery of each animal, for aerobic and anaerobic blood cultures 
to detect the presence of bacteria systemically. After euthanasia, 
macroscopic control of bone and soft tissues adjacent to the surgical site 
of implant was performed and then the right femurs were explanted 
under sterile conditions. Through a middle epiphyseal section of the 
femur, the porous materials were removed in sterility, and i) a micro
biological swab of the bone tissue in contact with materials was per
formed; ii) one half of the femoral condyle was devoted to the evaluation 
of the MRSA load at bone level and iii) on the remaining hemi-condyle of 
the femur, qualitative histological evaluations and semiquantitative 
score as described by Smeltzer et al. [63] was executed to assess the 
presence of the inflammatory response induced by the bacteria 
contamination (acute and chronic intraosseous inflammation, periosteal 
inflammation and bone necrosis). Therefore, these latter specimens were 
fixed in formalin, decalcified, dehydrated and embedded in paraffin. 
Samples were cut with microtome to realize cross sections of 5 ± 1 μm in 
thickness (Microtome Micron HM 340E), which were stained with 
Hematoxylin/Eosin. The histological sections were digitalized with 

scanner (Aperio Scanscope CS System, Aperio Technologies, Vista, CA - 
USA) at maximum resolution (1781 × 1467 pixels) to evaluate the bone 
tissue response to coatings.

2.9.3. Quantification of S. aureus USA 300 cells after in vivo infection
The blood cultures were diluted 1/5 in TSB and incubated under 

aerobic and anaerobic conditions for 7 days. Swabs of the intra
medullary bone, the hemicondyle, and the cage were removed, placed in 
sterile tubes with NaCl 0.85 %, and sonicated for 3 min at 30 kHz 
(Branson 2510 sonicator). Previous studies have suggested the use of 
sonication as an effective method for recovering viable bacterial cells 
from metal surfaces [64,65]. Serial 10-fold dilutions of each suspension 
were performed to evaluate the bacterial loads by counting the number 
of CFU on TSA plates after 24 h at 37 ◦C. The complete in vivo experi
mental procedure is displayed in Supplementary File, Figure A.

2.10. Statistical analysis

Statistical analyses were performed using GraphPad Prism software 
(version 9). Data are presented as mean ± standard deviation (SD). For 
in vitro experiments with MG63 cell line (cytotoxicity tests) and micro
biological assays, three biological replicates were used. For in vitro 
bioactivity tests with primary human osteoblasts, two biological repli
cates were used, each with multiple technical replicates.

In vitro data from cytotoxicity and microbiological assay were 
analyzed using one-way ANOVA followed by Sidak’s post-hoc test, while 
data from bioactivity study were analyzed with two-way ANOVA, with 
material type and incubation time as factors, followed by Sidak’s post- 
hoc test for multiple comparisons. Normality of data distribution was 
assessed using Shapiro-Wilk test, and residuals were examined to 
confirm the assumption of homogeneity of variance.

For in vivo histomorphometric analysis (static and dynamic results), a 
paired t-test was used to compare the two materials, as both were 
implanted in contralateral sites within the same animal. For the analysis 
of the Smeltzer score results, a one-sample t-test was performed after 
confirming normality of the data distribution. A significance level of p <
0.05 was considered statistically significant in all tests.

3. Results and discussion

3.1. Design and additive manufacturing of samples for in vitro and in vivo 
test

Two distinct kinds of samples were manufactured starting from the 
same porous gyroid deformed structure with nominal CAD dimensions 
as follow (Supplementary File Figure B): 

• Round cross section of gyroid bars with thickness of 0.5 mm
• Vertical Pore size 2.6 mm
• Horizontal pore size 1.3 mm
• Shell thickness around the samples 0.6 mm
• Porosity of in vivo samples: 76.75 %
• Porosity of in vitro samples: 78.34 %

3.2. Preliminary assessment of the properties of ag-bone films in 
comparison with ag-films

After the pre-screening that allowed us to select the optimal com
posite target and deposition conditions, we proceeded to the charac
terization of the morphological and compositional characteristics of the 
Ag Bone coatings. All data are reported in the supplementary materials.

When deposited onto flat substrates, bone-silver apatite coatings 
showed a morphology intermediate between silver and bone apatite 
films, where some larger grains (1–2 µm diameter) grow sparsely over a 
finer layer of round aggregates having nanosized diameters (Supple
mentary File, Figure C). Coatings showed high surface uniformity, and 
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no defects (cracking, fissuring detachments) were noticed in any part of 
the coated substrates. The same morphology is maintained when the 
coating is deposited on the 3D printed prostheses.

XRD (Supplementary File, Figure D) spectra show that both coat
ings are mainly characterized by the presence of metallic silver. Due to 
the low thickness of the films, and the low crystallinity of the apatitic 
phase, its presence is not evidenced by XRD spectra.

However, EDS analyses, performed on silver (Supplementary File, 
Figure E) and silver-bone apatite films (Fig. 2), showed that, while the 
first were only constituted by silver, Ag-Bone coatings are characterized 
by the larger aggregates constituted by bone apatite, immersed in an 
underlying finer layer mainly made of silver. Indeed, although signals of 
Ca and P are detected in all areas of the sample, they are significantly 
stronger in the larger grains, where Mg and Sr can also be detected. This 
indicates that not only the main apatitic phase, but also trace ions pre
sent in bone are transferred to the coating, as previously found for 
coatings of bone apatite alone [28,54].

3.3. Coatings compositional and morphological characterization

FEG-SEM (Supplementary File Figures F and G, and Fig. 2) show 
that the deposition is conformal and the coatings are submicrometric, no 
alterations were caused in the morphology of the scaffold, neither on 
their surface, nor in the inner areas of the scaffold.

When analyzed at larger magnification (Supplementary Figure G), 
film showed a nanosized surface morphology, with larger apatite ag
gregates emerging from the top of a finer silver layer, as in the case of 
deposition onto flat substrates. Our previous results show that coatings 
having high surface roughness and nanosized morphology can promote 
MSCs adhesion to substrate, early proliferation and differentiation [28,
66]. At the same time, nanostructured surface morphology permits a 

more finely tuned control over silver release [34]. EDS maps demon
strate that the coatings do homogeneously cover all the substrate, con
firming the absence of defects (Fig. 2c). No differences in ions type 
and/or distribution was observed with respect to deposition onto flat 
samples (Supplementary material). EDS quantification (Table 1) shows 
that silver content is higher in Ag films, consistently with the fact that 
Ag-Bone is a two phase coating. The presence of bone-mimetic ions in 
the coatings is confirmed by ICP-OES that shows that the coating is 
constituted by silver (2,74 ± 0,12 mg/L), and bone-mimetic ions (Ca: 
14,43 ± 2,94 mg/L; P 3,83 ± 0,59 mg/L; Mg 0015 ± 0,01 mg/L; Sr 0,02 
± 0,01 mg/L). Interestingly, data show the presence of Mg and Sr in 
Ag-Bone films, in concentrations about 0.15 and 0.02 mg/l, indicating 
that trace ions in bone apatite are preserved by the deposition and 
transferred to the coating.

FIB-SEM analysis shows that thickness of the silver coating in the Ag 
sample is ca. 100 nm in thickness (Fig. 2c-e). This coating covers ho
mogeneously the surface of the substrate, without defects or scaling. For 
the Ag-Bone films, two layers can be distinguished: one bright layer ca. 
50 nm-thick that corresponds to silver (Fig. 3b-c and e), and a darker 
layer between the silver and the substrate that is only approx. 10 nm 
thick. This interlayer was too thin for the detection of Ca and P using 
EDS, however, their low contrast compared to the silver coating on top 

Fig. 2. Silver coatings. a) morphology at FEG-SEM and b) EDS maps on the surface show high homogeneity and absence of defects. (c, d) FIB cross section of the 
coatings show a nanoscale thickness of about 60 nm. e) EDS maps on the cross-section confirm that coatings are constituted by silver.

Table 1 
Initial and residual silver content following 7 days incubation in PBS, as assessed 
by EDS.

Residual Silver (wt %)

t0 7d

Ag 84.56±3.33 54.45±14.00
Ag-Bone 55.51±0.25 25.85±13.78
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and the metal substrate at the bottom is consistent with a composition of 
apatite. Furthermore, in certain regions this layer was significantly 
thicker, reaching up to ~250 nm thick where both Ca and P were 
detected by EDS (Fig. 3f). This suggests that while apatite is mostly 
present as a 10 nm interlayer between the silver and the substrate, it also 
forms larger and thicker aggregates.

EDS coupled with FIB shows that both coatings are mainly composed 
by silver. Due to the low thickness of the coatings, the presence of in
terlayers cannot be clearly demonstrated, although overlapping be
tween silver and Ti signal suggests their presence, as already found for 
IJD coatings on Titanium alloy [36].

Combining data on the surface and the cross-section, we can observe 
that silver is present in all areas of Ag-Bone samples, and a Ag thin layer 
covers even the larger CaP aggregates. This is a result of the deposition 
process, where the thin CaP layer deposited on the silver target is 
exposed to ablation first (see Fig. 1), so it is consumed in the first phases 
of deposition. Because of the low thickness of the CaP layer in the 
composite target, even in the first stages some silver is ablated also in the 
first stages, ensuring antimicrobial action and avoiding mismatch due to 
the presence of separate overlapping layers.. Then, only silver remains, 
hence the outer nanometric layers of the coatings are constituted by 
silver only. Hence, although the total content of silver is higher in the Ag 
samples, Ag signal is clearly detected by EDS in all areas of the sample.

When immersed in PBS, coatings progressively dissolve, releasing 
silver and, in the case of Ag-Bone, also bioactive ions (Table 2). ICP-OES 
data show that the release of silver starts upon immersion and remains 
essentially constant in the first 24 h. A sustained silver release is 
measured also at 7 days, for both coatings. As expected, silver release is 
essentially identical in the first 24 h between Ag and Ag-bone films, 
while differences are observed at 7 days, when release in Ag-Bone is 
lower, consistently with the gradient nature of the film, that has a higher 
concentration of silver in the surface. Consistently, release of calcium is 
constant for the first 24 h, then sharply increases at 7 days. Indeed, as 
shown in EDS (Fig. 2 and Fig. 3), the outer parts of the films are 
constituted by silver only, the inner by both silver and bone apatite ions.

After immersion in PBS, residual presence of the coatings is observed 

Fig. 3. Silver bone apatite coatings. a) morphology at FEG-SEM and b,c) FIB cross section of the coatings showing a nanoscale thickness of about 100 nm. Different 
from Ag films, Ag-Bone coating is constituted by two layers, comprising one darker (arrow) in contact with the substrate, that is compatible with a CaP layer. d) EDS 
maps on the surface, showing high homogeneity and absence of defects. (e) EDS maps on the cross-section confirm that coatings are constituted by silver. Here, Ca 
and P are hardly distinguishable, due to the very low thickness on the film. However, their presence is clearly seen in the presence of larger aggregates (f).

Table 2 
Ion release from the coatings incubated in PBS at different timepoints.

Silver release (mg/l) Calcium release (mg/l)

3h 24h 7d 3h 24h 7d

Ag 0.51 
±0.014

0.53 
±0.05

2.97 
±1.29

/ / /

Ag- 
Bone

0.52±0.01 0.52 
±0.05

1.75 
±0.05

43.2 ±
2

43 
±2.12

92.2 ±
5
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by FEG-SEM and EDS. SEM observation show that the coating is still 
present in both Ag and Ag-Bone films, although dissolution is hetero
geneous and higher in some areas (Fig. 4).

In spite of this difference, residual presence of Ag in observed in all 
areas of the coatings, indicating that the coatings dissolve and do not 
delaminate. EDS quantification, in particular, show that over 50 % of the 
initial content of the coating is retained, and that the amount of silver, in 
the areas subjected to highest dissolution is of about 50 % of the initial 
content for Ag and about 20 % of the initial content for Ag-Bone, sug
gesting a higher durability of Ag films (Table 1). Notably, since salts 
deriving from crystallized PBS are present over some areas of the sam
ples, although their presence does not hamper detection of silver, it 
could reduce the signal, so residual silver content might be 
underestimated.

3.3. Application to a real scale prosthesis

When coatings were deposited onto real-scale prosthesis (Fig. 5–8), 
good results were found in terms of surface coverage, since the coatings 
reached deep areas of the prostheses, negligent of the deposition di
rection. In both cases on the deposition surface, the coatings showed 
high homogeneity and the presence of apatite and silver clusters, as 
observed before. Instead, differences were observed in the efficiency of 
deposition in the center of the prosthesis, depending on the plume angle 
(EDS data are in Table 3 and Supplementary File, Figure I).

For deposition at 0–180◦, the coating was uniform and showed no 
defect, both on the surface and in the inner areas. Progressing toward 
inner rings, the coatings morphology became finer, the aggregates 
smaller a progressive reduction was registered in the coating thickness, 
as indicated by the substrate becoming progressively more visible. In the 
center of the prosthesis, the coating could not be detected.

Observing the prosthesis surface deposited at 90–270◦ angle, a high 
uniformity was noticed, and no defects were observed. No alterations 
were observed in the substrate morphology, obtained through 3D 
printing and optimized for the prosthesis’s integration.

Although aggregates were smaller and less easily detectable than in 
the 0–180◦ setup, the coating was visible in all areas of the prosthesis, 
including the center, as shown by EDS. The coating was highly uniform, 
and no differences were assessed when areas at the same distance from 

the plasma plume were observed (Fig. 6a). EDS showed that the amount 
of silver was maximum on the deposition surface, as expected, and 
progressively decreases while moving towards the center, i.e. farther 
from the plasma plume. The amount of silver correlates with the 
thickness of the coating; hence, we inferred that the coating thickness 
progressively decreases, which correlates with the characteristic 
behavior of plasma-assisted deposition techniques. However, different 
from traditional plasma-assisted thin films on complex substrates, where 
shadowing is relevant, here we did not observe any uncoated areas, and 
the coating reached all spots in the prostheses, indicating successful 
deposition.

Since the 90–270◦ inclination has higher easiness of deposition and 
optimal substrate coverage, it was chosen as the best deposition pro
cedure, (Fig. 7).

Overall, like all plasma-assisted techniques, IJD deposition results in 
a different morphology of the coating in the different areas, depending 
on the distance and the angle formed with the plasma plume. Many 
techniques, such as plasma-spray and magnetron sputtering cause sig
nificant shadowing, so many areas remain uncoated. In our case, we 
demonstrated that we can completely avoid shadowing. In addition, as 
far as all areas of the prostheses are coated and exert antibacterial ac
tion, the different characteristics between the surface and the inner core 
are not detrimental, as silver coating is thicker in the outside areas of the 
prostheses, which are in first contact with bacteria and more exposed to 
interaction with body fluids. This means that the coating is thicker 
where there is more need for antibacterial action and where more 
dissolution is to be expected.

3.4. Biological investigations

3.4.1. Antibacterial efficacy in vitro
Results of the impact of Ag and Ag-Bone coatings on the planktonic 

growth of bacteria are shown in Fig. 9 and in Supplementary Table 2.
Silver and silver-bone apatite films showed >4 log and >6 log 

reduction (equal to >99.99 % CFU reduction), respectively, for all the 
three tested strains, indicating that both coatings provided excellent 
antibacterial activity in vitro. Nanostructured silver coatings were shown 
to have higher efficacy against gram-negative strains compared to gram- 
positive strains, both in terms of planktonic growth and biofilm 

Fig. 4. Ag and Ag-bone coatings following 7 days immersion in PBS, as observed by FEG-SEM: secondary electrons on a) silver and d) silver-bone apatite; back
scattered electrons on b) silver, e) silver-bone apatite and EDS maps on c) silver, f) silver-bone apatite.
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formation as demonstrated by SEM analysis in a previous study [34], 
indicating that antibacterial activity is associated to both direct contact 
with the coating and the metal ion release. Indeed, gram-negative bac
teria are often more susceptible to silver due to their thinner peptido
glycan layer and the presence of an outer membrane rich in negatively 
charged lipopolysaccharides (LPS), which can attract and bind posi
tively charged silver ions. In contrast, gram-positive bacteria have a 
much thicker peptidoglycan layer, which may act as a partial barrier, 
slowing the diffusion of silver ions and nanoparticles [67]. However, 
silver activity is also strain-specific and influenced by the genetic 
composition of each bacterial isolate, as reflected in our results, which 

demonstrate reduced sensitivity to silver in the MRSA strain compared 
to the S. aureus ATCC reference strain [68] In the case of E. coli ATCC 
8739 and MRSA USA 300, Ag exerted a higher antibacterial activity 
compared to Ag-Bone, probably because the bone apatite slightly in
terferes with the activity of the silver coating.

3.4.2. In vitro cytotoxicity evaluation of silver and bone apatite/silver 
nanostructured coatings

The effect of nanocoatings on the proliferation of osteoblast-like cells 
(MG63) is reported in Supplementary File Figure JA. Statistical analysis 
highlighted significant differences among Ag and Ag-Bone compared to 
the Ti substrate and CTR-, with lower proliferation values (p < 0.001) for 
nanocoatings, and between Ti and CTR- (p < 0.001). At 72 h, a signifi
cant difference was also observed between CTR+ and all conditions (p <
0.001). Nevertheless, the proliferation values for the investigated 
nanocoatings were higher than 70 % compared to CTR-, suggesting the 
absence of cytotoxicity according to UNI EN ISO 10,993. This result was 
further confirmed by quantifying the neutral red vital dye (Supple
mentary File, Figures JB) and by the quantification of the LDH enzyme 
released in the culture supernatant. The values of LDH were close to zero 
for both nanostructured coatings, indicating an absence of LDH release, 
and might be inferred that the silver nanoparticles did not induce 
damage to the cell surface membrane. The results confirm our previous 
findings regarding nanostructured silver coating and suggested that the 
choice of deposition technique and related parameters produce a uni
form and balanced coating, where the silver component exert its 

Fig. 5. Deposition along the 0–180◦ direction. Coating morphology is observed at different magnification and depth with respect to the prosthesis surface.

Table 3 
Silver amount in different areas of the prosthesis, depending on deposition 
orientation. Silver content is taken as representative of the presence/absence of 
the coating, being the most abundant element in the coating, and correlates with 
its thickness. For the exact sampling position, see schemes in Figs. 6,7,8.

0–90◦

Surface 1.5 depth 3 cm depth
(deposition surface) ​ ​
52.91 ± 2.51 6.34 ± 0.92 /

90–180◦

External surface Inner porous area Inner porous area
(deposition surface) close to surface Center
60.42 ± 2.43 16.78 ± 0.72 2.18 ± 0.30
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antibacterial activity (results obtained from in vitro antibacterial in
vestigations), without significantly altering some of the key cellular 
functions [44]. Finally, current results suggested a similar trend also for 
combined Ag-Bone coatings. The numerical data obtained from each test 
- WST-1, LDH and Neutral Red - are reported in Supplementary File 
Table 3

3.4.3. In vitro bioactivity study on the combined bone apatite/silver 
nanostructured coating

In the complex management of vertebral reconstruction, phenomena 
such as subsidence, implant loosening, and the onset of infection un
fortunately represent real and well-described complications [69,70]. An 
approach that addresses these three key points would provide an 
effective tool to increase the long-term reliability of reconstructive 
surgery in spinal applications as well as in numerous other orthopedic 
applications that share the same needs. However, the integration of 
these elements requires further investigation and analysis to understand 
how effectively they perform together. To address this, enhanced 
experimental setups were made, starting with the culturing of primary 
human osteoblasts on 3D printed custom nanocoated porous substrates, 
as shown in Fig. 10A. The results regarding metabolic activity, investi
gated using Alamar Blue assay, are reported in Fig. 10B These results 
showed an increase in metabolic activity from 3 to 7 days for nHOb 
grown in direct contact with Ag-Bone, although this increase was not 
statistically significant. Significant differences were observed for the Ti 
substrate between 7 days (p < 0.005) and 14 days (p < 0.05) compared 
to 3, likely benefiting from the porous structure of the 
additive-manufactured substrate. At 3 and 7 days, no significant dif
ferences were detected between coated and uncoated substrates, while 
at day 14, a higher metabolic activity was measured for the uncoated 
substrate compared to Ag-Bone (p < 0.05). Considering the presence of 
silver and the susceptibility of primary hObs to silver particle-mediated 
inhibition, the metabolic results showed a positive trend. ELISA tests 
were additionally performed to evaluate the production of some of the 
main markers of osteoblasts differentiation to understand how silver 
impacts on these cellular activities. Osteocalcin and alkaline phospha
tase (ALP), which are key proteins in the bone formation and mineral
ization process, where investigated as early marker of differentiation, 
while Type I collagen, the major components of bone matrix, was used as 
a late indicator of differentiation. For osteocalcin, an increase in protein 
production was detected from 3 to 7 days for Ag-Bone (p < 0.0005). No 
differences were detected between coated and coated substrate, with 
comparable values between materials (Fig. 10C). The production of ALP 
was higher for the coated substrate as showed by Fig. 10D although the 
statistical analysis did not highlight significance in comparison to the 
uncoated substrate except at day 14 (Ag-Bone vs Ti-substrate: p < 0.05). 
Similarly, for Type I collagen, no significant differences were detected at 
any time point or between the coated and the uncoated substrate 
(Fig. 10E).

The obtained results are encouraging as they confirm that the IJD 
deposition technique produce a uniform nanocoating with controlled 
silver release, balanced by the apatite component, thus avoiding the 
toxicity effects on cells frequently reported with other types of nano
silver coatings [71]. These findings can be explained by the nanoscale 
surface morphology of the coatings, where the increased surface area 
combined with the apatite components improves surface properties, i.e. 
wettability, adsorption of hydrophilic proteins, thereby promoting 
osteoblast activity while balancing the presence of silver. A similar trend 
was observed by Wu et al., who studied 3D-printed Ti-6Al-4 V implants 
coated with copper and strontium combined with natural polymers 
(alginate and dopamine). Consistent with our findings, the osteogenic 
activity of MC3T3-E1 cells was not inhibited but enhanced on the coated 
materials, as shown by the expression of specific genes related to bone 
formation (RUNX2, COL-1, OPN), without a significant impact on 
pro-inflammatory pathway (MIF, NF-kB, and IKK) [72].

Indeed, from a catabolic perspective, the production and release of 

Fig. 6. Deposition surface of the 90–270◦ angle.

Fig. 7. Deposition at different depth for the 90–270◦ angle.
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Caspase 3 and Interleukin 6 were consistently and significantly lower on 
coated substrates compared to uncoated material. This further confirms 
the hypothesis that the proper combination of rough surface 
morphology and nanocoating elements deposited with IJD can balance 
the potential toxic effect of silver.

Caspase enzymes are responsible for phenomena such as DNA 

fragmentation, chromatin compaction and cell fragmentation, thus 
playing a crucial role in apoptosis events. Caspase 3 is often referred to 
as the “cell death executioner” due to its pivotal involvement in the 
process. Indeed, once activated, Caspase-3 cleaves structural and regu
latory proteins, leading to programmed cell death [73]. Otherwise, 
Interleukin-6 represents one of the most important mediators of 

Fig. 8. Scheme of optimized deposition.

Fig. 9. Antibacterial activity of porous cylinders with (Ag and Ag-Bone) and without (CTR) coating against E. coli ATCC 8739, S. aureus ATCC 6538P, and Methicillin- 
Resistant S. aureus USA 300 after 8 h of incubation. ns: *: p > 0.05; **: p < 0.01; ****: p < 0.0001.

Fig. 10. In figure A visual macroscopic image of 3D printed titanium substrate is shown both as a singular element and as an assembled stackable element to 
reproduce the full-scale prosthesis. The highly porous structure with burr-like appearance is clearly recognizable. The histograms reported in Figure B-E refers to the 
Alamar Blue assay (Figure B) and ELISA assay for osteocalcin (Figure C), alkaline phosphatase (Figure D) and Type I collagen (Figure E). The measurements were 
performed by two biological replicates and data are reported as Mean ± SD (* p < 0.05; **, p < 0.005; ***, p < 0.001).
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inflammation. The histogram shown in Fig. 11A reported a significantly 
higher content of Caspase 3 at each experimental time point for the 
uncoated Ti substrate compared to Ag-Bone (p < 0.0001) thus suggest
ing that the silver in the coatings did not increase the apoptotic events. 
Regarding IL-6, no significant differences were detected at any time 
points between coated and uncoated substrate (Fig. 11B). A final and 
crucial confirmation, came from the OPG/RANKL ratio, which reported 
positive results, consistently above one, also for the coated substrate 
indicating a tendency towards the reparative/regenerative process 
rather than towards bone resorption activity. Moreover, the values 
showed a progressive increase over time, suggesting that the osteoblasts 
maintained a homeostatic and regulatory role in modulating bone 
turnover (Fig. 11C) [74].

Our results are consistent with those reported by Castiglioni S. et al., 
who found that osteoblast-like cells (Saos-2) and primary human bone 
marrow mesenchymal stromal cells (hMSCs) are relatively resistant to 
the cytotoxic effects of silver nanoparticles, with average size compa
rable to those in our coatings (35 nm). According to Castiglioni, the toxic 
effect of silver is dose-dependent, and when silver is below this toxic 
levels it does not interfere with the cellular response to osteogenic 
stimuli [75]. Furthermore, the authors propose a cellular adaptive 
mechanism to silver nanoparticles through the activation of a stress 
response, hypothesizing the up-regulation of heat shock protein 70 

(hsp70). This protein interacts with key regulators of various signal 
transduction pathways that govern cell proliferation, differentiation, 
and death. Additionally, Castiglioni et al. has reported that elevated 
levels of hsp70 protect against apoptosis by inhibiting both 
caspase-dependent and caspase-independent pathways, which may also 
explain the results obtained for Caspase-3 and IL-6.

To complement the protein-level analysis, we further investigated 
the expression of the same markers at the molecular level. While protein 
synthesis showed only minor variations between the Ti substrate and 
Ag-bone, gene expression analysis identified significant differences 
across all three anabolic markers. Specifically, a notable up-regulation 
was observed in the Ti group compared to Ag-bone. Nevertheless, 
gene expression remained consistently detectable in the Ag-bone group, 
showing a progressive increase from day 7 to day 14 for both ALPL and 
BGLAP, whereas COL1A1 did not exhibit a statistically significant 
change over time (Fig. 12A, B and C).

To assess potential cytotoxic and pro-apoptotic effects of the silver- 
based coating, Caspase-3 expression was also evaluated (Fig. 12D). 
The results indicated that silver ion release from the Ag-bone coating 
was effectively controlled, with gene expression levels lower than those 
observed for Ti at both time points. Similarly, IL-6 gene expression was 
comparable - or even lower at 14 days - in the Ag-bone group compared 
to Ti, indicating a normal cellular behavior and an absence of pro- 

Fig. 11. Histograms related to ELISA results for Caspase 3 (Figure A), Interleukin − 6 (Figure B) and for OPG/RANKL (Figure C). The measures were performed onto 
two biological replicates and data are reported as Mean ± SD (* p < 0.05; **, p < 0.005; ***, p < 0.001).

Fig. 12. Histograms of ALPL (A), BGLAP (B), COL1A1 (C), CASPASE-3 (D) and IL-6 (E) genes expression after 7 and 14 days of culture of nHOB onto Ag-Bone and Ti- 
substrate. Data are reported as mean ± standard deviations (SD) at a significance level of p < 0.05 (*p < 0.05, ** p < 0.005, *** p < 0.001).
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inflammatory response (Fig. 12E). We also investigated the gene 
expression of NOS2, (also known as iNOS), an enzyme responsible for 
producing nitric oxide (NO), a key signaling molecule involved in im
mune response, inflammation, and oxidative stress. High silver ion 
release can induce oxidative stress, potentially leading to NOS2 over
expression, which contributes to the creation of an inflammatory 
microenvironment. However, in our cells culture with both Ag-bone and 
Ti, no NOS2 expression was detected as indicated by very high cycle 
threshold (Ct) values (above 35) (data not shown). This further confirms 
that the silver content in the Ag-bone does not induce a cytotoxic 
response. Altogether, these findings suggest that the antibacterial and 
osteoinductive coating not only preserves osteoblast viability, but may 
also contribute to a balanced osteogenic and immunomodulatory envi
ronment, promoting favorable integration at the tissue-implant inter
face. Perhaps Ag-Bone does not disrupt the osteoblasts’ physiological 
signaling balance; rather it may promote a favorable environment for 
bone remodeling.

Several scientific studies support the development of combined 
coatings with both antibacterial and osteointegrative properties for or
thopedic applications, with a peculiar focus on spinal application [76,
77]. The critical challenge of this strategy lies in balancing the different 
elements, especially of the antibacterial component. If not properly 
controlled, their toxicity can pose significant issues, particularly at the 
nanoscale. In vitro results seem to suggest the management of silver 
toxicity through the deposition technique and bone apatite elements 
that creates a uniform coating capable of gradually releasing silver ions 
without damaging cellular metabolism.

From a translational perspective, silver coatings represent one of the 
most extensively investigated strategies, which is crucial for their clin
ical translation. Nevertheless, other inorganic- and organic-based anti
bacterial strategies have also been explored. Copper and zinc coatings 
were shown to exhibit broad-spectrum antimicrobial activity through 
mechanisms similar to silver, including disruption of bacterial mem
branes and generation of reactive oxygen species [34,39,48]. However, 
their ion release profiles are often less controllable, potentially limiting 
efficacy or increasing cytotoxicity [78]. Antibiotic-loaded coatings can 
provide targeted bacterial inhibition, but their effectiveness can be 
compromised by multidrug-resistant strains [79]. Moreover, 
antibiotic-based coatings are not ideal for infection-prevention purposes 
because the potential bacterial pathogen is unknown, and organic 
molecules typically show short release times. In contrast, we show that 
silver, particularly in nanostructured form, offers antimicrobial action 
against both gram-positive and gram-negative bacteria, including 
methicillin-resistant Staphylococcus aureus, while allowing modulation 
of ion release to minimize cytotoxicity. Combining silver with bone 
apatite further enhances biocompatibility and osteointegration, 
providing a dual function of antibacterial activity and support of bone 
regeneration that is challenging to achieve with other metals or 
antibiotic-based coatings. This combination thus represents a promising 
approach to develop safe, effective, and multifunctional implant 
surfaces.

3.5. In vivo studies

3.5.1. In vivo assessment of histocompatibility and osteointegrative 
properties of nanostructured coatings

Although the in vitro data on these nanostructured coating are 
stimulating, the information gathered from these studies still requires a 
higher level of complexity to demonstrate how the combination of 3D 
porous and rough structure and nano bone apatite coating, which pro
mote bone growth and regeneration, mitigates the potential negative 
effect of silver. To achieve this, an in vivo histocompatibility study was 
performed.

All animals involved in the histocompatibility in vivo study tolerated 
the implant surgery well, and no local or systemic complications 
occurred during or after surgery. At the end of the selected experimental 

time (12 weeks), macroscopic evaluation of the implanted bone seg
ments showed no hematoma, edema/swelling, infection, peri‑articular 
reactions, or any signs related to the implantation of the coated or un
coated materials. Fig. 13A and 13C, presents a panoramic view of the 
histological appearance of the CTR substrate and of Ag-Bone coating . 
No fibrous or connective tissue formation was detected around the 
nanostructured coating or the surface of the uncoated control material. 
Direct connection and osteointegration with the host bone were 
observed, as depicted in Fig. 13B and 13D, which shows a high 
magnification detail of material substrates surface. The porous structure 
and rough surface of the substrate are clearly recognizable. The bone 
tissue is in direct contact with the coatings, primarily following the 
rough profiles of the substrate, without the interposition of fibrous 
tissue.

No adverse inflammatory reactions were found; the cellular popu
lation present around the Ag-Bone coating (Fig. 13D) resembled bone 
marrow, whit no accumulations of polymorphonuclear cells (indicative 
of an acute reaction) or cells associated to a foreign body reaction (giant 
cells). The coating’s ability to stimulate bone tissue regeneration is 
further evidenced by the fluorescent bands of deposition acquired after 
tetracycline marking. Presence of double, distinct bands well separated 
on the surface of the bone trabecula grown were detected in contact with 
the coating suggesting an active process of deposition and subsequent 
mineralization, which allowed the incorporation of fluorochrome at the 
mineralization front.

Finally, histomorphometric data (Table 4) confirmed the qualitative 
evaluations reported so far: BIC (bone-to-implant contact) data are 
significantly higher for the Ag-Bone coating compared to the control 
material, consistently with the lower release of silver and the release of 
osseointegration-promoting ions, such as Ca, measured by ICP.

Despite the presence of silver in the coating, the osteointegration 
process was higher in comparison to rough porous titanium, which 
suggests a positive effect of nanostructuring, which dominates over the 
possible detrimental effect of silver. The dynamic histomorphometry 
results were not statistically significant, even if slightly higher values for 
the coating were obtained for both MAR (mineral apposition rate) and 
BFR (bone formation rate), suggesting that the overall approach based 
on porosity, nanostructured Ag-Bone coatings and deposition technique, 
effectively stimulates bone tissue regeneration processes without trig
gering adverse inflammatory or fibrous reactions.

3.5.2. Antibacterial efficacy in vivo
The developed rough porous substrate, when clearly associated with 

Ag-Bone nanocoating, clearly demonstrate its ability to support and 
enhance the bone regeneration process, providing the necessary me
chanical and structural properties necessary to sustain the load. It also 
offers an increased growth surface for bone tissue due to the combina
tion of features at the microscale achieved through 3D printing and the 
nanostructure of the coating. However, the multiscale features increased 
surface area could also promote bacterial adhesion and growth [80]. In 
the adopted in vivo experimental set-up, this effectiveness was evaluated 
by replicating condition of device contamination with a "low" bacterial 
load as per literature data [81] since the aim of these coatings is to 
prevent the raise of infection and not to cure an existing one. The porous 
coated and uncoated substrate were immersed in a bacterial suspension 
for a few minutes prior to implantation, as an alternative to direct 
bacterial inoculation into bone tissue before device implantation [82].

All animals involved in the antibacterial efficacy study tolerated the 
implant surgery well, with no local or systemic complications observed 
during or after the procedure. Results from aerobic and anaerobic blood 
culture did not reveal the systemic presence of MRSA after 7 days, 
indicating that infection spread was prevented. Although microbiolog
ical data confirmed a local presence of MRSA, none of the animals 
exhibited clinical signs of local or systemic infection. Analysis of the 
retrieved substrate samples revealed that 4 out of 5 rabbits showed the 
presence of bacteria both with the CTR substrates and with Ag-Bone 
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coated substrates, while in the case of pure Ag coating, 2 out of 5 rabbits 
showed the presence of bacteria 7 days after the MRSA device 
contamination (Fig. 14A). Ag and Ag-Bone coatings had significant ef
ficacy in vivo compared to the control. In particular, Ag coating showed 

the highest inhibition activity of MRSA colonizing the substrate.
Counting the number of MRSA cells in the hemicondyle also 

confirmed that both coatings have significant activity compared to the 
control after 7 days of infection (Fig. 14B). Indeed, 3 out of 5 animals 
implanted with Ag showed bacterial cells number below the limit of 
detection after 7 days, presumably indicating no infection in these 
rabbits. This indicates that silver is released, and effective, also at a 
distance from the substrate. This might be due to the uniformity of 
deposition of the coatings that covers all the areas of the scaffolds. The 
activity of Ag-Bone was also significant in the hemicondyle although to a 
lesser extent than the activity of Ag. The reduced antibacterial efficacy 
of the Ag-Bone coating may be attributed to the lower amount of silver 
deposited on the alloy surface compared to Ag samples. Additionally, 
while the bone apatite component is known to enhance 

Fig. 13. Figure A and C showed a panoramic view of the of the femoral condyles trabecular component in which the porous CTR (A) and coated substrate (C) has 
been implanted according to a longitudinal view (Toluidine blue staining counterstained with Van Gieson-Picrofuchsin; acquisition with AperioScanscope CS System, 
Aperio Technologies, Vista, CA – USA at 0.6X magnification; scale bar: 4 mm). Higher magnification reported in Figure B and D show the direct contact between CTR 
substrate and Ag-Bone coatings and trabecular bone tissue (Toluidine blue staining counterstained with Van Gieson-Picrofuchsin; acquisition with AperioScanscope 
CS System, Aperio Technologies, Vista, CA – USA at 6X magnification; scale bar: 400 µm).

Table 4 
Histomorphometric results for Bone to Implant contact (BIC, %), Mineral 
Apposition Rate (MAR, µm2/day) and Bone Formation Rate (BFR, µm3/µm2/ 
day) parameters, measured for Ag-Bone and Ti-substrate at 12 weeks. Results are 
reported as Mean ± SD at a significance level of p < 0.05 (*p < 0.05).

BIC ( %) MAR (µm2/day) BFR (µm3/µm2/day)

Ag-Bone 32.05 ± 1.3* 1.12 ± 0.05 0.67 ± 0.11
Ti-substrate 26.48 ± 1.9 0.92 ± 0.08 0.60 ± 0.05

Fig. 14. Bees plot of in vivo tests: S. aureus USA 300 bacterial contamination on the uncoated (CTR, i.e., control) and coated (Ag and Ag-Bone) substrates (A) 
implanted in rabbit femur and on hemicondyle surrounding the different prostheses (B) after 7 days. For each group of samples, the solid line indicates the geometric 
mean. Substrate: CTR vs Ag p = 0.0071; CTR vs Ag-Bone p = 0.0177. Hemicondyle: CTR vs Ag p = 0.0046; CTR vs Ag-Bone p = 0.0271.
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osteointegration, it may also attenuate the antimicrobial activity of sil
ver by acting as a substrate that potentially supports bacterial survival. 
In both cases, instead, the fact that a similar inhibition is found in the 
prosthesis (substrate) and the surrounding tissue (hemicondyle) con
firms that the deposition reached the deeper areas of the coatings.

Histological images corroborated microbiological data (Fig. 15). 
Significant bacterial colonization was observed within the bone marrow 
cavity in animals implanted with CTR substrates (Fig. 15B) eliciting an 
acute inflammation reaction characterized by a prominent presence of 
polymorphonuclear neutrophils, fibrovascular granulation tissue, and 
fibrin accumulation. These elements were also present in animals with 
combined Ag-Bone coatings (Fig. 15C), albeit to a lesser extent and 
confined mainly at the interface between the substrate and bone, with 
fewer neutrophils. Ag implants exhibited an even milder histological 
picture, showing fibrovascular tissue reaction and a mild acute response, 
which aligns with the microbiological data obtained from the bone tis
sue (Fig. 15D). The histological findings were corroborated by the re
sults of the Smeltzer score (Ag: 2.0 ± 0.5; Ag-Bone: 3.5 ± 0.9; Ti- 
substrate (CTR): 5.0 ± 0.8) . Although no statistically significant dif
ferences were observed among the three materials for the score results, 
the values obtained for the Ag group suggest a less pronounced in
flammatory response compared to that observed with Ti-substrate. 
Consistent with the microbiological findings, the presence of silver in 
the Ag-Bone coating also appears to reducing the inflammatory 
response, albeit to a lesser extent than Ag coating.

Although the antibacterial efficacy of the Ag-Bone combined coating 
is lower compared to Ag coating, it is still significant compared to the 
control experiments. The results of the combined coating are extremely 

important because they integrate several established strategies for the 
first time creating a device that is: i) safe, ii) mechanically competent yet 
porous and rough, iii) capable of supporting and promoting bone 
regeneration both in vitro and in vivo, and iv) able to exert antibacterial 
action. Regarding the latter point, some considerations can be made to 
contextualize the microbiological results. We chose to work with a 
pathogen - Methicillin-resistant Staphylococcus aureus (MRSA) USA300 
placing us in the most challenging conditions. Methicillin-Resistant 
Staphylococcus aureus USA 300 is one of the most threatening strains 
both in community-associated and hospital-acquired infections, causing 
severe outcomes when colonizing skin and soft tissues [57,83]. USA300 
is characterized by high virulence facilitating its transmission, fast 
diversification, and acquisition of genetic elements, which drives its 
evolution and the emergence of new multidrug-resistant lineages [52]. 
Therefore, our coatings represent promising alternative solutions to 
drug administration as a prevention strategy against the spreading of 
USA 300. Interestingly, the efficacy of Ag Bone coatings, is significantly 
higher than that showed by commercial coatings on the market.

In addition, no pre- or post-operative antibiotic prophylaxis was 
administered to the animals of the antibacterial efficacy study, to verify 
the performance of the coatings. Furthermore, in the combined coating, 
the concentration of silver is naturally lower than in the pure silver 
coating. The established safety profile of the pure silver coating enables 
us to consider increasing the silver content in the Ag-Bone coating. This 
enhancement aims to improve its antibacterial efficacy while preserving 
its osteoconductive properties.

Fig. 15. The top left image (A) shows a representative low-magnification view of the distal femoral condyle in a longitudinal cutting plane in which the black box 
identifies the substrate implantation area (staining Hematoxylin/Eosin. Histological sample was acquired with AperioScanscope AT2 System, Aperio Technologies, 
Vista, CA – USA scale bar: 4 mm, magnification 0.5X). Representative higher magnification details of each implant type are shown in Figure B which refers to 
uncoated substrate (CTR group), Figure C refers to Ag-Bone coating group while Figure D represents Ag-IJD coating group. All images have been captured at the 
interface between the coated/uncoated substrate and bone tissue and in which of them, the yellow asterisk (*) has been placed in the areas characterized by an acute 
inflammatory reaction consisting of neutrophils and granulation tissue (black arrows) in response to the bacterial presence (staining Hematoxylin/Eosin. Histological 
sample was acquired with AperioScanscope AT2 System, Aperio Technologies, Vista, CA – USA (B) scale bar: 90 µm, magnification 23X; (C) scale bar: 80 µm, 
magnification 25X; (D) scale bar: 70 µm, magnification 30X).
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4. Conclusions

Advancements in personalized medicine through additive 
manufacturing now encompass various medical fields, with orthopedics 
notably leveraging its numerous benefits. Spine reconstruction surgery 
has emerged as a significant beneficiary of this approach. This study 
introduces a groundbreaking approach to create a custom 3D-printed 
vertebral device designed to replace vertebral bodies affected by tu
mors or traumatic events. This device is specifically engineered to pre
vent infection and promote rapid and effective bone regeneration. New 
antibacterial silver-based films were proposed and validated in vitro and 
in vivo to achieve these goals. For the first time, a composite target was 
developed to deposit silver and bone apatite coatings using ionized jet 
deposition. Overall, the results demonstrate the applicability of this 
approach to complex devices for challenging clinical situations. The 
ability to coat complex scaffolds, including their innermost porosities, 
could significantly enhance their performance. In detail results show 
that films maintain the stoichiometry of the target and are nano
structured. Upon optimization of the deposition procedure, shadowing 
can be mitigated and the whole external and internal surface of a real- 
scale porous prosthesis can be coated. In vitro, the coatings show high 
efficacy against two Staphylococcus aureus (ATCC 6538P and methicillin- 
resistant USA 300) strains and one E. coli (ATCC 8739) strain, as well as 
high biocompatibility. In vivo studies have demonstrated osteointegra
tion for Ag-Bone and antibacterial properties of both manufactured 
films. Future research will also entail the study of mechanical behavior 
and stability of the coatings in biomechanically relevant models, simu
lating insertion of the prostheses in real bone and different cyclic loading 
condition. The duration of the antibacterial action of the developed 
coatings is considered satisfactory for addressing primary infection, 
which was the aim of the paper, however, a long-term evaluation of the 
durability and efficacy of the coatings at longer timepoints will be car
ried out to study possible application for addressing late infection. 
Finally, clinical studies will be necessary to permit bench to bedside 
translation.
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