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A B S T R A C T

Biomimetic bone apatite coatings were realized for the first time by the novel Ionized Jet Deposition technique.
Bone coatings were deposited on titanium alloy substrates by pulsed electron ablation of deproteinized bovine
bone shafts in order to resemble bone apatite as closely as possible. The composition, morphology and me-
chanical properties of the coatings were characterized by GI-XRD, FT-IR, SEM-EDS, AFM, contact angle mea-
surements, micro-scratch and screw-insertion tests. Different post-treatment annealing conditions (from 350 °C
to 425 °C) were investigated. Bone apatite coatings exhibited a nanostructured surface morphology and a
composition closely resembling that of the deposition target (i.e. natural bone apatite), also regarding the
presence of magnesium and sodium ions. Crystallinity and composition of the coatings were strongly influenced
by annealing temperature and duration; in particular, upon annealing at 400 °C and above, a crystallinity similar
to that of bone was achieved. Finally, adhesion to the titanium substrate and hydrophilicity were significantly
enhanced upon annealing, all characteristics being known to have a strong positive impact on promoting host
cells attachment, proliferation and differentiation.

1. Introduction

Calcium phosphates (CaP) coatings are commonly applied on the
surface of bio-inert metallic bone implants and prosthetic devices to
accelerate the formation of new bone and establish a firm bonding
between the implant and the growing bone [1]. In particular, CaP thin
films (thickness < 1 μm) are raising attention [2–4] compared to tra-
ditional, thick (> 30 μm), sprayed coatings due to a higher mechanical
stability, lower tendency to cracking and delamination [5] and the
possibility of obtaining a nanostructured surface texture able to boost
platelet, protein and cell adhesion [6–8].

Aside from consolidated techniques for deposition of thin film de-
position, such as Magnetron Sputtering (MS) and Pulsed Laser
Deposition (PLD), Pulsed Electron Deposition (PED) is emerging as an
effective and versatile method to fabricate nanostructured coatings.
PED allows deposition on a wide variety of substrates, including heat-
sensitive materials and a high fidelity in stoichiometry preservation

from the deposition target to the coating [9–12]. PED setup is similar to
that of the more widespread PLD: both techniques, in fact, rely on the
ablation of a deposition target that is ionized as a plasma plume and
accelerated toward the substrate, where it is deposited as a thin film
[9]. Different from PLD, PED uses a pulsed electron beam as an ablation
source, instead of laser source. As direct consequence of the different
source (electrons vs. photons) PED presents some advantages, such as
higher pulse energy, capability to ablate wide band-gap and highly
reflective materials, and definitely lower costs for industrial scalability
[13].

Among CaP coatings, biomimetic CaP coatings, that resemble the
composition of natural bone apatite, can boost bone regeneration to a
higher extent compared to stoichiometric HA or other CaP phases, by
releasing in the surrounding environment all ions present in natural
apatite in a suitable amount upon dissolution (i.e. i.e. Mg+, CO3

2−,
Sr+, K+, etc.) [14,15]. In turn, suitable ion release can trigger stem
cells homing and their osteogenic differentiation commitment, thus
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fastening the healing process and shortening the time required for
achieving the optimum implant stability [16].

Recently, the Authors proved that biomimetic apatite films can be
effectively obtained by direct ablation of a deproteinized biogenic
source (i.e. a bone target) through the PED technique [17,18]. Com-
position and crystallinity very close to those of the bone target were
achieved, upon post-treatment annealing [17]. Biomimetic apatite films
also well-sustained host cells (human dental pulp stem cells, hDPSCs)
proliferation and promoted their differentiation, even in absence of an
osteogenic medium [18]. However, being the procedure of very recent
introduction, several parameters need to be fully evaluated to optimize
the coatings performance. In fact, a detailed characterization of film
composition, micro-structural properties, morphology on the multiscale
and mechanical characteristics, is needed, all being necessary para-
meters to identify the most promising candidates for further in vitro/in
vivo evaluations. In this paper, the properties of biomimetic coatings
deposited by PED directly from bone apatite sources will be in-
vestigated in terms of composition, surface morphology, crystallinity,
hydrophilicity and adhesion to the substrate. The coatings will be de-
posited at room temperature, but different post-deposition annealing
treatments will be investigated and compared, to optimize coatings
crystallinity and physical-mechanical properties.

2. Materials and methods

2.1. Substrates

Medical grade titanium alloy disks (Grade 23 Titanium 6Al-4V ELI
alloy, 5 mm of thickness, 5 or 20mm of diameter, Citieffe S.r.l.,
Bologna, Italy) and silicon wafers (p-type doped monocrystalline (100)
native silicon, size 10× 10mm, thickness 3mm, Fondazione Bruno
Kessler, Trento, Italy) were used after ultrasonic cleaning in isopropyl
alcohol and water. No surface preparation in terms of polishing, ma-
chining, etching or surface patterning was carried out prior to deposi-
tion. Sterile titanium alloy dental screws (Grade 23 Titanium 6Al-4V
ELI alloy, 1.6mm×8mm, Auto-Drive Screw, Osteomed, USA) were
used as received.

2.2. Preparation of the targets

Deposition targets were fabricated starting from bovine tibial cor-
tical shafts, obtained from a local butcher at different times and from
different animals. No further information about the animals (age,
weight, etc.) was available at this stage; however they were not strictly
necessary considered the scope of the present study. In fact, for the
coatings to be exploitable, their efficacy must be negligent of the spe-
cific bone target selected. To this aim, different shafts were used to
obtain the targets used in the study. Essentially no differences were
noticed in the composition and morphology of the targets, or in those of

Fig. 1. Sketch of the fabrication of the biogenic target (a): bovine bone shafts before and after the deproteinization process (i) and after the machining step (ii) to
achieve the final circular size. b) FTIR spectra of the deproteinized biogenic targets and of a stoichiometric HA target (b). c) Chemical composition by EDS of the
biogenic target.
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Fig. 2. Optical (a), SEM (b, d, f) and 3D AFM (c, e, g) images of the pristine titanium (a, left; b, c), Ti-ad (a, right; d, e) and Ti400-1 (f, g).

Table 1
Root mean square (RMS) values for the pristine titanium substrate for the biomimetic films as-deposited and heated according to different conditions.

Scan area
(μm2)

Ti Ti_ad Ti350-1 Ti375-1 Ti400-1 Ti425-1 Ti350-6 Ti375-6 Ti400-6 Ti425-6

50×50 265 ± 15 212 ± 27 331 ± 34 236 ± 40 328 ± 51 253 ± 15 235 ± 28 224 ± 22 310 ± 14 234 ± 18
10×10 200 ± 19 175 ± 19 257 ± 19 153 ± 8 234 ± 28 225 ± 13 226 ± 25 171 ± 16 251 ± 52 154 ± 9
2×2 33 ± 5 90 ± 25 167 ± 26 89 ± 26 111 ± 20 131 ± 30 115 ± 24 99 ± 10 130 ± 46 111 ± 25
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the coatings obtained from different targets. Bone shafts were firstly
released of tendons, fat and bone marrow and then deproteinized by
rinsing in the bleaching solution (daily refreshed) for 3 weeks until
complete deproteinization. For deproteinization, bleaching solution
containing 2.7 wt% of sodium hypochlorite was used without further
purification. Deproteinization was verified by performing FT-IR after 7,
14 and 21 days bleaching and TGA at 21 days. Then, whitish apatite
shafts were rinsed overnight in deionized water and ethanol to elim-
inate residual traces of the bleaching solution and left to dry at room
temperature up to constant weight. Dry bone apatite shaft were cut and
machined by a lathe into cylinders (30×5mm2) to have targets sui-
table for deposition by PED.

2.3. Thin film deposition

Thin films of biogenic apatite were realized by pulsed electron de-
position in the novel Ionized Jet Deposition (IJD) setup (Noivion Srl,
Rovereto, Italy) [19]. The deproteinized biogenic bone target was
mounted on a rotating target holder and ablated by a fast pulse (100 ns)

of high energy (10 J) and high-density (109W cm−2) electrons. The
“plasma plume” composed of the ablated material was directed toward
a substrate mounted on a rotating holder and located at a distance of
10 cm from the target. The vacuum chamber was initially evacuated
down to a base pressure of 1.0× 10−7 mbar by a turbomolecular pump
(EXT255H, Edwards, Crawley, England) and then raised by a controlled
flow of oxygen (purity level= 99.999%) up to 3× 10−4 mbar. The
working voltage and the electron beam frequency were set at 17 kV and
7 Hz, respectively. The parameters used in this work have been selected
based on preliminary studies regarding film growth at different accel-
eration voltages, frequencies and target-to-substrate distances. Films
thickness of (450 ± 20 nm, corresponding to 30min of deposition
time), was also selected based on preliminary results [17].

2.4. Post deposition thermal treatments

After deposition, part of the films was annealed in air (LHT02/16
furnace, Nabertherm GmbH, Lilienthal, Germany) at different tem-
peratures in the range 350 °C–425 °C. This range was selected based on
two considerations: (i) an abrupt increase in crystallization of hydro-
xyapatite is expected around 400 °C, the exact temperature being de-
pendent on the specific composition and the morphology of the hy-
droxyapatite layer [20] so heating in this range is expected to cause a
transition from highly amorphous to partially crystalline coatings, (ii)
higher temperatures can cause cracking phenomena, due to the onset of
an extensive crystallization of the apatite (data not shown). The effect
of heating duration was also taken into account that could also cause
modifications in films crystallinity and composition. Films were hold at
selected temperature for 1 or 6 h, with a heating/cooling ramp of
4 °Cmin−1.

Based on the described consideration, 10 experimental groups were
generated, labeled as in the following (Ti heating temperature [°C] -
heating time [h]): Ti (uncoated titanium), Ti-ad (as deposited, i.e. not
heat-treated), Ti 350-1, Ti350-6, Ti375-1, Ti375-6, Ti400-1, Ti400-6,
Ti425-1, Ti425-6.

Table 2
EDS elemental composition (wt% and at.% with standard deviation, s.d.) of Ti-
ad and Ti400–1 films obtained.

Ti-ad Ti 400-1

wt% s.d. at. % s.d. wt% s.d. at. % s.d.

Ca 18.02 0.03 11.16 0.01 14.7 0.5 9.3 0.3
P 7.59 0.03 6.07 0.01 6.3 0.3 5.2 0.2
Na 0.21 0.03 0.24 0.03 0.23 0.02 0.25 0.02
Mg 0.15 0.02 0.15 0.02 0.14 0.3 0.15 0.03
C 2.2 0.1 4.5 0.3 1.9 0.1 3.9 0.3
O 38.7 0.2 60.0 0.3 38.1 0.3 60.1 0.3
Ti 30.3 0.2 15.7 0.1 35.2 0.1 18.5 0.6
Al 1.79 0.01 1.64 0.01 2.00 0.07 1.86 0.08
V 1.09 0.02 0.53 0.01 1.41 0.04 0.70 0.02
Ca/P (at.) 1.84 ± 0.01 1.80 ± 0.12

Fig. 3. SEM image of Ti-ad (a); representative EDS spectra (b; top: Ti-ad; bottom: Ti_400) and maps of Ca (c) and P distribution corresponding to a).
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2.5. Film characterization

Film thickness, topography and roughness were evaluated by an
Atomic Force Microscope (AFM) operating in semi-contact mode at
ambient conditions (Stand-Alone SMENA AFM, NT-MDT, Moscow,
Russia). For the evaluation of film thickness, depositions were carried
out on flat silicon substrates, as high surface roughness of titanium
substrate hinders a correct evaluation of this parameter. To guarantee
that the very same conditions are achieved (i.e. same target-substrate
distance as for titanium substrates and that the same amount of ablated

material that reaches the substrate), silicon wafers were put inside the
deposition chamber together with the titanium disks on suitable stands.
The AFM was equipped with a SFC050 head, mounting silicon probes
with a guaranteed curvature radius of about 10 nm and resonance fre-
quencies of 190–330 kHz (NSG series probes, NT-MDT, Moscow, RU).
The reported values for the Root Mean Square roughness (RMS) were
calculated as average of the values obtained upon several non-over-
lapping sample regions, whose dimensions ranged from (10×10) μm2

to (2× 2) μm2. All the images were unfiltered, except for a 2nd order
leveling, and acquired with a resolution of (512× 512) pixels.

Fig. 4. (a) FT-IR spectra of the biomimetic films: bands characteristic of CHA (1455, 1419, 875 cm−1 [34,35] and HA (1090, 1030, 600, 570 cm−1 [36,37] are
detected. (b) XRD patterns of the biomimetic films: all peaks detected are characteristic of hydroxyapatite and/or CHA. A sure discrimination between CHA and HA is
not possible here, as low crystallinity causes XRD peaks to be broad and ill-defined.

Fig. 5. Plot reporting the values of water contact angle (CA) for pristine Ti and biomimetic films (a); optical images of the water drop on Ti (b), Ti-ad (c) and Ti-425-1
(d).
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Coating morphology was analyzed by a Scanning Electron
Microscope (EVO/MA10, ZEISS) equipped with an Energy Dispersive X-
ray Spectrometry system (EDS, INCA Energy 200, Oxford Instruments,
Abingdon-on-Thames, UK) for the elemental composition. Spot che-
mical analyses and elemental maps (1500 s) were acquired at both
working at 20 kV. Special attention was devoted to the presence of trace
ions in the coatings (mostly, Mg and Na).

Film composition was analyzed by GI-XRD (Panalytical X'Pert PRO,
grazing incidence mode, angle ω=2°, φ=180°, scan step size 0.0167,
time per step 250.190). XRD patterns were collected in a range
2θ=3–15° and 20–34° to investigate the areas relevant for calcium
phosphates while excluding the peaks of titanium. Functional groups in
the coatings were examined by FT-IR (Perkin Elmer Spectrum two,
resolution 1 cm−1, accumulations 64 scans), to determine calcium
phosphate phases composing the films.

Surface wettability was characterized by water contact angle (CA)
measurement (Digidrop contact angle meter, GBX Instrumentation
Scientifique, Romance, France). The volume of the drop was ~0.50 μL,
corresponding to a contact radius with the surface, uncoated or coated,
of ~0.5 mm. Contact angle values were acquired on at least five dif-
ferent positions over the sample surface and the mean value was pro-
vided.

To evaluate the adhesion of the films to titanium substrates, micro-
scratch tests were performed following the procedures reported in the
relative standard normative [21], by using a Micro-Scratch Tester
(MST, CSM Instruments — Anton Paar S.r.l, Peseux, Switzerland).
Specifically, a conical Rockwell C stylus with spherical apex indenter
tip (angle 120° and sphere radius 100 μm) subjected to a progressive
normal loading from 0.01 to 10 N moved across the surface of the
coated sample with an indenter traverse speed of 10mmmin−1 and a
loading rate of 10 Nmin−1. For each considered group, two coat-
ed‑titanium substrates were investigated on the surface of which six

scratches were made. The worn tracks were investigated to determine
the failure modes of the coating and associate them with the critical
normal load at which they occurred (Lcn).

Additional qualitative information about the degree of adhesion of
the films under conditions closer to the real ones, were provided by
inserting and removing auto-drive titanium dental screws coated with
biomimetic films in a rigid polyurethane foam simulating cortical bone
(Sawbone®, Washington, USA). Briefly, biomimetic coatings were de-
posited on one side of the titanium dental screws; then the deposition
was repeated by rotating the screw of 180°, in order to cover the whole
screw surface. Part of the samples were annealed according to the
conditions determined in the first stages of the research (400 °C, 1 h); as
deposited screws were examined for comparison sake to confirm the
positive effects of the thermal treatment on coatings adhesion. Coated
screws were inserted then removed from a Sawbone block (mimicking
the mechanical properties of cortical bone) at a fixed torque load. Then,
eventual damage caused to the coatings was evaluated by examining
the surface of the screws by SEM, before and after insertion/removal
procedure. Five as-deposited coated screws and five annealed coated
screws were tested, and compared to uncoated references.

2.6. Statistics

All data are presented as mean ± standard deviation. For the
analysis of the results of micro-scratch tests, after assessment of the
normality of data distribution by the Kolmogorov–Smirnov test, the
Kruskal-Wallis test was used to compare critical load values among
different samples. If a significant difference was observed, comparison
was than performed between each coupling by using two-sided
Wilcoxon rank sum test with a level of statistical significance α=0.05.

3. Results and discussion

3.1. Target preparation and characterization

The process used for obtaining the biogenic bone targets is sche-
matically depicted in Fig. 1a. After 3 weeks of immersion in the sodium
hypochlorite solution, deproteinized bone shafts appeared whitish and
the relative FT-IR spectra did not show clear bands owing to amide I
and II of collagen (1659 and 1555 cm−1, Fig. 1b), indicating the ef-
fectiveness of the deproteinization process. Bone target showed bands
characteristic of functional groups of carbonated HA (CHA) - 1448,
1413 cm−1, (asymmetrical and symmetrical stretching modes of ν3
CO3), 1017 cm−1 (antisymmetric stretching mode v3PO4), 871 cm−1(ν2
CO3) - and, to a lower extent, octacalcium phosphate (OCP) -
1644 cm−1 (ν2 H2O bend), 963 cm−1 (ν1 PO4 symmetric stretch) - and
hydroxyapatite (HA) - 963 cm−1 (ν1 PO4 symmetric stretch), 602 and
566 cm−1 (ν4 PO4 antisymmetric bend), 469 cm−1 (ν2PO4 bend). Stoi-
chiometric HA target, exhibiting all characteristic bands of HA: 1089
and 1027 cm−1 (ν3 PO4 antisymmetric stretch), 961 cm−1 (ν1 PO4

symmetric stretch), 631 cm−1 (νLOH or H2O libration), 600 and
566 cm−1 (ν4 PO4 antisymmetric bend), 473 cm−1 (ν2 PO4 bend)
[22–25], has been reported for clarity sake. EDS analysis of the bone
target confirmed the presence of Na and Mg among the other elements
(Fig. 1c), in comparable amounts to what can be found in literature
relating to bovine bone composition [26].

3.2. Biomimetic apatite films deposited on titanium alloy substrates

SEM and AFM images of biomimetic films (thickness ~ 450 nm)
deposited on titanium alloy substrate are in Fig. 2. Morphology and
grain size did not significantly vary between as-deposited and heat-
treated samples and among samples treated at different annealing
conditions (data not shown), thus, only SEM and AFM images of Ti400-
1 are reported in Fig. 2, for brevity sake.

Films obtained on the rough titanium substrates are highly

Fig. 6. Results of micro-scratch tests. Critical failure loads for partial (Lc1) and
complete (Lc2) delamination for as-deposited and heated samples for 1 h (a)
and 6 (h).
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Fig. 7. Results of the insertion test. Representative SEM images of a dental screws before (a, b) and after coating deposition (c–d). Details of a coated screw with
untreated (e) and 400 °C treated (f) biomimetic coating before insertion in Sawbone block. Details of a coated screw with an untreated (g, i) and 400 °C treated (h, j)
biomimetic coatings after removal from Sawbone block.
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homogenous (Fig. 2c, e) and composed by round-shaped grains (Fig. 2d,
f), characteristic of the techniques based on pulsed electron or laser
ablation [27,28], with mean lateral size ranging from ~50 nm to
~200 nm. Machining features and surface roughness at the micro-scale
are generally selected by the implants producers to maximize implant
primary stability and promote integration in the surrounding bone
[29,30]. Thus, it is desired that a coating does not modify those feature
(micro-topography), while, at the same time, providing additional
functional properties to the implant. Further, the nanostructured
coating, by directly reflecting into a higher surface area, is envisaged to
promote both in vitro and in vivo protein adhesion and thus bone cell
adhesion and proliferation and eventually new bone formation [31,32].

As evidenced by the SEM images, the film deposition has only
slightly modified the original micro structure of the substrate as its
machining traces, a few hundreds of nanometers high and separated by
a distance ranging from fraction of microns to a few microns (Fig. 2b),
were simply mimicked and thus are still clearly detectable (Fig. 2d-f); in
other words, the deposition is conformal. In a previous work, this group
has suggested that the above “memory” effect, which is characteristic of
the deposition of thin films on high aspect-ratio substrates, takes place
over a range of thicknesses that can be assessed quantitatively by sta-
tistical methods [33]. In the present case, the multiscale arrangement
between the micro-rough substrate and the nanostructured coating can
be also appreciated by observing the RMS values extracted by the
corresponding AFM images, and reported in Table 1. The images evi-
dence how the size of the corrugation of the bare substrate affects
strongly the film morphology at 50×50 and 10×10 μm2 while at
2× 2 μm2 – e.g. at length scales comparable with the intra-scratches
spacings – the film is no longer conformal; this is reflected by the
dramatic alteration of the corresponding RMS values with respect to the
uncoated surface. Finally, no significant variation was evidenced in the
RMS with different temperatures and/or heating times.

3.3. Coating composition and phase structure

The results of the compositional analysis have been reported in
Table 2. Due to substantial chemical similarity among all the samples,
representative results for Ti-ad and Ti 400-1 have been reported. No-
ticeably, trace ions characteristics of ionic substitution in bone apatite
are preserved in the deposited films, including Mg and Na, similarly to
what observed in the starting bone target (Fig. 1c). This demonstrated
the IJD technique allows obtaining a perfect correspondence between
the composition of the target material and that of the obtained coatings,
also for what regards trace ions.

As can be inferred from Fig. 3c and d, the distribution of the ele-
ments was highly homogenous across the whole samples.

FT-IR and XRD (Fig. 4) indicate that the coatings are constituted by
hydroxyapatite (HA) and carbonated hydroxyapatite (CHA), as the
following bands are detected: 1455, 1419 cm−1, (asymmetrical and
symmetrical stretching modes of CO3ν3), 871 cm−1(ν2 CO3), 1089 and
1030 cm−1 (ν3 PO4 antisymmetric stretch), 600 and 570 cm−1 (ν4 PO4

antisymmetric bend) [22]. The presence of octacalcium phosphate
(OCP) can be excluded as no peaks are detected in the 2ϑ=3–15° area
of XRD patterns, for any of the samples (data not shown).

No significant differences are assessed in the composition of the
coatings by any of the techniques, as no phases other than HA and CHA
are detected, independently of heating temperature and duration. All
samples heated for 6 h, however, present a lower content of CHA (see
bands at 1465, 1429, and 870 cm−1) with respect to those heated for
only 1 h.

Interestingly, the similarity of the coatings to real bone is denoted
by the presence of a band at 870 cm−1 in FT-IR spectra, that according
to Ref. [38], is characteristic of carbonates, but also characterizes cal-
cium-deficient and/or non-stoichiometric HA.

Together with composition, also crystallinity plays a key role in
determining the behavior of the cells, as it determines the speed and

intensity of ion-release. In particular, a crystallinity similar to that of
bone, is desired. Films deposited by PED at room temperature are
amorphous or scarcely crystalline, as can be noted by the broad shape
of FT-IR bands and XRD peaks, which would make them experience too
fast a dissolution and leads to coating detachment, causing scarce ad-
hesion and proliferation of host cells [18]. As a consequence, post-
treatment annealing was needed. Crystallinity degree is significantly
lower for samples AD and 350-1h, while it is essentially identical for the
others. It must be noted here, that slight variations in crystallinity de-
pending on the heating temperature, could be concealed by the wide
shape of XRD peaks, characteristic of grazing incidence setup.

Preliminary data indicate that a crystallinity similar to that of bone
as the one deposited by IJD, significantly increases adhesion of the films
and promotes host cells behavior [17,18]. However, the temperature
needed to obtain a suitable crystallinity can significantly vary, de-
pending on apatite composition and on the heating environment [20].

3.4. Film hydrophilicity

The apposition of the thin apatite layer increased the wettability of
the surface compared to the uncoated titanium substrate, that is mod-
erately hydrophobic (≈68°, see Fig. 5). Thermal treatments above
400 °C significantly increased the wettability of the samples, up to
nearly superhydrophilic values (5÷15°) for samples treated at 425 °C.

Among the range of chemo-physical stimuli contributing to de-
termine the final wettability of the implant, surface chemistry, surface
energy and micro-, sub-micro- and nanoscale topographical features
play a major role [39]. Thus, as already observed in previous studies
regarding natural or synthetic hydroxyapatite deposited by IJD
[9,17,40], here surface chemistry overwhelmed the surface roughness
(that was similar among the different samples) into determine the final
wettability of the material. Most studies have demonstrated that hy-
drophilic surfaces are capable of enhancing cells adhesion, prolifera-
tion, differentiation and bone mineralization compared to hydrophobic
surfaces [41,42]. As a consequence, biological properties of heated
samples are expected to be significantly improved compared to as-de-
posited CaP.

3.5. Adhesion to flat titanium

Critical failure loads for partial (Lc1) and complete (Lc2) delami-
nation have been reported in Fig. 6.

As-deposited films exhibited scarce adhesion to the titanium sub-
strate; however, the relatively low-temperature annealing process sig-
nificantly increased the resistance of the coatings to both partial and
complete delamination. Films Ti-350-1h show a slight increase in the
adhesion, that becomes more significant when heating time is pro-
longed to 6 h. All films heated at 400 °C and above exhibit similar ad-
hesion, significantly higher than that of as-deposited and Ti-350-1h
films. No obvious effect of the annealing time on the adhesion was
detected, apart from samples treated at 350 °C, where the longer an-
nealing time increased the resistance to both partial and complete de-
lamination. Failure loads for partial and complete delamination were in
good agreement with results for HA coatings deposited by competitive
techniques, being mainly PLD [43,44], reporting critical load up to
~2–3 N for films with similar properties. The results of the scratch tests
closely match data obtained by FT-IR and XRD concerning films crys-
tallinity, that is very scarce for as-deposited films, slightly increases for
Ti-350-1h and is remarkably higher for the other heating conditions.
Films annealed at 350 °C, for which a difference in crystallinity exists
depending on heating duration (that is not assessed for any other
heating condition), are the only ones to exhibit relevant differences in
adhesion. This clearly indicates that adhesion is essentially determined
by film crystallinity.

Based on the data obtained, heating at 400 °C for 1 h was selected as
the most promising annealing condition, based on the following
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considerations: (i) As-deposited films and films annealed at 350 °C ex-
hibited too low an adhesion to the substrate, good adhesion being one
of the key parameters to determine the performance of coatings, hence
they were discarded. (ii) The decrease in the content of CHA with re-
spect to HA observed in samples heated for 6 h compared to 1 h, in-
stead, pushed to exclude the first, as it decreases the similarity to the
deposition target. This similarity, in fact, is expected to boost biological
behavior of the coatings, based on the biomimetic principle. (iii)
Hydrophilicity of the films increases at 400 °C and above, which is
another desired characteristic that favors host cells adhesion. (iv) No
differences are assessed between Ti-400-1h and Ti-425-1h, so heating at
the lowest temperature is preferred, as cracking phenomena were al-
ready observed at 500 °C (data not shown) and slight variations in the
propensity to cracking could be experienced for varying coatings
characteristics.

3.6. Dental screw insertion test

An important task of an industrially-scalable deposition technique is
the possibility to coat non-prototypical surfaces, i.e. objects having
complex shape in the 3D space and relatively important lateral di-
mension. To test this ability with our IJD system and to better evaluate
the adhesion degree of the biomimetic films under conditions resem-
bling more closely the real ones (i.e. simulating the insertion of a dental
screw in cortical bone). To this aim auto-drive titanium dental screws
were coated with biomimetic films in a two-step procedure, as de-
scribed in the “Materials and Methods” section.

SEM images of coated screws indicated that coating obtained are
highly homogeneous, both on the top of the ridges as well as inside the
screw valleys, as no uncoated areas were spotted in any part of the
screws surface (Fig. 7c-f). Moreover, the original micro-structure of the
screw surface, as its machining lines, was preserved after the film de-
position as expected by the results of deposition on machined titanium
seen before.

Importantly, inspection of the screw surface after (insertion and)
removal from the Sawbone blocks indicated that most of the coating has
not been damaged by the operation (Fig. 7g, h), besides some small
portions located at the ridges which have been detached in corre-
spondence to the higher mechanical stress to which they were subjected
(Fig. 7i, j). Finally, no evident effect of the thermal treatment on the
adhesion of the film to the titanium substrate was detected under the
investigated conditions, indicating that the deposition of highly rough
surfaces can promote coating adhesion, even in the least favorable
conditions.

Overall, the results of the insertion test suggested an adhesion de-
gree of the biomimetic films to the titanium screws suitable for real
applications.

4. Conclusions

In this work, the morphological, chemical, micro-structural and
mechanical characteristics of biomimetic thin films for bone regenera-
tion have been reported and compared. Biomimetic coatings were
manufactured by pulsed electron ablation of a biogenic target. Different
thermal treatments have been compared (from 350 °C to 425 °C, 1 h and
6 h of treatment) to optimize coatings crystallinity and adhesion to the
substrate.

Based on the obtained results, the following conclusion can be de-
rived:

⁎ Biomimetic coatings can be effectively manufactured by direct ab-
lation of a fully-deproteinized biogenic source. EDS analysis re-
vealed that the coatings exhibit composition well mimicking that of
the target, particularly with regard to Ca/P ratio (≈1.8 for the bone
target; ≈1.6 for the bone coating) and amount of Mg and Na ions,
and a nanostructured surface texture providing high surface

roughness, especially at small length scales (RMS of bare
Ti≈ 30 nm; RMS of coated Ti from 90 to 170 nm, see Table 1).

⁎ As deposited coatings are highly amorphous, hence post deposition
treatments are recommended to enhance coatings characteristics.
Upon annealing, crystallinity of the coatings can be optimized, so as
to resemble that of bone (Fig. 4). As a consequence of annealing,
hydrophilicity (water contact angle of 55° for as-deposited coating;
≈5°–10° for annealed coatings) and adhesion to the substrate
(Fig. 6) also increase, both being key parameters to guarantee pro-
osseointegrative efficacy.

⁎ For the specific conditions (i.e. target material, nanostructured
surface texture, sub-micrometric thickness), a significant transition
in crystallinity from highly amorphous to partially crystalline apa-
tite is achieved at temperatures of 350 °C and above, also depending
on heating duration.

⁎ The selected post-deposition treatment consists in heating the
coated materials at 400 °C for 1 h. For these coatings, remarkable
adhesion is found also for deposition onto objects of complex shape,
such as dental screws, with minimal removal of coating after in-
sertion/removal of the coated screw from the Sawbone blocks.

In view of these conclusions we believe that the coatings are very
promising for application to bone implants. An extensive character-
ization is in progress to fully investigate in vitro behavior of the de-
veloped coatings, also depending on deposition and post-deposition
conditions.
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