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Preface to ”Ion-Substituted Calcium Phosphates

Coatings”

Calcium phosphates (CaPs) in the form of bulk materials and coatings have found application in

numerous fields spanning from biomaterials to cultural heritage conservation and water treatment.

In fact, this class possesses particular and versatile characteristics that make them appealing for

different applications. Among CaPs, hydroxyapatite is that most widely investigated as it is similar

to the mineral phase of bone, which has boosted its application in biomaterials in past decades.

Lately, however, attention has also been drawn to other classes of CaPs having different solubility

and degradation profiles, thus achieving a wide spectrum of materials to be selected based on the

specific need. Brushite, alfa- and beta-tricalcium phosphate, and octacalcium phosphate coatings are

generating increasing interest and are being explored by a constantly growing number of papers.

In addition, hydroxyapatite and CaPs can easily accommodate foreign ions, either incorporated

into the lattice or adsorbed on the surface, all altering hydroxyapatite crystallinity, solubility,

and overall properties. This can be exploited to guarantee additional properties (i.e., antibacterial,

antiosteoporotic, antitumor efficacy) but can also affect nucleation when undesired, like in the

case of substrate contamination. For these reasons, several research efforts have been devoted to

the development of ion-substituted calcium phosphate coatings through wet and plasma-assisted

techniques as well as on the study of hydroxyapatite nucleation in the presence of substrate

contaminants. This Special Issue is a collection of contributions regarding the main advances in

the field of ion-doped CaPs and their applications. The synthesis and deposition of ion-substituted

calcium phosphate coatings are explored together with nucleation of calcium phosphate coatings in

the presence of substrate contamination. The relevance of specific ion substitutions (e.g., magnesium,

strontium, silver, zinc) on the properties and/or the behavior of substituted hydroxyapatites is

reviewed with a special focus on their exploitation for the development of antibacterial CaPs.

To achieve these aims, different techniques are used to improve the control over ion-doping of calcium

phosphates, and advanced characterization techniques are proposed to investigate their properties.

Gabriela Graziani, Enrico Sassoni

Editors
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Abstract: Plasma sprayed coatings composed of stoichiometric hydroxyapatite have been extensively
used to improve integration of metallic implants in the host bone, as hydroxyapatite (HA) is normally
regarded as similar to the mineralized phase of bone. However, these coatings exhibited several
drawbacks that limited their success. On the one hand biological apatite is a carbonated-HA,
containing significant amounts of foreign ions, having low crystallinity and a small crystals size.
This means that it differs from stoichiometric HA in terms of composition, stoichiometry, crystallinity
degree, crystal size/morphology and, as a direct consequence, solubility, and ions release in the
peri-implant environment. On the other hand, thick plasma sprayed coatings can undergo cracking
and delamination and are scarcely uniform. For these reasons, research is pushing into two directions:
(i) Increasing the similarity of apatite coatings to real bone, and (ii) exploring deposition by alternative
plasma assisted techniques, allowing to achieve thin films, and having superior adhesion and a better
control over the coating composition. In this article, we review the latest advances in the field of
plasma-assisted deposition of ion-substituted hydroxyapatite thin films, highlighting the state of the
art, the limitations, potentialities, open challenges, and the future scenarios for their application.

Keywords: calcium phosphates; ion-substituted apatites; bone regeneration; plasma-assisted
deposition; solubility; crystallinity; composition

1. Introduction

Orthopedic implants are still burdened by high failure/revision rates, posing relevant economical
and societal challenges [1–13].

To avoid failure, implants must integrate in the host site, which requires the capability to trigger
host bone cells response without eliciting any immune reaction [14,15]. However, implants also
need to burden physiological loads, which can be high and multiaxial, and must not be fragile,
hence why metallic implants are normally used, that are bio-inert. A common route to overcome
bio-inert behavior of metallic implants and boost integration is to coat their surface with layers
having osseointegrative capabilities, so as to render the implant bio-active [16,17]. These coatings
are traditionally manufactured by plasma spraying, and have quite significant thickness (comprised
between ~30 and 200 μm) [17].

According to the “biomimetic principle”, the biological behavior of a device for bone replacement
can be boosted by using a biomaterial as similar as possible to real bone in terms of its composition,
crystallinity, lattice dimensions, and Ca/P ratio [18]. This, in the field of bone regeneration, has pushed
towards an extensive use of hydroxyapatite (Ca10(PO4)6(OH)2, HA), as a bone substitute, in view of its
similarity to the inorganic phase of mineralized tissues of vertebrates [16,17,19].

However, clinical results obtained by these traditional coatings are not as promising as expected,
and generally not superior to those obtained by bare titanium. This can be ascribed to two main
reasons:

Coatings 2018, 8, 269; doi:10.3390/coatings8080269 www.mdpi.com/journal/coatings1
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(i) Despite the assumed similarity between biological apatite and stoichiometric apatite having
been referred to for decades, they exhibit significant differences, from several points of view.
Firstly, in terms of composition, bone apatite is a multi-substituted carbonated HA [18,20,21].
Each substitution can influence the characteristics of the lattice, thus having an impact on its
stability, crystallinity degree, crystal size and morphology, all influencing its solubility and,
ultimately, ion release in the biological medium [18,20,21]. In addition, several of these ions
can have a significant biological role, directly influencing host cells response and/or exerting
a therapeutic role, generally in a dose-dependent manner, hence their presence and amount in
the peri-implant environment is significant [18,21].

(ii) Due to relatively high thickness, plasma sprayed coatings have a high tendency to cracking and
delamination [16,22,23]. In addition, coating manufactured by PS exhibit scarce uniformity in
terms of thickness, phase composition and microstructure [16,22,23]. These two aspects have
been hampering the performance of these materials.

For this reason, in the last years, research has been pushing into two directions, to overcome these
issues:

(i) Ion-substituted apatites are being investigated, instead of stoichiometric hydroxyapatite.
(ii) Novel plasma-assisted techniques have been emerging, allowing to deposit thin films,

with superior adhesion to the substrate and lack of tendency to crack.

In addition, an even more recent route is to deposit coatings directly from bone apatite precursors,
which is made possible by plasma-assisted techniques.

Here, we review the literature regarding deposition of ion-substituted apatites by novel thin film
plasma-assisted techniques, with special attention to deposition from biological precursors, to highlight
the potential, issues and challenges connected to this approach. The focus is on coatings aiming at
promoting osseointegration, by a composition as similar as possible to the real bone, hence the Review
will be centered on substitution by ions present in the bone. However, because ion-substituted apatites
coatings are getting increasing attention for several applications and especially for infections, literature
regarding silver-doped hydroxyapatite will be briefly discussed in Section 6, which discusses future
perspectives on this topic.

2. Plasma-Assisted Methods for Calcium Phosphate (CaP) Deposition

Plasma-assisted techniques offer some advantaged compared to wet methods and to traditional
plasma spraying. Compared to wet synthesis, they allow for much faster coating of the surface
thanks to generally high deposition rate, which is an important advantage from an industrial point of
view [21]. In addition, they are industrially scalable, which is also boosting their application. Compared
to plasma spraying, they allow for an easier transfer of the target composition, a better uniformity
in terms of morphology and composition, a lower porosity and a lower tendency to cracking and
delamination [16,22].

Among plasma-assisted techniques, the most used in the biomedical field, for manufacturing thin
films for bone implants are radio-frequency magnetron sputtering (RF-MS) and pulsed laser deposition
(PLD). Matrix-assisted pulsed laser evaporation (MAPLE) and pulsed electron deposition (PED) are
emerging techniques, allowing a fine control over film stoichiometry and composition and are gaining
increasing interest, hence they will be included in the review.

In magnetron sputtering (MS), deposition takes place starting from the ionization in vacuum
of a target material by means of negatively charged magnets [17]. Although two different modes
are available, direct current (DC) and radio-frequency (RF); CaP coatings (and, more in general,
non-conductive materials), can be deposited only by the latter [17]. MS allows an easy deposition of
multi component coatings, by deposition from multi-component ceramic targets or simultaneous
deposition from different targets [24]. Coatings can be very thin (average thickness being
~40 nm–3.5 μm) and can effectively cover surface irregularities, while maintaining a uniform thickness.

2
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In addition, they are dense and pore-free [16]. As for all plasma assisted techniques, substrate
temperature and deposition time are critical in determining the characteristics of the produced films,
but in the case of MS those also have a key role on composition [16]. Films can be deposited at
room temperature, which allows coating of heat-sensitive substrates; however, scarce adhesion has
been reported for deposition at room temperature, in absence of substrate preparation and/or post
deposition treatments. As for all plasma assisted techniques, as-deposited films are amorphous,
but both deposition at high temperatures or post deposition annealing are effective strategies to obtain
the desired crystallinity degree. Post deposition annealing also allows to tailor surface morphology and
roughness to a certain extent. Deposited coatings are generally highly adhesive (bonding strength to the
substrate >30 MPa) and exhibit suitable bioactivity. One of the main limitations of this technique is that
the coatings composition might differ from that of the deposition target material, also depending on
sputtering system and parameters. This, for calcium phosphates, can be very relevant, as significantly
different properties can be obtained for slight variations in composition, Ca/P ratio and amount of
ionic substitutions. In particular, the Ca/P ratio of the films might vary in a very wide range (1.6 up to
2.6 or even higher) and is normally higher than that of the HA target, due to preferential sputtering of
calcium and/or to evaporation of P2O5 [16,24].

In PLD, the target to be deposited is ablated by a focused, high power, pulsed laser beam.
As a consequence, a plasma plume forms that is accelerated towards the substrate where deposition
occurs. Coatings obtained by PLD can be very thin and much below 1 μm. The characteristics of the
deposited films are strongly dependent on deposition parameters that determine their morphology,
composition and crystallinity. As for MS, as-deposited films are amorphous, but higher crystallinity can
be achieved depending on deposition temperature and possible post-deposition heating treatments.
However, because deposition can occur at room temperature, coating of heat sensitive substrates
is allowed. Substrate temperature and post treatment annealing also have an impact on the final
characteristics of the coatings and in particular on the composition and stoichiometry of the coatings.
Despite this, PLD allows for a fine transfer of the target composition. This precise control over
stoichiometry makes it possible to deposit multicomponent coatings from one same target [16,17,25,26].
Finally, PLD coatings generally exhibit high adhesion to the substrate, good biocompatibility
and bioactivity.

When delicate organic or biological matter or thermally unstable phases needs to be deposited,
a modification of PLD can be used, namely Matrix-assisted pulsed laser evaporation (MAPLE).
MAPLE prevents the laser source from damaging the target, that is a frozen mixture of the “active”
biomaterial (up to 5 wt.%) in volatile solvent, gradually removed by a vacuum system as the deposition
proceeds [17,27,28]. The solid target is kept frozen during laser irradiation, so as to prevent evaporation;
this is achieved by a cooling system inside the chamber and instant-freezing of the targets by immersion
in liquid nitrogen. The solvent is chosen to absorb the laser wavelength, that is also tailored to prevent
damage of the target, thus avoiding interactions between the laser and the material, allowing the
release of the undamaged delicate active matter, that is deposited on the substrate.

More recently, pulsed electron deposition has been proposed as an alternative to PLD also for
applications in the biomedical field [29–31]. In PED the target material if ablated by a high energy
pulsed electron beam instead of a laser source; a plasma plume is formed at each pulse and the target
material is ionized and deposited onto the substrate [32]. Due to the lower cost of the ablation source,
PED is more competitive from an economical point of view, compared to PLD. As in the case of PLD,
films deposited by PED are composed by globular aggregates and exhibit high roughness, which makes
it suitable for promoting host cells behavior [33]. Films obtained are amorphous, but post deposition
annealing can be performed to obtain the desired crystallinity degree [34,35]. Films obtained are highly
adhesive, adhesion also being influenced by post deposition annealing [36]. Mechanical properties
achieved are comparable to those obtained by plasma spraying [36]. Finally, good biocompatibility
and bioactivity have been reported [33].

3
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3. The Role of Ionic Substitutions in Hydroxyapatite

The main ionic substitutions present in bone are reported in Table 1. The most diffused substitution
is CO2−

3 for OH− (A-type substitution) or for PO3−
4 (B-type substitution), followed by and Cl− and F−

for OH− [19]. In addition, magnesium, strontium, zinc, and manganese substitutions for calcium, and
silicates for phosphates are also present in bone [20,21,37,38]. The amount of these substitutions can
significantly vary between different tissues (i.e., bone, dentine, enamel), animal species, types of bone,
anatomic sites, etc. [21]. In addition, significant differences can be assessed depending on the patient
age, sex, and pathologies.

Ionic substitutions are relevant, as each of them have an influence on HA crystal lattice and hence
on its solubility. In addition, some of them have significant biological impact and can have therapeutic
effects [19,21]. Those have been largely investigated to obtain substitute HAs for bone regeneration
and are their role is reviewed below.

Carbonates cause a decrease in a-axis and decrease in c-axis of HA, this renders the structure
is less crystalline and, as a consequence, more soluble and more bioactive [19,21,39]. Magnesium,
the main substitution for calcium in HA, causes a decrease in the c-axis of the lattice, acts as an inhibitor
of HA nucleation and crystallization and destabilizes its structure. Because Mg-HA is less crystalline
than stoichiometric HA, it also has higher solubility [19,21,40]. In addition, Mg is an essential element
for living organisms, as it is a key factor in the activity of several enzymes [40]. In bone, Mg influences
metabolic activity and growth, by acting on osteoblasts and osteoclasts. As a consequence, scarce
concentrations of magnesium can cause osteopenia or fragility [40]. Fluorine substitution for OH−

causes a decrease in the a-axis and in the c-axis, the latter being lower by an order of magnitude
compared to the first. As a consequence, the lattice gains a strong symmetry, that results in an increased
stability and a lower solubility [21]. The effect on bone cells, instead, is controversial, as F− itself can
boost cells attachment, but the lower solubility causes a reduced availability of Ca2+ ions decreasing
cells proliferation. Lastly, fluorine is expected to be an effective anti-osteoporotic agent [21,41].
Strontium can be incorporated in bone by both ion exchange and ionic substitution [19]. The effect of
substitution of Sr for Ca is dose-dependent: High concentrations of Sr increase crystals dimensions
and crystallinity, while low concentrations cause an opposite effect (decrease in crystallinity and
crystalline length), and a distortion of the lattice, both leading to a significant increase in solubility [19].
Interestingly, solubility can be further increased by Sr substitution in carbonated hydroxyapatite (CHA),
instead of HA. From a biological point of view, Sr increases the mechanical strength of bone [21] and
has an anti-osteoporotic effect [19–21]. In fact, strontium ranelate, a strontium-based drug used
against osteoporosis, can boost osteoblast activity while inhibiting osteoclasts [20,21,24,37,38,42,43].
Sr capability to improve bone regeneration has also been demonstrated by tests in vivo [17,20,37,38,42].
As for the effect on crystallinity and solubility, also in vitro and in vivo behavior of Sr is dose-dependent.
Silicon is normally incorporated in biogenic HA because of SiO4

4– substitution for phosphate
groups [19]. This substitution increases HA solubility, also because formation of amorphous phosphate
phases is promoted, the apatite microstructure becomes finer and, finally, silicates form defects at grain
boundaries [19]. Even at concentrations of about 1 wt.%, silicon can exert significant biological impact
and it is reported to enhance in vivo bioactivity and bone regeneration [44]. Zinc is a trace element
in bone [19,21], that can substitute for calcium, thus acting as a crystallinity inhibitor. Despite its low
concentration, it has a key biological role, as it can act as a co-factor for several enzymes, can impact on
nucleic acid metabolism and promote bone formation and regeneration by favoring osteoclasts activity
and decreasing that of osteoblasts [19,21]. Manganese is also a trace element, acting as a crystallinity
inhibitor [19]. Depending on the concentration, it can alter HA morphology to a different extent, which
has an impact on the apatite bioactivity [19]. Mn has a role in bone remodeling and the influence of
Mn-doped carbonated hydroxyapatite on osteoblasts activity has been demonstrated [19,29,45].
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4. Deposition of Ion-Substituted Apatites by Plasma-Assisted Techniques

A scheme of literature about plasma assisted deposition of ion-doped apatites in reported
in Table 1.

Table 1. Available literature on ion-substituted coatings realized by thin film deposition techniques.
F: Only data relative to coating fabrication and characterization available; V: Data from biological
in vitro test available; VV: Data from biological in vivo test available.

Deposition Technique
Carbonate Mg F Sr

F V VV F V VV F V VV F V VV

MS [46] [47] [48] [1,38] [43]

PLD [39,
49] [50] [51] [40] [52] [42] [19]

MAPLE [27] [27,
53]

PED [36]

Deposition Technique
Si Zn Mn Biogenic Sources

F V VV F V VV F V VV F V VV

MS [54,
55]

[56,
57] [56] [47]

PLD [53] [58] [49] [45] [50] [26,
29]

[27,
28,
33]

[35]

MAPLE
PED [34] [33]

4.1. Deposition by Magnetron Sputtering

Deposition of carbonated hydroxyapatite (CHA), magnesium-doped hydroxyapatite (Mg-HA),
fluorine-doped apatite (FA), strontium-doped apatite (Sr-HA), silicon doped-apatite (Si-HA), and
zinc-doped apatite (Zn-HA) has been reported by magnetron sputtering [39,46].

Regarding carbonated hydroxyapatite, high adhesion (measured by pull-out test) has been
obtained for different substrates, further increased when co-sputtering of titanium is performed [46].
Quite fine control over stoichiometry of the films has been achieved (Ca/P 1.80) [46].

Sputtered CHAs are biocompatible, as no toxicity is registered towards host cells. Further,
suitable adhesion, viability and proliferation of osteoblasts have been reported. In vitro tests showed
mineralization after 21 days immersion in simulated body fluid (SBF), and human bone marrow
derived MSCs differentiation in human osteoblasts-like cells (hOBs).

Mg-HA coatings have been deposited by targets with variable magnesium content. In vitro tests
indicated high adhesion (by pull-out test) and viability of osteoblasts, though not superior to that
obtained on pure HA. The authors ascribed this behavior to amorphous nature of both coating, leading
to too high a dissolution, making it impossible to discriminate between the effects of the two.

Fluorine-substituted apatite, deposited on Ti and Ti/Si by right-angle MS, indicated a general
decrease in HA grain size, independently from the substrate. Crystallinity of the coatings depends
on deposition time, as short sputtering times (i.e., 5 min) led to disordered nanocrystalline phases,
while longer times allowed for an increase in crystallinity [47]. However, either pre-heating or post
treatment annealing (at temperatures up to 300 ◦C) allowed for significant increases in crystallinity
of coatings deposited at room temperature. In particular, by pre-heating, suitable crystallinity can be
obtained for temperatures lower than those required for post-deposition annealing [47].

Sr-HA has been deposited both by Sr-HA targets with variable Sr/(Sr + Ca) ratio and
by co-deposition from different targets. Deposition on titanium alloys and silicon has been
reported [1,24,38,43]. Interestingly, the content of Sr was found to influence sputtering rate.

Scarcely crystalline coatings were obtained, where successful incorporation of Sr in the apatite
lattice was achieved [43]. Upon annealing, crystallinity of the films increases and morphology and
adhesion experience modifications, as do the (Sr + Ca)/P ratio and the presence of by products
(CaO and Sr(OH)2). Coatings obtained are calcium deficient, as a Ca/P ratio of 1.18 was reported.

5
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A (Ca + Sr)/P ratio of 1.26 was found, that also is modified by annealing, that increases Sr content
with respect to calcium. The (Ca + Sr)/P ratio is lower than that of the target, due to a preferential
sputtering of Ca compared to Sr, deriving from different atomic weight. Deposition from multiple
targets results in a generally higher ratio [1,38,43]. Remarkable adhesive strength to titanium has been
reported—higher than that of stoichiometric HA [24].

As expected, Sr does effectively increase osteoblasts activity and decrease that of osteoclasts,
which is clearly indicated by the fact that proliferation and differentiation is higher compared to pure
HA [43].

Sputtered silicon-doped apatite (Si-HA) was deposited by both silicate-substituted HA targets
and by co-sputtering of Si and HA targets, as seen for Sr. Different substitutions levels were obtained
(i.e., Ca10(PO4)6−x(SiO4)x(OH)2−x, x = 0, 0.25, 0.33, 0.5) [48]. Silicates can be incorporated in significant
amounts, as they can prevent incorporation of carbonates [3].

Even though all deposited coatings are amorphous, crystallinity degree depends on the amount
of Si (crystallinity decreases for increasing Si content) [49]. Post deposition annealing does not
influence the Si content in apatite, so that the desired crystallinity can be obtained without significantly
modifying the coating composition. Deposition at high temperature (with progressive increase of
temperature from room temperature up to 200 ◦C) has also been reported, causing the formation of
a nanocrystalline coating, with some amorphous areas [48]. In our opinion, these latter results are
significantly dependent on the annealing conditions chosen, and higher crystallinity could be achieved
for higher deposition temperature, as reported elsewhere for other substituted apatites.

Despite the expected lattice distortion caused by incorporation of silicates in the lattice [49],
no significant differences are detected between HA and Si-HA by X-rays diffraction. In addition to the
relatively low amount of Si, this is ascribed by the authors to the proximity of silicon and phosphorous
in the periodic table. Presence of secondary Si and CaO phases has been reported [50]. Despite
a uniformity in the elemental composition within one coating [3,51], both stoichiometric and calcium
deficient coatings have been produced [50,51], indicating that, on one hand, silicon does not tend to
accumulate in specific areas, as seen, for example, in the case of magnesium. However, in our opinion,
this also evidences a non-perfect and fully reproducible transfer of the target stoichiometry.

Silicates addition also have a dose-dependent impact on the mechanical properties
(by nanoindentation) of the coating, as a general decrease in hardness and elastic modulus is registered
and failure due to scarce adhesion (measured by scratch test) is reported for high Si concentrations [49].
In vitro, increased dissolution rate is found compared to HA [51], possibly to be ascribed to the
decrease in OH- content due to increasing silicates substitution [52], that results in a decrease in HA
grain size [49].

Dissolution in SBF was found to be significantly dependent on post deposition annealing [50],
which is expected, as solubility strongly depends on crystallinity degree. Nevertheless, suitable
mineralization and good activity towards bone cells were found for both annealed and non-annealed
coatings [50]. Although the mechanism of interaction of Si with bone cells is yet to be fully
understood, Si-Ha coatings were found to boost attachment, proliferation and differentiation of
osteoblasts with respect to HA and uncoated implants and to favor the formation of an extracellular
matrix [3,51,53]. In vivo tests on mice are reported, indicating that Si-HA coatings are osteoinductive,
while stoichiometric HA coatings are not. Both coatings, however, are biocompatible [51].

Zn substituted HA has also been deposited by RAMS, but literature is very scarce in this regard,
and no deposition is reported by any other plasma-assisted technique, to the authors’ best knowledge.
In vitro tests on Zn-HA, however, show promising data, as an increased adhesion and viability of
osteoblasts was observed, compared to stoichiometric HA [54].

4.2. Pulsed Laser Deposition

Deposition of carbonated hydroxyapatite (CHA), magnesium-doped hydroxyapatite (Mg-HA)
and octacalcium phosphate (Mg-OCP), strontium-doped apatite (Sr-HA) and carbonated
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hydroxyapatite (Sr-CHA), silicon doped-apatite (Si-HA), manganese-doped carbonated hydroxyapatite
(Mn-CHA), and octacalcium phosphate (Mn-OCP) has been reported by PLD [39,46].

Deposition of carbonated hydroxyapatite allowed to obtain nearly stoichiometric films, Ca/P ratio
increasing with deposition temperature (30 up to 700 ◦C) [43]. As for MS, also crystallinity degree and
mechanical properties (Vickers microhardness) increase upon annealing [39]. Instead, no significant
alterations in morphology are detected for annealing at temperatures below 500 ◦C, while they become
pronounced at 700 ◦C and above.

Magnesium-doped hydroxyapatite (Mg-HA) at different magnesium content has also been
deposited by PLD. Increasing Mg content was found to cause a parallel decrease in crystallinity
and crystal size [40,55]. Effective incorporation of Mg in the lattice was verified. Significantly,
Mg distribution is non-homogeneous and tends to form Mg-rich areas, where osteoblasts concentrate,
attach and grow [40].

In vivo tests on rabbit models have been reported for both Mg-HA and magnesium doped
octacalcium phosphate (Mg-OCP), having the same magnesium content (Mg: 0.6 wt.%) [56].
At sacrifice, 6 months after implantation, good bone growth and integration was found for both
coated implants and for the uncoated titanium reference. No inflammatory reactions or failure were
reported for any of the implants. Bone volume, bone-implant contact length and contact length ratio to
implant surface has been found to be higher for Mg-HA and Mg-OCP implants compared to uncoated
implants (μCT). Performances of Mg-HA were found to be higher than those of Mg-OCP, in our
opinion also due to differences in solubility of the two compounds.

Strontium substituted hydroxyapatite (Sr-HA) [17] and strontium substituted carbonate apatite
(Sr-CHA) [42] have been tested. Thin films of Sr-HA were obtained (200 nm up to 1 μm), that were
annealed after deposition [17,42]. The presence of Sr in the coatings, which was verified by EDS, did not
significantly impact on coatings morphology, as found elsewhere for plasma sprayed coatings [17].

In vitro, osteoblasts adhesion, proliferation, viability and differentiation were found to be boosted,
the increase in adhesion (tensile adhesion by ASTM C633-01(2008) [57], ASTM F1147-05:2011 [58], ISO
20502:2005 [59]) since the early steps being proportional to Sr content [17]. Conversely, osteoclasts
proliferation was found to be reduced, again depending on Sr content (3%–7%). Interestingly, spreading
of osteoblasts is increased compared to stoichiometric HA coatings.

Deposition of Si substituted hydroxyapatite (Si-HA) has been reported, composition of the targets
being successfully and finely transferred to the coatings [60]. In a study by Rau et al., it was found
that the Si content must be kept below 2 wt.% to avoid a reduction in the decomposition temperature.
This ultimately caused the formation of unwanted unstable phases, such as TCP and/or phosphate
silicates [61]. Below 2 wt.%, instead, Si does not significantly alter HA lattice, as denoted by XRD
spectra, almost identical to those of HA.

Addition of silica can cause an increase in the Ca/P ratio compared to the target, due to the
formation of CaO [60,61]. This formation is relevant, as CaO is cytotoxic, hence compatibility of the
coatings must be verified. Ca/P ratio is also dependent on the deposition temperature and/or on
post-deposition annealing, as seen for MS [61]. Several temperatures have been tested in the literature
for deposition of Si-HA (400, 500, 600, and 750 ◦C), all leading to deposition of dense and un-cracked
films [61]. Films obtained at these temperatures are crystalline and nanostructured, crystallinity
degree being obviously depending on annealing temperature. Interestingly, also thickness and Vickers
microhardness are affected by deposition temperature [61]. However, despite mechanical properties
generally increasing for increasing deposition temperature, when the temperature is brought above
750 ◦C, formation of byproducts (calcium-titanium mixed phases) hampers adhesion. Also, at these
temperatures, Ca/P ratios completely different from those of the target (≈3.5) are obtained, indicating
HA decomposition alongside formation of byproducts. As a consequence, deposition temperatures
around 500 ◦C are generally recommended.

In vitro mineralization is reported after 1 day of immersion in alfa-MEM, thickness of the HA-layer
increasing for increasing soaking times (up to 28 days) [61].
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Mn-substituted CaP coatings have been manufactured exclusively by PLD, to the authors’
best knowledge. Deposition of both Mn-CHA and Mn-OCP coatings have been described in [62].
While Mn-CHA is more similar to real bone but has higher crystallinity and consequently slower
dissolution rate, Mn-OCP is more soluble and is expected to experience faster dissolution—thus
possibly being more effective in boosting bone growth at early stages. When tested in vitro, human
osteoclasts and fibroblasts exhibited suitable adhesion, proliferation and viability onto both coatings,
without any significant difference being assessed. This is ascribed by the authors to a compensation
between the beneficial effects CO2−

3 of Mn-CHA, and the lower crystallinity of Mn-OCP.
These coatings were also validated in vivo in rabbit models, in comparison to HA coatings. Tensile

strength by pullout test was tested at 8 weeks after implantation [63], indicating that Mn-OCP and,
to an even higher extent, Mn-CHA, can better improve implant-bone integration with respect to HA,
suggesting a higher osseointegration potential.

4.3. Deposition by Matrix Assisted Pulsed Laser Evaporation

Deposition of Sr-HA and Sr-OCP has been reported by Combinatorial Matrix-Assisted Pulsed
Laser Evaporation (C-MAPLE).

The possibility to deposit metastable Sr-OCP and composites of hydroxyapatite and drugs
(here alendronate and zoledronate), evidences the strength of this technique, that allows deposition of
heat-sensitive material [27,64]. Sr-doping on OCP was found to improves cells proliferation, activity
and differentiation and, hence, the overall behavior of the coating. Strontium zoledronate and HA
composites, instead, were found to promote osteoblasts adhesion and boosts proliferation, compared
to uncoated references.

4.4. Deposition by Pulsed Electron Deposition

Deposition of Sr-HA has been very recently reported by PED (in the novel Ionized Jet Deposition
version) for variable Sr content (up to 9 wt.%) [36]. Deposition has been carried out at room temperature
on a polymeric substrate (PEEK) leading to an increased in wettability and roughness compared to
the bare substrate, and suitable mechanical properties. A good transfer of composition (including Sr
content) has been assessed from the target to the deposited coatings [36].

5. Multi-Substituted Coatings and Deposition from Biogenic Sources

Multi substituted HAs have also been explored in the literature, to increase similarity to bone
apatite and to exploit the capability of each ion to influence HA lattice, crystallinity and solubility, and
the coatings mechanical properties and interactions with cells [24].

In this view, pulsed laser deposition of silicon and strontium co-substituted carbonated
hydroxyapatite (SiSrCHA) has been reported [65]. SiSrCHA has been obtained by diatomaceous earth,
naturally containing several further foreign ions (Fe, K, Mg, Na, and P), all possibly boosting biological
performances [65]. In the study, silica has been kept constant (2.5 at.%), while Sr concentration has been
varied in a wide range (0 up to 10 at.%). Deposition has been carried out at high temperature to tune
crystallinity and adhesion. Mesenchymal cells adhesion, morphology and osteogenic differentiation
and activity have been tested. Results showed that, for multi-substituted coatings, variations in the
amount of one of the dopants might affect the content of the others. In fact, aside from an obvious
decrease in Ca content, due to a progressive incorporation of Sr, increasing Sr also leads to alterations
in carbonates content. This can be seen by a reduction in the intensity of carbonates bands in FT-IR
and in the CO2−

3 to PO3−
4 ratio, compared to pure CHA. We ascribe that to the modifications caused by

each substitution to the HA lattice, influencing its capability to host further foreign ions.
Instead, doping with Si and Sr does not influence cells morphology compared to pure CHA

reference coatings, as good cells coverage is found at 28 days for all the examined group. Instead,
increased cells proliferation and differentiation were found for the multi-doped coating, compared
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to references. We speculate that examining growth at lower times could be very useful to assess
biological behavior.

A further, crucial step in the direction of obtaining coatings having increasing similarity to bone
apatite is deposition directly from biogenic targets. Deposition of apatite coatings from targets from
a biogenic source have been reported by PLD [66–69] and PED [33,34]. Deposition of doped bone
apatite targets has also been reported [67,68].

In particular, by PLD apatite has been deposited starting from simple, LiO2- and CIG-doped ovine
and bovine bone, MgF2, and Mg doped bovine bone, simple and titanium doped ovine dentine and
human dentine. Further experiments about deposition of “natural apatite” by PLD have also been
reported, tested in vitro and in vivo, but without suitable description of the apatite source and the
deposition procedures [70,71].

Ovine and bovine bone-derived coatings were obtained by PLD, after calcination of the powders
at 850◦C for 4 h in air to remove organic components [66]. Characterizations performed on the targets,
obtained by compression of the calcinated apatite powders, indicate the presence of brushite and
phosphorous fluoride hydroxide traces, alongside HA. HA (calcium deficient) was also found to be
the main phase in the coatings. Traces of Na, Mg, Cl, F and Si were detected in the coatings and the
targets, suggesting that ion substitutions were preserved. No in vitro and/or in vivo biological tests
are reported for these coatings.

HA powders from sheep dentine were also calcinated (6 h at 850◦ in air) to remove organic
components and allow an easy separation between dentine and enamel [67]. After grinding and
sieving to obtain particles of a suitable size, part of the powders was admixed with Ti powders.
Both Ti-doped and un-doped powders were homogenized and pressed to obtain targets, later heated
at 1000 ◦C for 4 h in air, and deposited by PLD.

Morphology and composition of the coatings were investigated, indicating that HA is the main
phase in the coatings, alongside Ti minor phase and, possibly, MgCO3 and CaMg2, possibly resulting
from calcination. Traces of Na, Mg, C and Ti (in the doped samples) were detected in the coatings by
EDS [67].

Both coatings, respectively 1.8 microns (undoped) and 1.2 microns (doped) thick are composed
of granular aggregates, providing a high surface roughness, suitable for cells adhesion. Addition
of Ti also has an impact on the coatings morphology, as it causes a reduction in average grain size
compared to undoped Ti and a denser particulate. Pull-out test (ASTM D4541-17 [72] and ISO
4624:2016 [73]) indicates a good bonding strength, increased in the case of Ti-doping (55.5 ± 5.5 MPa
vs. 63.7 ± 5.2 MPa), due to Ti-Ca segregation at the interface between the coating and the substrate,
creating a mingled interlayer. Biocompatibility was assessed by evaluating human mesenchymal stem
cells (hMSC) morphology and proliferation, and toxicity assay, showing evidence of good biological
behavior for both coatings, with and without titanium addition [67]. Bovine apatite from femoral bones
was also used, alone and enriched with MgF2 and MgO. As for ovine dentine, prior to deposition,
bovine bone powders were calcinated (4 h at 850◦ in air), mixed, pressed in a mold and sintered
(4 h at 1000 ◦C) to obtain the deposition targets. Post deposition annealing was performed to enhance
crystallinity of the coatings [68].

Morphology, composition and adhesion (ASTM D4541-17 [72] and ISO 4624:2016 [73]) of the
coatings were evaluated, then the influence of the targets and the coatings on HEp-2 cells viability was
tested and gene expression and antimicrobial activity of the films were evaluated [68].

A close transfer of composition from the target to the coatings was discovered, with the absence
of MgF2 peaks and weak MgO peaks, that the authors attributed to Mg2+ and F− substitution in
the HA lattice. Peaks characteristic of CHA were shown by FT-IR. MgO and MgF2 enhanced the
adhesion to the substrate and to provide anti-biofilm properties to the coatings. All films exhibited
good biocompatibility, as none of them exhibited relevant cytotoxicity [68].

Human dentine, bovine-derived HA and ovine-derived HA were also deposited after calcination
of the powders (4 h at 850◦), pressing and sintering at 1100 ◦C for 4 h [69]. Deposition was performed
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at high temperature (500 ◦C) and post-treatment annealing at the same temperature (6 h, water vapor)
was also carried out. Composition and crystallinity of the deposited coatings were investigated,
showing a good transfer of substrate composition, including that of trace elements. Thickness of about
1.1–3.5 microns was obtained, depending on the precursor used. Pull-out tests (ASTM D4541-17 [72]
and ISO 4624:2016 [73]) indicated a good adhesion to the substrate [68].

Bovine bone-deriving apatite has also been deposited by PED, including a more recent
development of the technique called Ionized Jet Deposition (IJD) [33,34].

Bone apatite-like films were deposited directly from deproteinized bone targets, without any
grinding or calcination. Deposition was performed at room temperature and half of the samples were
heat treated after deposition, to improve crystallinity (1 h at 400 ◦C in air) [33,34].

Obtained films were compared to films obtained by sintered stoichiometric-hydroxyapatite targets
with the same deposition procedure and parameters, both as deposited and annealed [33,34].

As-deposited and annealed coatings were characterized in terms of composition and crystallinity,
microstructure and morphology, and mechanical properties (nanoindentation and micro-scratch,
UNI EN ISO 20502:2005 [59]). Obtained coatings are nanostructured and exhibit sub-micrometric
thickness. Results showed a close transfer of the targets’ composition, including trace elements
(Na and Mg and carbonate substitution). As-deposited coatings exhibited low crystallinity, that was
significantly increased by post-deposition annealing, up to resembling that of biogenic apatite target.
As a result of annealing, mechanical properties increased up to values comparable to those of
commercial plasma-sprayed HA-coatings [34].

Biological tests are also reported, evaluating human dental pulp stem cells (hDPSCs) cells
attachment, proliferation and the expression of typical osteogenic markers Runx-2, osteopontin,
Osx, and Osteocalcin [33].

In vitro biological tests indicated that annealed bone apatite coatings promote hDPSCs
proliferation to a higher extent compared to non-annealed bone coating and HA-references.
Immunofluorescence and western blot analyses revealed that the typical osteogenic markers were
expressed, suggesting that bone apatite-like coatings treated at 400 ◦C alone can efficiently promote
the osteogenic commitment of the cells, even in absence of an osteogenic medium [33].

6. Conclusions and Future Perspectives

Plasma-sprayed (PS) coatings have extensively studied and used in clinical practice but, due some
intrinsic limitations, their real effectiveness compared to uncoated implants is still controversial.
Instead, good results have been so far obtained for novel plasma-assisted techniques, capable of
depositing thin films. In fact, they were found to allow a more controlled transfer of stoichiometry of
the deposited coatings and of ionic additions to plasma spraying. However, presence of secondary
phases often reported for magnetron sputtering together with preferential sputtering of some ions
(i.e., Ca instead of Sr), cause modifications in the Ca/P and substitution rate, and indicates an imperfect
transfer of the target composition. Because relatively low changes in the composition of CaPs, especially
when substituted can result in significantly different properties, we believe that it is a relevant limitation
in the technique, which needs to be addressed. PLD, MAPLE and PED, instead, allow for a more
precise transfer of the target composition to the coatings.

Crystallinity degree can also be finely tuned, by deposition at selected temperature or pre/post
deposition annealing. Good adhesion and mechanical properties in general, were confirmed
by all the examined studies, as well as good behavior in vitro in terms of adhesion, spreading,
differentiation, morphology, and osteogenic activity of the cells, although not always higher than
those of stoichiometric hydroxyapatite. Some promising results have also been described in vivo,
but extremely scarce literature on the topic and differences in trial conditions (animal model, trial time,
characteristics of the bone, gap dimensions, etc.) make them scarcely conclusive.

Overall, thin films of ion-substituted apatites are promising materials, having good mechanical
properties and biological behavior. Ion-substitution permits the availability of selected ions in selected
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concentrations in the peri-implant environment, with both a therapeutic effect and/or the capability to
boost host cells response in view of the biomimetic principle. Deposition by plasma-assisted techniques
allows to obtain thin films, having high adhesion and a fine control over crystallinity and composition,
guaranteeing a tailored release.

Deposition from biogenic coatings has been emerging as a very promising alternative, as it allows
to obtain multi-substituted coatings with ion-amounts and stoichiometry very close to those of real
bone apatite, which is almost impossible to be achieved by artificial apatites. This new development
has been made possible by PLD and PED, that allow a great control over the composition of the
obtained targets. We believe that, once in vivo trials will be available for these coatings, this topic will
obtain even wider interest and will expand its field of application.

Interestingly, however, despite ion-substituted coatings being generally proposed with the aim
to better resemble real bone, mimicking of the real composition of bone is very limited, as generally
only one or two ions are substituted simultaneously in doped HAs. In addition, there is a lack of
correspondence between the concentrations of ions in biological HA and their biological relevance,
and the number of studies devoted to their investigation. This can be partially ascribed to the wide
variability in the concentration of trace ions in the bone, depending on the anatomical site, age, sex and
to patient-specific characteristics such as, for example, diseases or metabolism. However, some ions,
such as magnesium (highly present in bone and having significant biological relevance), is far less
studied than Sr, whose concentration is significantly lower. Some other ions, such as Cl, Na and K are
not even intentionally substituted. The number of studies, instead, seems more driven by the possible
therapeutic role of the ions. This is clarified by intentional addition of specific therapeutic ions in
biological apatite, which goes in the opposite direction of biomimetism. We believe that this, however,
can be a promising route, further expanding the range of use of ion-substituted coatings.

Another important trend that is emerging regarding ion-substituted hydroxyapatite thin films,
is that of antibacterial coatings. To this regard, a wide range, and increasing amount, of literature is
available about silver-doped hydroxyapatite, for which deposition by magnetron sputtering [74–78],
PLD [79–84] and MAPLE [85] has been reported. Being the study of plasma assisted deposition of
Ag-doped hydroxyapatite of more recent introduction, the majority of the studies focus on the influence
of deposition parameters on the films characteristics and on the evaluation of antibacterial efficacy,
while extensive, comparative in vivo studies are yet to be performed. We believe that plasma-assisted
deposition of apatites doped with a variety of ions having antibacterial (such as copper [86] and
gallium), antitumor or other therapeutic actions (such as selenium [87] and cerium) will be increasingly
pursued in the near future.

Overall, what we believe to be extremely significant is the possibility to pursue both aims,
i.e., biomimetism and therapeutic functions, thanks to plasma assisted techniques.

We believe that extensive work still needs to be carried out to fully evaluate properties,
potentialities and limitations of ion-doped apatite coatings. The main points that should be explored,
in our opinion, are the following:

• A better understanding of the real benefits of ion-doped coatings, compared to un-doped HA.
This is still controversial, mainly because effective incorporation of ions in the HA lattice is not
always verified and, because direct comparison between doped and un-doped coatings with
the same characteristics and deposited in the same conditions is generally non-available. This is
important, as several parameters play a key role, together with the composition of the coatings.

• The effects of different ions should be compared, again considering the same deposition and post
deposition conditions and/or the same coating properties.

• The number of experiments performed in vivo must significantly increase, as for some coatings,
no in vivo literature is available at all.

• Different opinions are found about some parameters that complicate the evaluation of the coatings
performance. Among the others, partial verses complete dissolution of the coatings should be
addressed. The optimal properties to be preferred must be identified univocally.
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• Based on the significant differences existing between different bone sources, a comparative
evaluation between different precursors should be carried out.

• To the authors’ best knowledge, no clinical trials are available on the topic [88]. Once research
will be ready to move to the clinic, a clearer picture will be achieved on the effective potential of
these coatings.
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Abstract: Simple and lithium-doped biological-origin hydroxyapatite layers were synthesized by
Pulsed Laser Deposition technique on medical grade Ti substrates. Cytotoxic effects of lithium
addition and the biocompatibility of obtained coatings were assessed using three cell lines of
human origin (new initiated dermal fibroblasts, immortalized keratinocytes HaCaT, and MG-63
osteosarcoma). Antimicrobial properties of obtained coatings were assessed on two strains (i.e.,
Staphylococcus aureus and Candida albicans), belonging to species representative for the etiology of
medical devices biofilm-associated infections. Our findings suggest that synthesized lithium-doped
coatings exhibited low cytotoxicity on human osteosarcoma and skin cells and therefore, an excellent
biocompatibility, correlated with a long-lasting anti-staphylococcal and -fungal biofilm activity.
Along with low fabrication costs generated by sustainable resources, these biological-derived
materials demonstrate their promising potential for future prospective solutions—viable alternatives
to commercially available biomimetic HA implants—for the fabrication of a new generation of
implant coatings.

Keywords: lithium-doped hydroxyapatite coatings; renewable resources for implant coatings; pulsed
laser deposition; biocompatibility; inhibition of microbial biofilms development

1. Introduction

Microbial biofilms development on medical devices and human tissues represents a serious
public health problem at global level, leading to a high diversity of biofilm-associated infections,
with increasing incidence, although yet underestimated and high rates of morbidity and mortality.
The biofilm growth protects microbial cells from antimicrobials and host immune effectors,
enabling pathogens to survive in limited conditions and also to disperse and colonize new niches.
The biofilm-embedded microbial cells exhibit a high tolerance to conventional antimicrobial agents,
explaining the chronic and relapsing character of the produced infections [1–3]. The increasing
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incidence of biomaterial-associated infections is in close relationship with the continuously growing
demand for implantable medical devices and other invasive diagnostic and therapeutic maneuvers.
Therefore, controlling biofilm formation represents a mandatory feature during medical devices
manufacturing and their use [4].

Biofilm development is a dynamic and complex process which occurs in several stages [1]. It starts
with a reversible adhesion stage, followed by irreversible adhesion [5], maturation and, in the last stage,
detachment. The first stages depend on the physico-chemical properties of the surface, conditioning
the interactions with microbial structure involved in the adhesion process [6]. The main pathogens
involved in the development of biofilm-associated infections include the Gram-positive bacteria,
such as Staphylococcus aureus (S. aureus), and fungal strains, especially Candida spp. Reports from the
National Institutes of Health demonstrate that around 80% of human infections are due to biofilms [7].
The biofilm-associated infections are characterized by moderate intensity symptoms, chronic evolution
and high resistance to antibiotics [8]. Therefore, one main direction bridging materials science to
biomedical research is the development of complex therapeutic strategies, including the association
of multiple antimicrobial agents [9–11]. However, one should note that the association of multiple
antibiotics might lead to high toxicity effects, correlated with a low efficiency on the cells embedded
in biofilms [12]. Therefore, the development of preventive measures, based on the design of novel
biomaterials, synthesized in the form of thin layers and used for the fabrication of medical devices
which are more resistant to microbial colonization and biofilms development could represent a more
effective approach [13,14].

Synthetic hydroxyapatite (HA) represents a well-known biocompatible material used as
implantable ceramic due to its great chemical and structural resemblance to the inorganic part of human
hard tissues [15,16]. Reports from dedicated literature have demonstrated that biological-derived HA
(BHA) has some important advantages over synthetic HA. In this respect, to improve mechanical
(anchorage to bone) and biological (osseointegration, resistance to microbial colonization) properties
of medical implants, simple BHA materials [17] or BHA doped with specific reagents such as ZnO [18],
SiO2, MgO, Al2O3 and ZrO2 [19], Ti [20], Li2CO3 and Li3PO4 [21], Li2O [22], commercial inert
glass [22,23], CaMgSiO6 [24], MgF2 or MgO [25], and CO2 [26] have been used [27].

The present study is a first attempt in dedicated literature to fabricate, in a single-stage
pulsed laser deposition process, BHA coatings to exhibit low cytotoxicity and good biocompatibility,
corroborated with an active role in prevention of microbial colonization and biofilm development on
prosthetic devices.

2. Materials and Methods

2.1. PLD Experimental Protocol

BHA powders were obtained from the femoral bones of freshly slaughtered cattle (received from
a Turkish slaughter house, which uses the other animal parts for general consumption). Bones were
delivered on ice to the laboratory and, before usage, they were submitted to a veterinary control.
Concisely, both heads of femoral bones were cut off (because they contained too much soft tissue)
and only femoral shafts were further processed. Bone marrows were extracted and all other soft
tissue residues were removed from shafts. Then, femoral shafts were cut into slices, cleaned and
washed with distilled water. Cleaned parts were deproteinized for 14 days in an alkali solution of 1%
sodium hypochlorite. After washing and drying, bone pieces were calcinated at 850 ◦C for 4 h in air,
in order to completely eliminate organic components of bone. We emphasize that as-prepared BHA
powders are biologically safe due to the high temperature fabrication route, which not only favors
the crystallization of the material, but also totally prevents any risk of diseases transmission, as no
pathogen can survive to such extreme conditions [20–22,25]. Resulting calcined bone specimens were
first crushed with a mortar and pestle and then ball-milled (for 4 h) to fine powders (i.e., with particles
of submicron size). The color of the resulting powders was milky-white. One should note that the
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experimental procedure for the fabrication of BHA powders was conducted in accordance with the
European Regulation 722/2012 [28] and ISO 22442:2015 standard [29]. Batches of BHA powders were
admixed with 1 wt.% of Li2CO3 or Li3PO4 (Sigma-Aldrich GmbH, St. Louis, MO, USA). Sample codes
are introduced in Table 1 and will be further used in the text.

Table 1. Sample codes and description.

Sample Code Sample Description

Ti Bare Ti control
Si Simple Si control

Li-0 Simple BHA film deposited on Ti
Li-C BHA:Li2CO3 film deposited on Ti
Li-P BHA:Li3PO4 film deposited on Ti

PLD experiments were carried out inside a stainless-steel deposition chamber. A KrF * excimer
laser source COMPex Pro205 (Coherent, Göttingen, Germany) (λ = 248 nm, τFWHM ≤ 25 ns, υ = 10 Hz)
was used for target irradiation.

The laser beam was oriented at 45◦ in respect with the target surface. The laser fluence incident
onto the target surface was set at ~4 J/cm2 (with a corresponding pulse energy of ~360 mJ).

Before deposition, targets were “cleaned” by short multipulse laser ablation with 1000 pulses.
During deposition, the target was continuously rotated with 0.4 Hz and translated along two
orthogonal axes to avoid piercing and allow for the growth of uniform films.

The ablated material was collected onto medical-grade titanium (Ti) disks (~0.6 × 0.6 cm2 and
0.1 cm thickness), that were placed parallel to the target at a separation distance of 5 cm.

All experiments were performed in a 50 Pa water vapor atmosphere. During experiments,
substrates were heated and maintained at a constant temperature of 500 ◦C using a PID-EXCEL
temperature controller (Excel Instruments, Gujarat, India). A heating rate of 25 ◦C/min and a cooling
ramp of 10 ◦C/min have been used. For the deposition of each structure, 15,000 subsequent laser
pulses were applied.

So as to improve the crystalline status of synthesized films, all samples have been subjected to a
6 h post-deposition thermal treatment in air (in water vapors), at 600 ◦C.

2.2. Characterization of Synthesized Structures

2.2.1. Atomic Force Microscopy

The surface topography of synthesized structures was examined in high resolution Atomic
Force Microscopy (AFM) (Park Systems, Suwon, Korea), performed in the non-contact mode on a
XE-100 apparatus from Park Systems. Sharp tips (PPP-NCHR type from NanosensorsTM, Neuchâtel,
Switzerland), having 125 μm in length, 30 μm width and radius of curvature of less than 8 nm,
were used at surface scanning over areas of 0.5 × 0.5 μm2. The spring constant was of ~42 N/m
and the resonance frequency of ~330 kHz, respectively. All AFM measurements were performed at
room temperature.

AFM images were processed using Image Processing Program, XEI–v.1.8.0, developed by Park
Systems (Suwon, Korea). The horizontal line by line flattening was used as planarization method
for displaying purposes and for subsequent statistical data analysis, including the calculation of the
roughness. To have a better view of the surface morphology, 2D-AFM images are displayed in the
classical view mode (one color used also for the z-scale bar), while 3D-AFM images are shown as
topographic maps in the so-called “enhanced color” view mode (using the change of a pixel color
relative to its neighbors).

The textural (amplitude) parameters, namely average roughness (Ra), surface skewness (Rsk) and
surface kurtosis (Rku) were determined giving information about the roughness and the degree of
skewness and kurtosis of investigated surfaces. Ra is the area between the roughness and its mean in
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contrast with the root-mean-squared roughness, which is the standard deviation of the height value
in the selected region. In statistics, Rsk is a measure of the asymmetry of the probability distribution
of a real-valued random variable about its mean. In the present case, Rsk describes the asymmetry
of the height distribution (frequency vs. height histogram). Rku measures the randomness of profile
heights and of the “sharpness” of the height distribution, and has a value of 3 in the case of a perfectly
random surface [30]. Kurtosis is not related to the geometry of the distribution, but to the shape of it.
Kurtosis is a measure of whether data are heavy-tailed or light-tailed, relative to a normal distribution
(Rku = 3). Thus, data sets with high kurtosis, Rku > 3 (sharper height distributions–so called “lepto
kurtosis”) tend to have heavy tails, or outliers. Data sets with low kurtosis, Rku < 3 (flattened height
distribution–so called “platy kurtosis”), tend to have light tails, or lack of outliers.

2.2.2. In Vitro Biological Tests

The potential use of synthesized coatings in the biomedical field was appraised by both safety
(cytotoxicity and influence on the cellular cycle of three different human cell lines) and anti-biofilm
tests (performed on bacterial and fungal strains).

Biocompatibility Assays

(i) Cytotoxicity Assays

The cytotoxicity of obtained coatings was investigated using three different cell lines, i.e., MG-63
osteosarcoma ECACC 86051601, new initiated dermal fibroblasts (FBD) and immortalized keratinocytes
HaCaT [31].

The cytotoxicity of samples was investigated after microscopic examination of the unstained
monolayers developed on their surface. Changes of the general morphology and monolayer confluence
were assessed. The cytotoxicity level of the tested samples was classified in accordance to the ISO
standard recommendations [32].

The UV-sterilized samples were placed in duplicate in 24-well plates exposing the coated
face. A total of 1 × 105 cells in Dulbecco’s Modified Eagle Medium:F12 supplemented with
10% fetal bovine serum were added. Plates were maintained for 24 h at 37 ◦C and 5% CO2

atmosphere. After 24 h, samples have been observed with an inverted microscope and photographed
in contrast phase with a Zeiss Observer D1 microscope (Zeiss, Oberkochen, Germany). Due to
the fact that BHA samples were opaque, the examination and images of cellular monolayers were
taken in the vicinity of tested materials. Then, one of the duplicate samples was extracted from
the well, fixed in ethanol 70%, stained for 5 min with propidium iodide (PI) (chemical name
3,8-Diamino-5-(3-(diethyl(methyl)ammonio)propyl)-6-phenylphenanthridin-5-ium iodide) 50 μg/mL,
and visualized in red channel, using a fluorescence Leica DFC450C microscope (Leica, Allendale,
NJ, USA).

(ii) Cellular Cycle Assay

For the investigation of the cellular cycle, samples (treated as mentioned in the previous section)
were harvested with trypsin, fixed in 70% cold ethanol over night at −20 ◦C, and then washed with
phosphate-buffered saline (pH 7.5), treated with 100 μg/mL RNase A for 15 min and stained with
10 μg/mL PI for 1 h at 37 ◦C. After PI staining, the events (number of cells passing through the laser)
acquisition was performed with an Epics Beckman Coulter flow cytometer (Beckman Coulter Inc.,
Indianapolis, IN, USA). The obtained data was analyzed with the FlowJo software 7.6.4 and expressed
as fractions of cells found in different cell cycle phases [33].
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Antimicrobial Assays

Two microbial strains traceable to American Type Culture Collection (ATTC), belonging to two of
the most important species known to be involved in the etiology of medical devices biofilm-associated
infections, respectively S. aureus and Candida albicans (C. albicans), were used in the experiments.
Fresh cultures were obtained from glycerol stocks of S. aureus ATTC 6538 and C. albicans ATTC 26790
strains on non-selective solid media. Samples were sterilized by exposure to UV irradiation in a
laminar flow chamber for 30 min on each side, placed in duplicate in six-well plates (Nunc) in 2 mL
of Luria Broth (LB) nutrient medium and then inoculated with 500 μL of standardized microbial
suspensions of 0.5 McFarland density corresponding to ~105–106 Colony Forming Units (CFU)/mL.
After incubation at 37 ◦C, for different time periods (1, 6, 12, 24, 48 and 72 h, respectively), colonized
samples were gently washed with distilled water to remove unattached microbial cells and then
immersed in 1 mL sterile saline buffer in Eppendorf tubes, sonicated for 15 s, and then vortexed for
15 s at 3000 rotations/min. Suspensions resulted from the detached biofilms were then ten-fold diluted
and 10 μL of each serial dilution were plated in triplicate on tryptic soy agar. After 24 h of incubation
at 37 ◦C, colonies were counted and the number of CFU/mL was determined.

The surface characterization of inoculated surfaces was carried out using Scanning Electron
Microscopy (SEM) with a FEI Inspect S50 apparatus (FEI, Hillsboro, OR, USA). Prior to this
investigation, samples were washed three times in PBS and then fixed in ethanol, for 5 min, at RT.

3. Results

3.1. AFM Analysis

Typical bidimensional (2D) and tridimensional (3D) topographic images collected at a scanning
area of (0.5 × 0.5) μm2 are presented in Figure 1. The 3D AFM images, which are topographic maps
of scanned areas, are presented in the Enhanced ColorTM view mode (Park Systems) in order to
better emphasize the morphological surface peculiarities. In 3D-AFM micrographs, dark color (blue)
delineates surface “valleys”, whilst the light color (orange) corresponds to the salient features (“hills”).
The 2D AFM images are presented in the “classical” view mode, with one color gradient (brown in
this case) for the z-scale depth. The first row presents the morphological features of the bare substrate
(Si), which are located in a z-scale depth (Δz) of less than 1 nm (typical ~0.7 nm), which leads to a very
low Ra value of only 0.1 nm (which is representative for a clean Si wafer), as seen in Table 2. The Rsk
parameter, describing the asymmetry of the height distribution histogram, has a small value in this
case, of 0.9, which is corresponding to a flat surface with random (small) protuberances. The Rku
parameter, which represents a measure of the randomness of the profile heights and of the “sharpness”
of the surface height distribution, has a value of ~3, which is characteristic for a near perfect random
surface (Gaussian distribution) [30].

Li-0 films (Figure 1–second row) exhibit protruding (Rsk ~0.46) large particles, randomly
distributed (Rku ~3.11), having tens of nm in diameter (~35–50 nm), individually displayed or with a
tendency to merge. In this case, the average roughness increases to a value of ~5.9 nm, which is higher
than the one registered for the bare substrate.

In the case of Li-C structures (Figure 1–third row), the addition of lithium leads to the formation
of much larger particles, almost double as compared to Li-0 films and, accordingly, with a double
roughness value (10.3 nm). Though, particles are not much more protruding in z direction, as the Rsk
parameter is ~0.56, and relatively uniform distributed as the kurtosis parameter being just a bit higher
(Rku ~3.49) than in the second case.

Finally, in the case of Li-P structures (Figure 1–last row), the addition of lithium leads to a
morphology similar to the one of Li-0 films, but with particles slightly smaller (diameters ~25 nm)
and better separated (the fusing tendency being lower). Therefore, it exhibits the highest value for
Rku parameter in this series (5.58), pointing to a sharp height distribution [34], but with a lower
skewness factor (0.17) as compared with Li-0 (0.46) and Li-C (0.56), which means that particles are less
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protuberant for Li-P structures. This leads to an average roughness value (4.32 nm) very close to the
one characteristic for Li-0 films (5.9 nm).

Overall, based on the results, one should emphasize that the obtained lithium-based structures
could be described as homogeneous and uniform, with a morphology that depends on the preparation
route and with (average) roughness values in the nanometric range (Ra ~5–10 nm).

The inferred values of the amplitude parameters, which were discussed above, are summarized
in Table 2.

 
Figure 1. The 2D (classical view mode—left column) and 3D (enhanced color view mode—right
column) AFM images of Li-0, Li-C and Li-P structures synthesized at 600 ◦C on Si(100) wafers.

Table 2. Surface amplitude parameters (Ra, Rsk and Rku) for a (0.5 × 0.5 μm2) scanned surface area of
control (Si) and Li-0, Li-C and Li-P structures.

Sample Code Amplitude Parameter Scanning Area (0.5 × 0.5 μm2)

Si
Ra (nm) 0.10

Rsk 0.09
Rku 3.03

Li-0
Ra (nm) 5.86

Rsk 0.46
Rku 3.11

Li-C
Ra (nm) 10.26

Rsk 0.56
Rku 3.49

Li-P
Ra (nm) 4.32

Rsk 0.17
Rku 5.58
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3.2. Biocompatibility Assays

3.2.1. Cytotoxicity Test

In the current study, the cytotoxicity of obtained coatings was assessed using three cellular lines of
human origin, selected for covering their diverse potential applications in the development of medical
devices. Thus, MG-63 osteosarcoma cells exhibit common features with human osteoblast precursors or
poorly differentiated osteoblasts, producing type I collagen with no or reduced osteocalcin and alkaline
phosphatase basal level, making them appropriate for assessing the biocompatibility of biomaterials
designed for orthopedic applications [35,36]. The other two cell lines were represented by human skin
new initiated dermal fibroblasts and human skin immortalized keratinocytes, considering that many
implanted medical devices or next generation wound dressings are coming for short time into contact
with the skin.

Concerning the cytotoxicity of synthesized materials, contrast phase microscopy images
(Figures 2–4) have shown that cells developed on plastic well, at the limit with the tested disc surface,
are unaffected and preserved an unmodified morphology. This suggests that BHA materials do not
release toxic substances in the environment, as secondary product. New initiated dermal fibroblasts
exhibited a spindle-shaped morphology (Figure 2), the morphological appearance of keratinocytes
showed polygonal cells (Figure 3), whilst MG-63 monolayers were composed of elongated and fusiform
cells (Figure 4).

 
Figure 2. Contrast phase inverted microscopy images of the new initiated dermal fibroblasts monolayer
grown in the presence of Ti and simple and doped biological-derived HA coatings (Magnification ×200).
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Figure 3. Contrast phase inverted microscopy images of the immortalized keratinocytes HaCaT
monolayer grown in the presence of Ti and simple and doped biological-derived HA coatings
(Magnification ×200).

 
Figure 4. Contrast phase inverted microscopy images of the MG-63 osteosarcoma cells monolayer grown
in the presence of Ti and simple and doped biological-derived HA coatings (Magnification ×200).

On the other hand, the fluorescence microscopy images (Figures 5–7) have revealed that the
number of adhered cells on the bare Ti was similar between all synthesized layers and depends on
type of cell line. This observation suggests that deposited layers are not cytotoxic against human
skin or bone cells and allow for an unhindered cell development. According to the ISO standard
specifications [32], the cytotoxic effect of synthesized layers can be classified as absent, supporting
the potential of fabricated materials to be used as coatings for different biomedical surfaces, such as
orthopedic devices, dental materials, or catheters.
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Figure 5. Fluorescence microscopy images of new initiated dermal fibroblasts grown for 24 h on the
surface of Ti and simple and doped biological-derived HA coatings (Magnification ×200).

 
Figure 6. Fluorescence microscopy images of immortalized keratinocytes HaCaT grown for 24 h on the
surface of Ti and simple and doped biological-derived HA coatings (Magnification ×200).
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Figure 7. Fluorescence microscopy images of MG-63 osteosarcoma cells grown for 24 h on the surface
of Ti and simple and doped biological-derived HA coatings (Magnification ×200).

3.2.2. Cellular Cycle Assay

The cell cycle analysis by flow cytometry revealed that the obtained coatings did not influence the
cellular cycle progression of the three type of cells (i.e., new initiated dermal fibroblasts, immortalized
keratinocytes and MG-63 osteosarcoma cells) (Figures 8–10), confirming that synthesized layers do not
interfere with the typical development of normal and tumoral cells.

Figure 8. Flow cytometry diagrams of cells cycle analysis of new initiated dermal fibroblasts grown on
the tested materials.
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Figure 9. Flow cytometry diagrams of cells cycle analysis of immortalized keratinocytes grown on the
tested materials.

Figure 10. Flow cytometry diagrams of cells cycle analysis of MG-63 osteosarcoma cells grown on the
tested materials.

3.3. Anti-Biofilm Activity

3.3.1. Anti-Staphylococcal Biofilm Activity of Obtained Coatings

Compared with Ti, after 24 h of incubation, all tested coatings exhibited a significant inhibitory
activity against S. aureus biofilm growth, showing a significant increase starting with 48 h of incubation
and persisting with high intensity, after 72 h of incubation. This behavior is suggested by the drastic
decrease of the number of CFU/mL by 2 to 4 logs at these last two-time intervals (Figure 11b). The
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absence of a visible inhibition of the microbial growth in the 1–2 h (Figure 11a) interval reveals that
the anti-biofilm effect is possibly due to the slow release of some bioactive components from the
synthesized coatings, with potential antimicrobial activity (e.g., oligoelements).

 
     (a)           (b) 

Figure 11. Graphic representation of the logarithmic values of S. aureus biofilm cells developed on the
surface of Ti and simple and doped biological-derived HA coatings: (a) 1–12 h and (b) 24–72 h.

Regarding comparative efficiency of the tested materials, one can observe that Li-C coatings
exhibited a slightly increased antimicrobial activity against S. aureus biofilm after 48 h of incubation,
as compared to Li-0 and Li-P ones (Figure 11b).

The SEM images of S. aureus biofilm developed on the surface of Ti and simple and doped BHA
structures are presented comparatively in Figure 12, at a magnification of 10,000×. For comparison
reasons only non-inoculated simple and lithium-doped surfaces are presented by the authors of [21].
Although S. aureus adhered to all tested samples, it must be noticed that the density of S. aureus cells
was significantly more reduced on Li-C > Li-P > Li-0 surfaces as compared to Ti ones, which is in good
agreement with the quantitative results presented in Figure 11. SEM images of S. aureus biofilms are in
concordance with others reported in the literature [1,37,38].

 
Figure 12. SEM images corresponding to S. aureus biofilm after 72 h of development on the surfaces of
Ti and simple and doped biological-derived HA coatings.
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3.3.2. Anti-Fungal Biofilm Activity of Obtained Coatings

In the case of C. albicans strain, a strong anti-biofilm effect was recorded for all tested coatings as
compared to Ti, earlier than in the case of S. aureus biofilm, i.e., after 12 h of incubation (Figure 13a),
followed by a recrudescence of microbial growth at 24 h and a drastic decrease of the biofilm-embedded
cells at 48 and 72 h, respectively (Figure 13b). Moreover, Li-C and Li-P coatings proved a slightly better
efficiency (as compared to Li-0 samples) against C. albicans biofilms incubated for 48 h, whilst Li-0 and
Li-P showed the same antimicrobial efficiency at 72 h of incubation (Figure 13b).

 
     (a)           (b) 

Figure 13. Graphic representation of the logarithmic values of C. albicans biofilm cells developed on
the surface of Ti and simple and doped biological-derived HA coatings: (a) 1–12 h and (b) 24–72 h.

The efficiency of the anti-fungal biofilm activity of simple and doped coatings decreased in the
order Li-C, Li-P, Li-0, after an incubation time of three days (Figure 13).

Similar to the case of S. aureus strain, no visible inhibition of microbial development was obtained
in the range of 1–6 h (Figure 13a), most probably due to the slow release from the synthesized films of
the active elements responsible for the antimicrobial effect.

Following adherence to abiotic substrates (i.e., catheters and other medical devices),
C. albicans develops into a three-dimensional community containing round-budding yeast cells,
oval pseudo-hyphal cells and elongated hyphal cells embedded in an extracellular polysaccharides’
matrix [39]. C. albicans biofilm development follows a sequential dynamic over a 24–48 h period,
starting with initial adhesion of single fungal yeast cells, continuing with a cellular proliferation and
colonization of the surface and the switching to filamentous hyphal forms, a hallmark of the initiation
of biofilm formation, followed by maturation, through the accumulation of the protecting extracellular
polysaccharide matrix. Dispersion of biofilm-associated cells from the mature biofilm can initiate
formation of new biofilms or disseminate into host tissues, therefore being associated with candidemia
and invasive fungal infections [40].

SEM images of C. albicans biofilm developed on the surface of Ti and simple and doped BHA
structures are presented comparatively in Figure 14 at a magnification of 10,000×. In the case of bare Ti,
one can observe many ovoidal or round-shaped cells which have the tendency to form micro-colonies,
as well as the existence of filamentous, hyphal forms. Ti samples were completely covered by a
continuous layer of cells, which is in good correlation with the quantitative results presented in
Figure 13. This observation might be indicative not only for cell-surface type interactions, but also for
stronger cell-cell type ones.
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Figure 14. SEM images corresponding to C. albicans biofilm after 72 h of development on the surfaces
of Ti and simple and doped biological-derived HA coatings.

In exchange, in case of coated surfaces, particularly Li-C and Li-P ones, the number of yeast
cells is drastically decreased, they adhere exclusively in isolated, unicellular form, the filaments being
completely absent.

The microscopy results demonstrate that the synthesized coatings inhibit the initiation of
fungal biofilm development. SEM images of C. albicans are in concordance with others reported
in literature [1,41].

We note that results of anti-biofilm quantitative assays, which revealed a slightly superior
anti-biofilm effect of Li-C and Li-P structures as compared to control Ti and Li-0 ones, are in good
agreement with aspects recorded in SEM examination (Figures 12 and 14). Presented SEM images
were considered representative for the entire surface of samples and were selected after examining
8–10 different microscopic fields.

4. Discussion

4.1. Biocompatibility

Lithium is considered as a trace metal in organisms and is used for the treatment of bipolar
affective disorder [42] and refractory depression [43]. The safe administration of lithium for
osteoporosis was reported more than two decades ago [44,45]. When used in the low bone mass
and osteoporosis-mice models, lithium was indicated to enhance osteogenesis [46]. Also, in the case of
lumbar spine, femoral neck and proximal femur, the corresponding bone mineral density values were
reported to be higher than controls [45,47]. Despite its proven efficacy and safety [48], there are cases
when lithium administration could be toxic and determine side effects, such as thirst and excessive
urination, nausea, diarrhea, tremor, weight gain, sexual dysfunction, dermatological effects, as well
as long-term effects on the thyroid gland, kidneys and parathyroid glands [49]. However, recent
studies challenge this negative perception of lithium administration, by showing strong evidence that
intoxication in patients receiving lithium treatments is rare, it occurs only when the concentration is
higher than 1.5 mmol/L, and its main adverse effects can be properly monitored and managed [50–52].

Even though its excellent biocompatibility was proven, the poor mechanical properties of HA
limit its applications in implantology to non-load-bearing implants. It has been shown that ion doping
represents a good method applied to improve performances of bio-ceramics related to biodegradability,
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biocompatibility, strength and toughness. Therefore, when lithium is substituted into the HA structure,
it plays an important role because it could induce a decrease in HA solubility [53,54], without affecting
its biocompatibility [55,56], and an improvement of biomechanical properties, without altering the
HA structure. The reason for the increase of strength of lithium doped HA may be due to the fact
that metal ions could decrease the porosity of samples which can result in a more compact and hard
structure [57]. Also, one notes that, as a substituted trace element, lithium can positively influence
the viability [58], proliferation rates and alkaline phosphatase activity of cells [59,60]. Wang et al. [57]
reported that when used in a proper low dose (0.5% and 1%), lithium ions can substitute calcium ones
in a HA structure, in order to obtain a biomaterial (LiHA scaffold) characterized by high strength,
a higher osteoblast-mediated degradation rate and a superior ability to promote cell proliferation as
compared to simple HA and controls. On one hand, the lithium incorporation into HA can change the
surface topography of original HA material and make LiHA scaffold possess a more compact bulk,
which finally can result in a higher adherence and enhanced growth of osteoblasts [61]. On the other
hand, the Li+ released from LiHA scaffolds could enhance the activity of osteoblasts, a phenomenon
also reported by Tang et al. [62]. In another study, Oh et al. [63] assessed the influence of lithium fluoride
(LiF) on in vitro biocompatibility and bioactivity of calcium aluminate-polymethylmethacrylate
composite cements. The results indicated that there was no cytotoxicity related to LiF and the addition
of 1 wt.% LiF enabled composite cements to form HA on their surface within 15 days of soaking in
SBF solutions. One can therefore conclude that these enhanced characteristics strengthen the safe use
of lithium and could advance lithium-containing structures as promising materials for the fabrication
of bone tissue engineering scaffolds.

The literature data on the cytotoxic ions release rates for lithium-substituted HA materials is
rather scarce and reported cytotoxic levels are sometimes contradictory due to the fact that release
rates are strongly depending on crystallinity or particle morphology and size of the investigated
material [42]. In a current study, Miguez-Pacheco et al. [64] reported on lithium-containing bioactive
glasses, with Li2O substituting Na2O in different amounts. The conclusion of their study, in terms of
lithium ion release, was that formulations with 2.5 wt.% and 5 wt.% Li2O content proved to be within
the therapeutic range.

In vitro cytotoxicity assays of newly developed materials should precede in vivo tests, since
the results are more reproducible and allow for the evaluation of cellular and molecular responses
triggered by an investigated material [65].

We stress upon that results obtained on human skin new initiated dermal fibroblasts and human
skin immortalized keratinocytes could be informative for the potential of the tested materials to be used
in oral applications, for example in facial reconstruction, dental implants or periodontal pockets filling.
A fully differentiated human gingiva equivalent was constructed entirely from keratinocytes and
fibroblasts, being considered a valuable surrogate of animal models for testing new therapeutics [66].
Moreover, one could therefore predict the potential orthopedic implant-related adverse effects, related
to the occurrence of hypersensitivity reactions to the implant material components. This evaluation is
presently recommended for patients with a clear self-reported history of metal reactions and is done
by patch testing before device implant [67].

4.2. Possible Mechanisms Explaining the Antimicrobial Activity of Synthesized Structures

We stress that infection still remains a major impediment to the long-term use of many implanted
devices. Even though microbial adhesion to biomaterial surfaces represents an essential step in the
pathogenesis of these infections, molecular and physical interactions that govern this adhesion have not
been yet fully understood. Both specific and non-specific interactions may play an important role in the
ability of cells to attach to (or to resist detachment from) the biomaterial surface [68]. In the biomedical
field, a great number of implant failures is due to the formation of microbes at the implanted site.
Microbes, which are able to cause a wide variety of infections in humans by spreading through common
places like bathroom tiles, doorknobs, or packing materials, can be controlled by coating implants
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with materials with antimicrobial properties. Antimicrobial implantable materials must locally kill
microbes or slow down their growth, without being toxic to host tissue cells. Therefore, if an implant
material will possess such characteristics, then the problem of failure will be drastically reduced.

Besides the utility of lithium in the treatment of mood disorders, different studies reported that as
well as other antidepressants, it could exhibit an immunostimulant role and antimicrobial activity, as it
opposes eicosanoids suppressive action upon the immune system [69]. Recent studies have shown
that lithium could limit neurodegeneration and ameliorate symptoms of the trimethyltin poisoning
in rodents, by inducing pro-survival and anti-inflammatory effects [70]. Moreover, in concentrations
of up to 10 mol.%, lithium could enhance the antibacterial activity of bioactive glass against resistant
bacteria, such as methicillin-resistant S. aureus. The 58S bioactive glass with 5 mol.% Li2O substitution
for CaO was considered a promising biomaterial in bone repair/regeneration therapies, showing an
enhanced biocompatibility and alkaline phosphatase activity, with a negligible loss in the bioactivity
compared to the 58S bioglass [71].

The adhesion ability of S. aureus to extracellular matrix components and plasma proteins
from the pellicle formed on the surface of implanted biomaterials represents one main concern
for infections associated to implanted medical devices. C. albicans is considered one of the major
etiological agents of hospital-acquired infections, being also frequently associated with contamination
of indwelling medical devices [72]. The phenotypic plasticity is a unique feature of many fungal
species, including C. albicans, which is an extremely versatile, dimorphic yeast that can survive as a
commensal in various environments, one of the adapting mechanisms being the switching from the
yeast to filamentous forms [73]. S. aureus and C. albicans can be also found in multispecies biofilms,
mutually potentiating their tolerance to antibiotics and disinfectants [74]. The mechanism of indirect
pathogenesis, which might lead in the end to therapeutic failure, could also occur inside multispecies
biofilms, in which genetically resistant microorganisms are the susceptible pathogens [75]. As an
example, the coexistence of S. aureus and C. albicans inside biofilms determines the enhancement of S.
aureus resistance to vancomycin [76]. Therefore, the decrease of microbial adhesion represents one of
the main concerns of the current research in the field of biomaterials and medical devices.

In the following, we propose some relative contributions of specific and nonspecific mechanisms
in order to explain, to some extent, the efficiency manifested by our fabricated coatings to
prevent the microbial adhesion. Therefore, surface features like wetting behavior and material
surface characteristics (topography), corroborated with metal ions release can stand as key-factors
able to modulate the adhesion of microbes and their subsequent survival on the surface of the
synthesized structures.

Water is considered as a major interfacial host in all living environments, and it can affect the
capacity of protein adsorption [77] and cellular adhesion [78]. Therefore, to interpret the microbial
behavior, this parameter must be carefully taken into consideration. In this respect, one possible
mechanism able to explain the antimicrobial activity of synthesized structures is based on their wetting
properties and, consequently, on their surface energy values [38]. Therefore, a hydrophilic behavior
and high values of surface energy [21] might enhance the overall antimicrobial properties of our
fabricated coatings. In addition, the anti-biofilm activity might be explained by repulsive forces which
will occur between anionic-coated surfaces (associated with the presence of hydroxyl hydrophilic
functional groups) and the S. aureus/C. albicans biofilms matrix, which is also negatively charged,
due to its main component, represented by self-produced exopolysaccharides [38]. Moreover, coatings
will facilitate the formation of a highly alkaline medium, consequently leading to the destruction
of lipids, which are the main component of microbial cell membrane, followed by microbial cells
lysis [79]. When discussing anti-biofilm properties of obtained coatings, one must also consider that the
adhesion of microbial cells from aqueous suspensions follows the thermodynamic model. The surface
energy of microbial cells is typically smaller than the surface energy of liquids in which cells are
suspended, causing cells to attach preferentially to hydrophobic materials (i.e., materials with lower
surface energies). Therefore, a hydrophilic behavior, such that of our coatings, and the subsequent
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formation of hydration layers could disrupt the initial step of microbial biofilm formation, represented
by the adhesion of microbial cells to a surface [80].

Another factor to explain the adhesion of microorganisms is related to the surface characteristics
of the material. Therefore, the reduction of microorganisms can be investigated as a function of surface
topographic parameters. Among the surface properties, surface roughness and topography have been
the most investigated topics in dental biofilm researches. There exists a general perception according
to which an increase in surface roughness can promote bacterial colonization due to the increase in
contact area between the material surface and bacterial cells, in other words, due to extended surface
area available for attachment [81]. Thus, smoothening the surfaces to nanometer-scale roughness was
demonstrated to reduce biofilm formation [82]. We note that a roughness (Ra) value of 0.2 μm was
reported to be the threshold for maximum reduction of bacterial adhesion on abutment surfaces [83].
In this respect, Ra values inferred in our cases, which are (19–46) times smaller than this threshold,
should be emphasized.

Moreover, it was recognized that Rku and Rsk are parameters of key-importance when describing
surface roughness of calcified tissue implants [84] because osteogenic cells’ adhesion is sensitive
to the stress concentrations which derive from the presence of sharp heights at the implant-tissue
interface [85], likewise they can be considered against bacterial proliferation [86]. Inferred values
for skewness and kurtosis parameters indicated a sharper heights (Rku ~5.6) distribution of surface
features in case of Li-P structures as compared with Li-0 and Li-C ones (Rku ~3.1 and ~3.5), with more
peaks than valleys (Rsk > 0) and that these peaks and valleys are much closer in height and depth
for Li-P coatings (Rsk ~0.17) than those of Li-0 and Li-C (Rsk of 0.46 and 0.56, respectively). Thus, the
average roughness parameter was found to have a similar value (~5 nm) for Li-0 and Li-P coatings,
and a double one (~10 nm), for Li-C structures. The positive values of Rku and Rsk coefficients could
also be related to less available surface-active sites [78,80], and, consequently, could stay at the origin
of the inhibition of microbial development on the surface of synthesized structures.

Last but not least, there are reports in the literature on the antibacterial potential of
antibiotics/antibacterial substances-loaded HA, but very few refer to antifungal-loaded cement drug
delivery [87]. We stress upon that there are even fewer reports dedicated to the antibacterial activity of
lithium [88]. It was demonstrated that the antibacterial/anti-biofilm effect can become more evident
when extending the exposure to metal [89]. Therefore, one of the proposed mechanisms of action
could be the metal accumulation inside bacterial cells, followed by the cellular wall disruption and,
eventually, cellular lysis. By extending the proposed mechanism, we can speculate that the amount of
lithium ions released from our synthesized materials was enough to accumulate in the microbial cells
and to alter the culture media. By affecting their multiplication and phenotypic switching capacity,
their further progress is slowed down. These assumptions were confirmed by the results of our
study, the lithium-doped samples showing a more pronounced inhibitory effect after 48 and 72 h of
incubation, respectively.

5. Conclusions

Simple and lithium-doped biological-derived hydroxyapatite (BHA) coatings were fabricated by
Pulsed Laser Deposition onto medical-grade titanium substrates.

In vitro biocompatibility investigations proved that synthesized layers were non-cytotoxic on
all tested cell lines, respectively MG-63 osteosarcoma derived cells, human skin new initiated
dermal fibroblasts and immortalized keratinocytes, and did not interfere with their cellular cycle
phases. In addition, synthesized structures drastically inhibited the ability of S. aureus and
C. albicans, two microorganisms well-known for their complex genetic resistance mechanisms and
involvement in the etiology of medical devices-associated biofilm infections, to develop mature
biofilms. The anti-fungal biofilm activity has become significant after 12 h of incubation in the case of
C. albicans and after 24 h for S. aureus biofilm, and persisted with high intensity for 72 h. The anti-biofilm
activity of obtained coatings could be explained in terms of their surface characteristics, such as
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hydrophilic character, associated to a high value of the surface energy, or low values of surface
roughness (in the range of 5–10 nm).

We consider that these combined characteristics can be important for the protection of biomedical
equipment against contamination by nosocomial infections of any sort, as well as for the long
life exploiting of various implants and could therefore offer guidance towards the suitability of
lithium-doped BHA structures for future biomedical applications.
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Abstract: Zn-substituted hydroxyapatite with antibacterial effect was used in radiofrequency
(RF) magnetron deposition of calcium phosphate coating onto Ti- and Si-inclined substrates.
The development of surface nanopatterns for direct bacteria killing is a growing area of research.
Here, we combined two approaches for possible synergetic antibacterial effect by manufacturing a
patterned surface of Zn-doped calcium phosphate using glancing angle deposition (GLAD) technique.
A significant change in the coating morphology was revealed with a substrate tilt angle of 80◦.
It was shown that an increase in the coating crystallinity for samples deposited at a tilt angle of 80◦

corresponds to the formation of crystallites in the bulk structure of the thin film. The variation in
the coating thickness, uniformity, and influence of sputtered species energy on Si substrates was
analyzed. Coatings deposited on tilted samples exhibit higher scratch resistance. The coating micro-
and nano-roughness and overall morphology depended on the tilt angle and differently affected
the rough Ti and smooth Si surfaces. GLAD of complex calcium phosphate material can lead to the
growth of thin films with significantly changed morphological features and can be utilized to create
self-organized nanostructures on various types of surfaces.

Keywords: RF magnetron sputtering; plasma-assisted deposition; biocompatibility; GLAD;
ion-substituted apatites

1. Introduction

The demand for implants that can efficiently conduct bone defect regeneration increases
significantly with the aging population [1]. It is known that the bioinert metals that are used in
implantology and orthopedics do not provide the desired bioactivity and osteoconductivity; therefore,
the surface of such medical devices is usually modified with bioactive coatings [2]. Moreover,
the demand for antibacterial or bactericidal surfaces and coatings has increased steadily in recent
years. It has been noted that the modern approach to surface modification should take into account
both coating functions: osteoconduction properties and antibacterial effect [3]. From that perspective,
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Coatings 2019, 9, 220

substituted hydroxyapatites (HAs) are one of the most promising materials in this area of research.
It has been shown that the easiness of atomic doping or substitution in HA reveals its potential to be
used in various clinical cases [4–6]. Most importantly, it has been shown that inorganic antibacterial
metallic ions (e.g., Ag, Cu, Zn, Sr) can be introduced into the HA lattice and improve its antibacterial
properties [7–14]. However, there is a physical approach to antibacterial surface production. It has
been shown that the creation of nanopatterns is a powerful tool for directing stem cell fate. Another
advantage is that high aspect ratio nanopatterns are capable of killing bacteria and preventing biofilm
formation [15].

Modern approaches to healthcare are aiming to produce implants with biomimetic properties [16].
These properties are crucial to ensuring a desirable biological response to the newly implanted material,
in such a manner that the cells, which are adhered to the surface of such scaffolds, can function
in a way that is similar to physiological conditions. From that point of view, the formation of a
coating that consists of different types of surface gradient structures and with variations in the
level of roughness on the submicro- and nanoscale could be of significant interest for biomimetic
purposes [17,18]. The possibility of manipulating nanotopography has attracted much attention
in recent years [19–22]. This has fostered the development of film deposition techniques aimed at
enhancing these morphological characteristics.

In the field of optics and microelectronics, physical vapor deposition (PVD) of thin films, allowing
the deposition of porous and/or columnar-like structured coatings, has been available for some years.
For this purpose, the use of an oblique angle geometrical configuration—or as it is also known, glancing
angle deposition (GLAD) method—is frequently exploited [23–27].

The GLAD configuration has emerged as a promising tool for the deposition of nanostructured
thin films. This method has mostly been applied in the field of metallic coatings or dielectric coatings
for optical systems, and the use of such technology in the field of biomaterials started recently [28].
Such coatings are usually represented by inclined columnar-like structures with variations at the
nano-roughness level and a direction of growth allowing for the deposition of patterned structures
with different shapes and sizes. GLAD has a wide range of applications in various fields, such as
sensors [29], optics [30,31], or solar cells [32]. This type of coatings has attracted attention due to
the anisotropic nature of the formed films, their peculiar mechanical properties, and the possibility
of controlling the level of porosity [33] and roughness [34]. Most researchers who have utilized
the GLAD method have used line-of-sight methods of deposition, such as, for example, thermal
evaporation. However, the effect of self-shadowing is applicable in many PVD techniques, such as
magnetron sputtering.

An emerging method for bioactive coating deposition in the field of PVD is radiofrequency
(RF) magnetron sputtering. Magnetron sputtering is widely used in the formation of coatings for
various applications. The continuous interest of scientists in this method is due to the possibility
of modifying the coating structure and its physicochemical properties by varying the deposition
parameters [2]. There is a significant interest in radiofrequency (RF) magnetron sputtering of bioactive
calcium phosphate (CaP) thin films [35,36]. This method allows for the deposition of CaP coatings
with a high level of adhesion to the substrate. Moreover, RF magnetron sputtering is well known as
a highly controllable deposition method. However, to date, a feasible method of calcium phosphate
coating deposition in GLAD geometry via RF magnetron sputtering has not yet been reported.

Here, we aimed to develop a method for depositing thin Zn-substituted HA (Zn-HA)-based
coatings that are formed by hierarchical gradient surface features with the use of GLAD geometry.
This method allows us to manipulate the coating roughness on the submicron and nanoscale level and
pursue the possible synergetic antibacterial effect of a nanopattern and the antibacterial activity of Zn.

2. Materials and Methods

Commercially pure titanium samples (99.58 Ti, 0.12 O, 0.18 Fe, 0.07 C, 0.04 N, and 0.01 H wt %)
of 10 × 10 × 1 mm3 size provided by “VSPO-AVISMA” (Perm, Russia) were used as substrates.
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The samples were sequentially polished by silicon carbide paper of 120, 480, 600, and 1200 grit. Prior to
deposition, the substrates were cleaned in an ultrasonic bath of distilled water for 10 min. Furthermore,
commercially available Si wafers (1 0 0) provided by “ELMA” (Zelenograd, Russia) were used as
substrates in all the deposition runs.

In Figure 1, the deposition process is schematically shown. The samples were mounted on the
custom-made sample holder at different angles to the flux of the sputtered material.

Figure 1. Schematic image of the deposition process of the Ti and Si samples with varying particle
incidence angles at 0◦, 60◦, and 80◦ during the radiofrequency (RF) magneton sputtering of a
Zn-substituted hydroxyapatite (Zn-HA) target with the arrows indicating the direction of the flux.

The sample holder allows for the simultaneous placing of substrates at 0◦, 60◦, or 80◦ to ensure
the same sputtering conditions for all the deposited samples.

The sputtering target was Zn-substituted hydroxyapatite. This material was chosen because
hydroxyapatite resembles the mineral fraction of bone and is used for many implant coatings,
while the addition of Zn can provide faster bone growth together with an antibacterial effect [37].
A Zn-HA powder was prepared by mechanochemical synthesis at the Institute of Chemistry and
Mechanochemistry, Russian Academy of Sciences, Novosibirsk, Russia. The mechanochemical
synthesis was carried out according to the reaction:

6CaHPO4 + (4 − x)CaO + xZnO = Ca(10−x)Znx(PO4)6(OH)2 + 2H2O, where x = 0.4.

The prepared powder was used as a precursor for the preparation of a target for sputtering.
Its detailed characterization can be found in our previous report [38]. The powder was pressed and
then sintered in air at 1100 ◦C for 1 h. The chemical composition of the powder and the target was
confirmed by X-ray powder diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) [39].

To identify the optimal deposition parameters for our experiment, we reviewed the literature
dealing with GLAD, considering the substrate material, sputtered material, deposition parameters,
and type of formed coatings. In Table 1, the deposition parameters for GLAD of various materials and
their properties are summarized.
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Even though most GLADs were performed at target-to-substrate distances larger than 70 mm,
we decided to perform deposition at a distance of 45 mm, as it is consistent with most published
research papers dealing with sputtering of CaPs [47–49] and ensures that the particle-free mean path
is significantly higher than the target-to-substrate distance. Moreover, it is known that ZnO and
hydroxyapatite share the same type of lattice structure (hexagonal system). Taking into account the
fact that there is a correlation between the lattice type of sputtered material and the type of the formed
coating structure, we hypothesized that using similar deposition parameters to those used for ZnO
would result in the formation of Zn-doped calcium phosphate nanocolumns [42,46,50].

A vacuum installation with a planar magnetron operating at a frequency of 13.56 MHz (TPU,
Tomsk, Russia) was utilized for GLAD. The high-quality Zn-HA target was used as the cathode of the
magnetron. The sputtering power density was set to 3.15 W/cm2. Prior to the deposition, the system
was pumped to a base pressure of 5 × 10−6 Torr, and then, Ar gas was passed through at a controlled
rate to maintain the pressure needed for the experimental deposition. The deposition time was set to
3 h, and the target-to-substrate distance was 45 mm. It is important to note that the target-to-substrate
distance varied for tilted samples due to the inclination; therefore, the upper part of the sample was
as close to the surface of the magnetron as 35 mm. The samples were deposited at a working gas
pressure of 0.8 mTorr at a gas flow of 3.7 sccm. Each set of samples with angles varied from 0 to 80◦

was deposited in a single run.
The thicknesses of the deposited films were measured using spectroscopic ellipsometry with an

ELLIPS-1891 SAG setup (Rzhanov Institute of Semiconductors Physics of SB RAS, Novosibirks, Russia).
The surface morphology and composition of the coatings were examined with scanning electron
microscopy using an ESEM Quanta 400 FEG scanning electron microscope (SEM, FEI Company,
Hillsboro, OR, USA) operating in a high vacuum. The samples were coated with gold–palladium for
15 s before the SEM, which was equipped with energy-dispersive X-ray spectroscopy (EDX; Genesis
4000, SUTW-Si(Li)detector, EDAX, Inc., Mahwah, NJ, USA) and was operating in a high vacuum study
in such a way that no alteration of the surface morphology was induced. The estimated thickness of
the deposited Au–Pd layer was 4–5 nm. The acceleration voltage for the SEM was 20 kV. To determine
the level of crystallinity of the studied samples and estimate the crystallite size of the deposited thin
CaP coatings, a Panalytical Empyrean X-ray diffractometer with a Cu Kα radiation source (λ = 1.54 Å;
40 kV and 40 mA) was used. The coatings were investigated by grazing incidence X-ray diffraction
(GIXRD) with an incident beam angle of Ψ = 1.0◦ (with respect to the sample surface) and at 2θ range
from 5◦ to 90◦ with a step size of 0.05◦. For qualitative phase analysis with the Bruker software
Diffrac.Suite EVA 4.2.2, the patterns of hydroxyapatite (#09-0432) and titanium (#44-1294) from the
ICDD database were used as a reference. After the instrumental correction derived from a standard
powder sample LaB6 from the NIST ([51]; a(LaB6) = 4.15689 Å), quantitative Rietveld analysis for
the calculation of the lattice parameters and the crystallite sizes was performed with the Bruker
software TOPAS 5.0. For the morphology visualization and calculation of the surface roughness level
of the samples, a JPK NanoWizard Atomic Force microscope (AFM, JPK, Berlin, Germany) was used.
The coating-to-substrate adhesion evaluation was carried out with the scratch-test method on a CSM
Macro Scratch Tester Revetest (CSM Instruments, Needham Heights, MA, USA) with an indenter
of 20 μm in radius. The maximum indentation load was 10 N. The scratch length was set to 5 mm.
In order to obtain statistically meaningful data, each measurement was repeated at least three times
per sample.

3. Results and Discussion

3.1. Effect of GLAD on Coating Thickness and Its Uniformity along the Substrate Surface

The key for variation in the coating surface topography when the GLAD method is used lies in
the self-shadowing effect [23]. During the film growth, adatoms migrate to the substrate and encounter
the surface in a way that causes peak and valley regions to grow. Due to the inclination of the substrate,
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the peaks receive more atoms compared with the valleys. As the peaks grow higher, a shadow region,
which receives a lower number of atoms, is formed behind them. Consequently, the GLAD coatings
have a preferential direction of growth and may even be porous. Also, in most of the reports dealing
with GLAD, an increase in root-mean-square (RMS) surface roughness is usually observed when
compared with the normal degree deposition [25,26,29].

Even though research on GLAD coatings is evolving extensively, there are few reports on the
coating uniformity of the substrate surface and the variation in its thickness. Here, we show the
thickness variation on the Si substrates measured by ellipsometry. In Figure 2, the coating thickness of
the substrates is placed in parallel to the target of the magnetron (0◦), and inclination angles of 60◦ and
80◦ are presented.

 

Figure 2. Plot of the coating thickness against the substrate tilt angle.

With the increase in the inclination angle, the coating thickness decreases gradually. We believe
that this effect is associated with substrate re-sputtering. It is known that when the substrate is in
close proximity to the plasma source, impinging energetic ions of Ar+ and O− induce re-sputtering of
the coating from the substrate [28]. Moreover, the deposition parameters were chosen in such a way
that the mean free path of the sputtered atoms was as large as possible while maintaining a relatively
high power density. In this way, the kinetic energy of the sputtered material and the generated ions
is close to the original level due to the negligible number of collisions they experience. It not only
enables better adatom mobility, but also higher substrate heating and hence higher re-sputtering.
In addition, a shorter target–substrate distance will increase the rate of deposition but at the expense
of film uniformity [29]. This was the case for the CaP coatings deposited in our experiments. For the
samples deposited at less than an inclination angle of 80◦, the coating thickness was measured for the
upper part (closer to the magnetron source) and the lower part of the sample. Ellipsometry showed
that the coating thickness was inhomogeneous along the sample, and the thickness difference between
the upper and lower part of the coating was up to 110 ± 25 nm for some samples. Interestingly,
the closer the placement of the sample to the plasma source, the thinner the film deposited. We believe
that this effect is due to substrate re-sputtering and energetic ions bombardment.

3.2. Effect of GLAD on Coating Topography and Roughness

In Figure 3, SEM images show the topography of CaP coatings deposited at different angles
of 0◦, 60◦, and 80◦. The coatings deposited without tilting (0◦) show globular-like surface features.
The samples inclined at 60◦ during the deposition decreased in size, and the surface structure elements
changed their shape. The surface grains were orientated along the incidence direction of the sputtered
particles independent of working gas pressure. This effect was even more pronounced for the samples
deposited at a tilt angle of 80◦. An alteration in the working gas pressure led to a reduction in surface
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elements sizes. When the deposition process was performed at a lower working pressure (here:
0.8 mTorr), surface elements tended to be more homogeneously spread on the surface.

  
(a) (b) 

 
(c) 

Figure 3. Calcium phosphate (CaP) coatings deposited on Ti at a working gas pressure of 0.8 mTorr
under tilt angles of 0◦ (a), 60◦ (b), and 80◦ (c).

In Figure 4, the dispersion of the size of the surface features for the cases of GLAD at 0◦ and 80◦

is presented. The mean grain size of the coating decreased from 210 to 190 nm with the increasing
tilt angle.

  
(a) (b) 

Figure 4. Dispersion of coating surface grain sizes for samples deposited under tilt angles of 0◦ (a) and
80◦ (b) at a working gas pressure of 0.8 mTorr.

It is well known that the coating deposited by magnetron sputtering insignificantly changes the
surface topography [52]. In most cases, the deposited coating repeats the topography of the initial
substrate surface. Even after polishing, the Ti surface still had some marks after machining that
could potentially disturb or alter the growth of the surface coating’s elements. Therefore, polished
Si samples were used alongside the Ti substrates in all the deposition runs, as they do not provide
additional ambiguity in the understanding of coating growth on a non-smooth surface topography.
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Figure 5 shows SEM images of CaP on the Si substrate deposited at 0◦, 60◦, and 80◦ tilt angles and at a
pressure of 0.8 mTorr. This was the pressure that promoted the dispersion of the most homogeneous
surface features and minimized the particle collision during deposition most effectively. Interestingly,
the deposition of the CaP coating on polished Si resulted in the appearance of surface grains in smaller
quantities. Apparently, the Ti surface with defects, cavities, and an overall rougher topography induced
more nucleation sites for subsequent grain formation compared with Si.

   

   
(a) (b) (c) 

Figure 5. CaP coatings deposited on Si at a working gas pressure of 0.8 mTorr under tilt angles of 0◦ (a),
60◦ (b), or 80◦ (c) on the Si substrates.

Even though the initial surface of the Si samples was smooth and without pronounced defects or
impurities, grain nucleation still took place in regions that were energetically favorable. Even though
the surface of coated Si deposited at the normal incidence was rather smooth, it was possible to find
rare globular-like shaped grains on its surface. In Figure 5, some of the grains that were found on the
smooth surface of the sample deposited without tilting are shown. For samples deposited at an angle
of 60◦, the concentration of surface elements increased together with their size. Moreover, in some
cases, grains were comprised of smaller structural elements and had complex topography. We assume
that this could be a transition state before the grains coalescence into bigger surface structural elements.
With an increase in tilt angle to 80◦, the effect of self-shadowing became more pronounced and resulted
in the appearance of surface grains of different sizes. In this case, the surface grains covered the whole
surface of the sample and left no place for a region without complex topography. From this, we can
conclude that an RF magnetron GLAD method for CaP can have a topographical effect on smooth
and rough surfaces of different materials. Álvarez et al. [23] performed mathematical modeling with
experimental validation for Ti thin films deposited by RF magnetron sputtering. The proposed model
correlated well with the experimental results. It was solely based on ballistic deposition phenomena,
indicating that the simulations realistically reproduced the competitive growth mechanism involved
in GLAD experiments. However, a modeling of a far more complex structure (hydroxyapatite) still
needs to be performed.

Figure 6 shows a cross-section SEM of thin films deposited under tilt angles of 0◦ (a) and 80◦ (b) at
100,000× magnification and films under tilt angles of 0◦ (c) and 80◦ (d) at 200,000× magnification on Si
substrates. For the untilted samples, the cross section is presented by an amorphous calcium phosphate
layer without any visible structural features. In contrast, coatings deposited at 80◦ inclination show an
anisotropic, elongated type of inner structure orientated towards the particle source represented by
small crystallites. EDX data obtained from both types of samples showed that the Ca/P ratio equals
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1.8–1.9, while the content of Zn does not exceed 1 at.%. It is worth noting that the inner structure
corresponds to the surface topography of the samples. In that way, the surface of the coatings deposited
on the untilted samples is smooth with a few globular-like features (Figure 5a), and a cross-section of
this sample (Figure 6a,c) is represented by smooth featureless layer. In the case of 80◦, tilting small
crystallites do not only belong to the surface (Figure 5b) but are also visible throughout the coatings’
inner structure (Figure 6b,c). Moreover, predominant growth towards the particle flux is detectable,
and the angle of structural inclination β is calculated to be in the range of 60◦–65◦. As it is mentioned
in the literature [53], the tilt angle is always smaller than the vapor incidence angle (β < θ). In the paper
by Grüner et al. [53], it is stated that, as a first order approximation, a linear relationship between the
tilt angle and the angle of incidence β ∼= 0.71θ can be obtained for GLAD of silicon. A similar, linear
behavior can be found for obliquely deposited germanium and molybdenum thin films covering a
wide range of melting points. However, we could speculate that, in our case, this coefficient is going to
be in a range of 0.75–0.8 according to the SEM measurements. Taking into account the fact that the
melting point of silicon (1414 ◦C) is relatively close to the melting point of hydroxyapatite (1570 ◦C) [54],
this coefficient could indicate the differences in the lattices of the sputtered materials. Most published
papers dealing with GLAD focused on materials with relatively simple oxide or monocrystal types of
structures with a higher level of symmetry when compared with calcium phosphates. In turn, during
the sputtering of CaP, various sputtered species travel to the substrate and are later are involved in the
condensation step. Therefore, we assume that this fact is responsible for the difference in the calculated
coefficient and overall difference in the thin film structure.

  
(a) (b) 

  
(c) (d) 

Figure 6. SEM cross-section images of obliquely deposited Zn-doped CaP thin films deposited on Si
under tilt angles of 0◦ (a) and 80◦ (b) at 100,000× magnification and films under tilt angles of 0◦ (c)
and 80◦ (d) at 200,000× magnification on Si substrates, demonstrating significant changes in the film
morphology. The arrows indicate the angle of incidence θ. The columns are tilted by angle β.

In Figure 7, an AFM visualization of CaP coatings deposited on Ti with and without tilting
is shown. According to Sarkar and Pradhan [55], the RMS values of film roughness increase with
the increasing oblique angle of deposition. However, in our case, the RMS for tilted samples were
smaller than for samples without inclination: 17 nm for the 80◦ sample and 28 nm for the sample
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without inclination (0◦), respectively. We believe that this is because small surface grains, which
homogeneously cover the initial rough Ti surface, are reducing the RMS compared with the sample
without any inclination. In the case of the normal incidence of sputtered particles, round-shaped
grains are formed on top of the Ti surface, artificially increasing the RMS. AFM measurements allow
us to have a 3D image of the surface topography and reveal an out-of-plane growth of surface grains
(Figure 7c).

  
(a) (b) 

(c) 

Figure 7. CaP coatings deposited on Ti at a working gas pressure of 0.8 mTorr under tilt angles of 0◦

(a) and 80◦ (b) and three-dimensional (3D) visualization of coating deposited under 80◦ showing the
out-of-plane growth of grains (c).

In order to exclude the impact of the substrates’ surface topography on the coating’s roughness,
AFM measurements were performed for polished Si samples as well (Figure 8). For the samples
deposited at the normal incidence, it was almost impossible to detect distinct surface features. In an
untilted sample, some structural elements were found. Surface elements are represented in the form
of pyramids, which possibly represent artifacts rather than the actual shape. Nevertheless, the RMS
value for the untilted sample was very low (down to 200 pm).

  
(a) (b) 

Figure 8. Cont.
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(c) 

Figure 8. CaP coatings deposited on Si at a working gas pressure of 0.8 mTorr under inclination angles
of 0◦ (a) and 80◦ (b) and 3D visualization of coating deposited under 80◦ (c).

However, the RMS of the GLAD sample was 5 nm, i.e., was significantly higher than that of the
untilted sample. Moreover, these results are in good correlation with GLAD-related research, as RMS
values are usually found to increase with the increasing oblique angle of deposition [24]. Such changes
in morphology may lead to a significant decrease in the values of the contact angle of the coatings.

3.3. Effect of GLAD on Coating Crystallinity and Scratch Resistance

It is not rare that CaP coatings deposited by RF magnetron sputtering have a low level of
crystallinity [56]. Frequently, CaP-deposited coatings are annealed in order to reveal peaks from
crystalline Zn-HA [7]. However, in our case, we decided to perform a GIXRD of the untreated sample,
as the temperature treatment will significantly change the internal structure of the CaP. Figure 9 shows
representative X-ray powder diffraction patterns of the coatings deposited on Ti substrates at oblique
angles of 0◦ and 80◦. The GIXRD measurements indicate a formation of mostly amorphous CaP coating
with a broad halo at 2θ = 30◦, which can be attributed to hydroxyapatite with a crystallite size 2(1)
nm as determined by the Rietveld refinement. The slightly increased intensity of the amorphous halo
of the hydroxyapatite coating deposited under 80◦ (Figure 9b) compared with the hydroxyapatite
coating under 0◦ might be caused by the increased crystallinity of the HA coating. The calculated
lattice parameters of Ti (a = 2.951 and c = 4.685 Å) agree well with the ICDD database, confirming
that the RF magnetron sputtering does not change the structure of the metallic substrate (as expected).
Only a small difference between the Ti substrates was observed in the intensity of diffraction peak
(002) at 2θ = 38.4◦, which was caused by the typical rolling texture in hexagonal metals, including
Ti [57–59]. It is worth noting, that the increased crystallinity of the samples inclined to 80◦ correlates
with the formation of small-sized crystallites on the surface and in the cross-section structure of the
GLAD samples (Figure 6b,d).

 
(a) 

Figure 9. Cont.
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(b) 

Figure 9. Representative X-ray powder diffractograms (with Rietveld refinement) of CaP coatings
deposited on the Ti substrate perpendicular to the flux at 0◦ (a) and inclined at 80◦ (b). The diffraction
peaks of HA and Ti (with Miller indices) are shown.

In Figure 10, the results of CaP coating scratching are shown. Thin film adherence is one of the
most important aspects when dealing with physical vapor deposition methods. Lc (critical load) is a
function of coating–substrate adhesion, but also involves other parameters related to the shape of the
stylus, the mechanical properties of the substrate and the coating, the thickness, and the internal stress.
In Figure 10a, a micro-scratch on the surface of the Zn-doped CaP coating on the untilted sample
is represented. The Lc was determined during the scratch test to be a relatively small load of 10 N.
The first adhesive cracks were observed after Lc = 5.3 N for the untilted sample. The average value of
the friction coefficient during the measurements was calculated to be 0.3.

 
(a) 

 
(b) 

 
(c) 

Figure 10. Optical microscopy of the tracks after scratch testing of the CaP coatings deposited on Ti at
a working gas pressure of 0.8 mTorr under inclination angles of 0◦ (a), 60◦ (b), and 80◦ (c).

Local detachment of the coating is seen on the side of the track and in several other regions that
are identified by arrows in Figure 10a. We concluded that the coating demonstrates sufficient scratch
resistance, which is in accordance with the scientific data available in the literature [60,61]. In contrast,
samples deposited at inclinations of 60◦ and 80◦ (Figure 10b,c) show higher scratch resistance. Thus,
coating delamination even at the maximum load of 10 N is not observed. The average value of the
friction coefficient for both the tilted substrates during the measurements did not exceed 0.25. This fact
also contributed to the observed, improved scratch resistance of the tilted samples. We associate these
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results with the high energy of sputtered species impinging the substrate during the condensation
phase because of the placement of the inclined substrate closer to the particle source. The influence of
bombardment energy on the level of scratch resistance can also be found in the literature [62].

4. Conclusions

Two approaches for achieving a possible synergetic antibacterial effect by manufacturing a
patterned surface of Zn-doped calcium phosphate using GLAD technique in RF magnetron sputtering
were used. Two types of substrates (Ti and Si) with significantly different roughness were chosen.
Variations in coating thickness and uniformity take place starting from a tilt angle of 60◦. It was shown
that it is possible to manipulate the surface roughness and morphology of the coatings by varying the
substrate tilt angle. The columnar structure becomes more prominent at an oblique angle of 80◦, and it
is made of inclined Zn-doped CaP columns. A significant change in the coating morphology becomes
obvious starting from the substrate tilt angle of 60◦. An increase in the coating crystallinity for samples
deposited at a tilt angle of 80◦ corresponds to the formation of crystallites in the bulk structure of
the thin film. It was shown that GLAD is a powerful technique that allows for the variation of CaP
thin film morphology and can be utilized to create self-organized nanostructures that can be used for
synergetic antibacterial effect.
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Abstract: In this study, ZnHAp layers deposited on a Si substrate were obtained by a sol–gel
spin-coating procedure. The ZnHAp solutions used to obtain the ZnHAp coatings were investigated
by dynamic light scattering (DLS) analysis, ζ-potential, ultrasound measurements, and flame atomic
absorption spectrometry (AAS). The average measured hydrodynamic diameter from the DLS
analysis, ζ-potential, and ultrasound measurements were analyzed so as to characterize and estimate
the stability of the ZnHAp nanoparticles. The AAS results confirmed the presence of zinc in the
gels used in the preparation of the ZnHAp layers. The layers were investigated by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The XRD results revealed the diffraction peaks of the
hexagonal hydroxyapatite in all of the investigated samples. The morphology of the ZnHAp coatings
annealed at 500 ◦C (ZnHAp-500) and 700 ◦C (ZnHAp-700), which evidenced that no fissures or
cracks formed on the surface of the coatings. The biocompatibility assays indicated that the ZnHAp
coatings did not present any toxicity towards the HeLa cells. Furthermore, the study regarding the
cytotoxicity of the ZnHAp layers against microorganisms emphasized that ZnHAp coatings exhibited
an inhibitory effect towards S. aureus bacterial cells and also towards C. albicans fungal cells.

Keywords: zinc; hydroxyapatite; ultrasound measurement; sol–gel spin coating; layers; C. albicans;
S. aureus

1. Introduction

Nowadays, the constant and rapid progress registered in the area of technology and engineering
has created tremendous opportunities for modern medicine, by creating the premise of developing new
and enhanced materials with outstanding properties that could greatly contribute to the improvement
of a patient’s life quality [1–3]. Nonetheless, even with the constant new developments, there are still
difficulties to overcome for some issues in the biomedical field, as a result of medical devices, which
could lead to post operatory complications [4]. These days, one of the most distressing complications
that could appear after surgery is considered the apparition of a post operatory infection [5,6]. In most
cases, the infection appears because of the bacterial cells, which adhere either to an implantable
medical device (when is the case), either on the tissue surrounding the surface of the implant,
or simply on the surface of the wound [7,8]. These types of bacterial adhesions on implantable
devices are some of the most frightening problems that can occur in the dentistry, orthopedic, and
cardiovascular field, because they usually lead to severe life treating infections due to the development
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of bacterial biofilms, which have been proven to be resilient to conventional antibiotics [9–13]. In
most cases, because of the development of bacterial infections, implantable devices are often removed
from patients using many costly procedures, which are uncomfortable and even dangerous for the
patient [14]. Considering these factors, there has been an increased effort directed towards the
development of new materials capable of mimicking the composition and structure of bone, also
exhibiting antimicrobial properties [15–17]. Commonly, one of the widely used biomaterials, due to
its outstanding biocompatible and osteoconductive properties, is hydroxyapatite (HAp). Synthetic
HAp, with the general formula Ca10(PO4)6(OH)2, has been widely studied for bone substitution,
bone remodeling applications, controlled drug release, bone tissue engineering, bone regeneration
as bone graft materials, coatings for implants, or bone fillers [16–18]. Nowadays, HAp is used both
in reconstruction and repair surgery, as well as in conservative dentistry, dental implantology, and
pharmacy [19,20]. Used as an implant coating, synthetic HAp has been studied because of its excellent
biocompatibility and osteoconductivity [20,21]. Despite its great potential, HAp has limitations because
of its poor mechanical properties (brittleness, poor tensile strength, and poor fatigue strength) [22,23]
and slow biological interaction, and it is because of these factors, which favor the adherence and
development of bacterial cells, that the apparition of post operatory infections is caused. Nevertheless,
numerous studies have reported that the properties of HAp could be improved by doping with various
elements such as Na, Sr, Mg, K, Mn, Ag, Ce, Eu, Cu, Zn, Sm, and so on [24–27]. The structure of
HAp allows for both anionic and cationic substitutions [24–27]. Zinc is one of the most widespread
trace elements, and is usually considered as a potential substituent in HAp because of its biological
properties [28]. Taking into account that almost a third of the amount of zinc that is found in the human
body is located in bone tissue, and also that zinc contributes to the proliferation of osteoblast cells and
enhances the bone formation process [27,28], the use of zinc as a doping element for HAp will create
the premise of obtaining a new biomaterial with outstanding biological properties. Recent studies
have also reported that zinc possesses antimicrobial properties and could be used in the development
of antimicrobial agents [29–32]. In their study, Radovanović et al. [33] highlighted that zinc exhibited a
good antimicrobial activity against Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and
Candida albicans microbial strains [33].

Over the years, extensive research has been conducted for the development of uniform,
reproducible, and reliable layers using various advanced deposition techniques [34–37]. There are
many papers dealing with thin film development, involving several techniques such as vacuum
evaporation [38], sputtering [36], laser-assist vacuum evaporation [38], chemical bath deposition [39],
electrodepositing [40], dip coating [41], sol–gel [42], the Langmuir Blodgett technique [43], and so
on. Among these, the sol–gel spin coating technique is considered to be one of the simplest and
most cost-effective techniques for thin film deposition [44]. It has been reported that by using the
conventional spin coating technique, the material parameters can be used to determine the final film
thickness, which is considered to be a tremendous advantage when developing thin films [45].

The present study is focused on developing ZnHAp coatings based on stable solutions with
applications in the biomedical field. Firstly, stable solutions of ZnHAp have been synthesized and
characterized. The ZnHAp solutions have been studied using dynamic light scattering (DLS), Zeta
potential, and atomic absorption spectroscopy (AAS). On the other hand, studies regarding the stability
of the resulting ZnHAp solutions obtained by the sol–gel method were performed using ultrasound
measurements. Afterwards, the ZnHAp coatings were deposited on Si discs. The ZnHAp coatings
were investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The cytotoxicity
of the ZnHAp coatings was studied using a HeLa cell line. Moreover, the antimicrobial activity of
the ZnHAp coatings was investigated against Candida albicans ATCC 10231 and Staphylococcus aureus
ATCC 25923 microbial strains.
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2. Materials and Methods

2.1. Materials

Reagents such as calcium nitrate (Ca(NO3)2·4H2O, Sigma-Aldrich, St. Louis, MA, USA),
ammonium hydrogen phosphate ((NH4)2HPO4), Alfa Aesar, Karlsruhe, Germany; 99.99% purity),
silver nitrate (Zn(NO3)2·6H2O, Alfa Aesar, Karlsruhe, Germany; 99.99% purity), triethanolamine
(C6H15NO3, Sigma-Aldrich; ≥99.0% (GC) purity), and ethanol were used for obtaining the zinc doped
hydroxyapatite (ZnHAp) solutions using the sol–gel method, in order to prepare the ZnHAp coatings
on the Si substrate using the spin-coating procedure.

2.2. Thin Layer of Zinc Doped Hydroxyapatite

Calcium nitrate (Ca(NO3)2·4H2O), zinc nitrate (Zn(NO3)2·6H2O), and ammonium hydrogen
phosphate ((NH4)2HPO4) were used as the starting materials for the preparation of zinc doped
hydroxyapatite (Ca10−xZn(PO4)6(OH)2, xZn = 0.1) thin layers on an Si substrate (ZnHAp), respectively.
In order to synthesize the zinc doped hydroxyapatite gel for preparing the thin layers, triethanolamine
(C6H15NO3) and ethanol (C2H5OH) were also used. Ca(NO3)2·4H2O was dissolved in ethanol and
mixed on a magnetic stirrer for 120 min at 40 ◦C. Triethanolamine was slowly dripped into the
solution containing Ca, and the solution was agitated vigorously for 24 h at 40 ◦C. At the same time,
(NH4)2HPO4 and Zn(NO3)2·6H2O) were dissolved in the ethanol and mixed on a magnetic stirrer for
120 min at 40 ◦C. Next, the solution containing Ca was slowly added to the solution containing P and
Zn. The final solution was constantly agitated on a magnetic stirrer for 6 h at 100 ◦C. According to
the authors of [18], in the ZnHAp (xZn = 0.1) sol, [Ca + Zn]/P, the composition ratio was adjusted to
be equal to 1.67. The resulting gel was mixing by ultrasound for 6 h. The resulting sol–gel solution
was used to obtain, using the spin-coating procedure, the ZnHAp coatings on the Si substrate. For the
centrifugation coating, 0.5 mL of the resulting solution was placed on the top of the substrate using a
syringe. The centrifugation was carried out for 60 s at 2000 rpm. The Si substrates were repeatedly
coated 30 (ZnHAp) times. The Zn:HAp layers were annealed for 2 h at 500 ◦C (ZnHAp-500) and
700 ◦C (ZnHAp-700), in order to remove the solvents and to obtain films with a crystalline structure.

2.3. Characterization Methods

The resulting sol–gel solution that was used to obtained the ZnHAp coatings on the Si substrate
by the spin-coating procedure was investigated by dynamic light scattering (DLS) analysis, ζ-potential,
and ultrasound measurements. Dynamic light scattering (DLS) and ζ-potential were performed at
25 ± 1 ◦C using a SZ-100 Nanoparticle Analyzer (Horiba, Ltd., Kyoto, Japan. All of the samples
were diluted in ethanol before analysis 10 times before the measurements of the DLS and ζ-potential.
Three determinations were recorded for each analyzed sample, and the final value was established by
mediating the three measurements.

The sample was stirred for 30 min at room temperature. Then, the ultrasonic tests were effectuated
using the setup indicated in Figure 1. There are two coaxial ultrasonic transducers distanced by
d = 30 mm, of a 5 MHz central frequency, model H5K (General-Electric, Krautkramer, Hürth, Germany),
one (marked R) sending and receiving the echoes, and the other (marked T) just receiving the echoes.
These were the general purpose longitudinal non-focusing transducers, which attenuated the received
echoes by different amounts at different frequencies. In order to minimize the losses in the transducers,
we investigated only the echoes received by the T transducer at 5 s intervals.
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Figure 1. Experimental setup schematic: transducer, pulser-receiver, and oscilloscope.

Quantitative studies regarding the elemental composition of the new zinc-doped hydroxyapatite
solutions were performed by flame atomic absorption spectrometry (AAS). The analysis was performed
using a Zeeman HITACHI Z-8100 from Japan Hitachi (Tokyo, Japan), using a cavity cathode lamp,
specific to the zinc element. The AAS investigations were done using stable solutions of ZnHAp. The
AAS measurements were conducted using a zinc hollow cathode lamp under a constant airflow rate of
10.00 L·min−1, at a wavelength of 213.9 nm, according to the manufacturer’s operational conditions
for zinc.

The resulting sol–gel solution that was used to obtained the ZnHAp coatings on the Si substrate
by the spin-coating procedure were dried for 72 h at 100 ◦C, and preseed into pellets in order
to be investiagted by laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS).
The studies were conducted in agreement with the procedure described by Motelica-Heino and
Donard [46], using an elemental XR Thermo Specific instrument (Waltham, MA, USA) combined with
a UV laser probe laser ablation sampling device (Teledyne CETAC Technologies, Omaha, NE, USA).
The calibration was done with certified artificial glass, NIST-610. The measurements were reproduced
four times.

The morphology of the samples was investigated by scanning electron microscopy (SEM), using a
HITACHI S4500 microscope (Hitachi, Ltd., Tokyo, Japan) equipped with an X-ray energy dispersive
spectroscopy (EDX) system. In order to establish the crystal structures of the ZnHAp layers, the XRD
patterns were recorded using a Bruker D8 Advance diffractometer (Bruker, Karlsruhe, Germany) with
a nickel filtered Cu Kα (λ = 1.5418 Å) radiation in the 2θ ranging from 20◦ to 55◦.

2.4. In Vitro Antifungal Activity

The antimicrobial properties of the ZnHAp-500 and ZnHAp-700 layers were assessed using
Candida albicans ATCC 10231 and Staphylococcus aureus ATCC 25923 microbial cells. The evaluation of
the antimicrobial activity of the ZnHAp-500 and ZnHAp-700 layers was performed using 1.5 × 108

microbial suspensions of a 0.5 McFarland standard obtained from 15 to 18 h bacterial cultures.
The qualitative antifungal and antibacterial activity of the layers was quantified at 24 and 48 h. For

this purpose, microbial suspensions of C. albicans ATCC 10231 and Staphylococcus aureus ATCC 25923
(500 μL) were grown on the samples in culture medium. After 24 and 48 h the layers were removed
from the culture medium, washed with sterile saline solution for the removal of the non-adherent
microbial cells. The layers were then introduced into sterile saline (1 mL), vortexed for suspending the
microbial cells embedded in the biofilm formed on the surface, washed in saline solution, fixed in cold
methanol, and prepared for scanning electron microcopy (SEM) visualization.

The quantitative assays of the antimicrobial activity of the ZnHAp-500 and ZnHAp-700 layers
were performed using an adapted method derived from the standard test method for determining
the antimicrobial activity of antimicrobial agents under dynamic contact conditions (E2149-10; ASTM
International) [47,48]. The layers were added in a Luria-Bertani (LB) broth inoculated with microbial
suspensions of 1.5 × 108 CFU/mL. The samples were allowed to incubate at 30 ◦C for four time
intervals (8, 24, 32, and 48 h) in order to assess the temporal dynamics of the microbial biofilms
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developed in the presence of the layers. After the incubation of each time interval, the HAp,
ZnHAp-500, and ZnHAp-700 layers were removed from the medium, washed using a sterile saline
buffer in order to remove the microbial cells that did not adhere to the substrates, and were then
immersed in a sterile saline buffer. The quantitative assessment of the antimicrobial activity of the
ZnHAp-500 and ZnHAp-700 layers was determined by measuring the absorbance of the recovered
suspensions at 620 nm. The experiments were performed in triplicate.

2.5. Hela Cell Viability Assays

The cell viability assays were performed using the first immortal human cell line, known for
being one of the most remarkably durable and prolific cell lines (HeLa cells). HeLa cell growth
assays were performed as previously described [49], with the following modifications: HeLa were
grown in Dulbecco’s modified Eagle’s medium previously supplemented with fetal calf serum
(FCS) 10%, and with 2 mM L-glutamine (GIBCO BRL, Life Technologies, Carlsbad, CA, USA) at
a temperature of 37 ◦C in a humidified atmosphere with 5% CO2. The culture medium was then
renewed every 2 to 3 days. Then, the HeLa cells were seeded in six-well plates, at a density of
5 × 105 cells/mL, and incubated on previously UV-sterilized ZnHAp layers. The cell viability was
assessed by microscopic evaluation after 24 and 48 h of incubation. Moreover, a quantitative assay
regarding the cell viability was performed on the HeLa cells (~104 cells/100 μL) using the conventional
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) reduction assay.

2.6. Statistical Analysis

All of the biological investigations were carried out in triplicate. The statistical analysis was
carried out using the t-test and analysis of variance (ANOVA). The difference established between the
samples was appreciated to be significant at p < 0.05.

3. Results and Discussions

3.1. Characterization of Suspension

To achieve uniform coatings, the gels obtained should be stable, and the nanoparticles should be
well dispersed. In this regard, the nanoparticles in the solution were studied by DLS, ζ-potential, and
ultrasound measurements. If in the DLS studies and zeta potential the final gel was diluted 10 times,
the ultrasound measurements allowed for the study of ZnHAp nanoparticles in the final concentrated
solution obtained from the sol–gel synthesis method. In agreement with previous studies conducted
by Egelhaaf et al. [50], DLS can be used to characterize the hydrodynamic diameter distribution
in the range of some hundreds of nm. These results provide important information on colloidal
agglomeration. The hydrodynamic diameter distribution determined by DLS is shown in Figure 2. As
shown in Figure 2A, the size of the particles was in the range of 10–60 nm. The average hydrodynamic
diameter estimated from the hydrodynamic diameter distributions obtained by DLS was 45 ± 4 nm.
One distinctive curve was visualized and coincided with one population that could indicate the lack
of aggregates in the analyzed solution. The absence of agglomerates is also explained by the high
potential of the ζ-potential (Figure 2B,C).

The ζ-potential value of the ZnHAp (xZn = 0.1) nanoparticles in the solution (Figure 2B) was
−45.8 mV. The value of the average electrophoretic mobility was −0.00034 cm2 V−1 s−1 (Figure 2C).
The value obtained for the ζ-potential in the ZnHAp gel was much higher than which has been
reported so far [19,31]. This difference may be due to increasing the zinc concentration, and, on the
other hand, to the synthesis parameters. In previous studies, Predoi et al. showed that for ZnHAp
solutions with 0.01 < xZn < 0.05, the zeta potential increased from −8.19 mV (xZn = 0.01) to −15.84 mV
when xZn was 0.05.
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Significant information about the Zn:HAp gel used to prepare the ZnHAp layers were achieved
from the ultrasound measurements. During the ultrasonic measurements, the recording time was
1000 s, corresponding to 200 records, with each record containing 100k samples (Figure 3).

Figure 2. Colloidal characteristics of the ZnHAp and Ca10−x Znx(PO4)6(OH)2 nanoparticles in the
solution (xZn = 0.1): (A) hydrodynamic diameter distribution curves images; (B) ζ-potential distribution
curve; and (C) electrophoretic mobility.

 
Figure 3. Recorded T signals for 1000 s. Each signal includes three echoes.

The three echoes obtained for the ZnHAp sample were each compared with the corresponding
echoes in double distilled water in the same setup. This method allows for relative quantitative
measurements, which eliminate the influence of the transducers attenuation and frequency spectrum.

Through the intercorrelation of each echo with the corresponding echo in the reference fluid, for
which the velocity is c0 = 1489.23 m/s at 22.3 ◦C, an average velocity in the sample of cs = 1489.1 m/s
has been deduced. The velocity of the ultrasonic waves in homogeneous liquids can be calculated with

the relation c =
√

1
κρ , where the adiabatic compressibility, k, is the inverse of the compression elastic

modulus (K = 1/k), and ρ is the averaged mass density. For the biphasic suspensions, the averaged
values can be obtained from the following: κ = Φκ2 + (1 − Φ)κ1 and ρ = Φρ2 + (1 − Φ)ρ1, in which
Φ represents the volumetric fraction of the solid particles in the solvent, which was double distilled
water in this case.

Consequently, if the volumetric fraction is known, and the elastic properties of the solvent are
known (e.g., for water, κ = 4.54 × 10−10 Pa−1), one can determine the pairs (κ2,ρ2) of the particles in
the suspension, and if one of the two parameters is known, then the other can be accurately determined.

The first information is the evolution in time of the echo’s amplitudes (Figure 4A). The three
recorded signals indicate the stable level of the amplitude, in direct connection with the physical
stability of the sample. In our previous studies [24] on bioceramic layers with antifungal properties, we
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suggested a stability parameter, measured in s−1 and defined as s = 1
Am

∣∣∣dA
dt

∣∣∣. The stability coefficient
for this sample is s = 0.0152 (1/s), indicating a relatively stable suspension, compared with pure water,
for which s = 0.

 

Figure 4. Evolution in time of the echoes amplitudes (A), spectral attenuation of echo 1 and reference
fluid (B), and spectral attenuation vs. time for echo 1 (C).

There was an initial period of approximately 100 s during which the suspension reached a stable
configuration. The second and third echoes have weaker amplitudes as a result of the attenuation,
which will be discussed in the following. The following analysis concerns only the first echo, which
was the least affected by the attenuation characteristics of the transducers.

The amplitudes at higher frequencies diminished, a phenomenon that is typical to ultrasound
waves. However, this amplitude reduction vs. frequency is typical for each sample. For each echo, an
averaged ratio of amplitudes at each frequency in the spectrum, relative to the reference fluid, were
determined. The attenuation vs. frequency for the first echo is plotted in Figure 4B.

The attenuation is defined for two successive echoes of amplitudes, A1 and A2, determined after
traveling a distance, d, as follows: α = − 1

d ln A2
A1

[Np/m]. For the reference fluid, the attenuation is
known from the specialized literature and the attenuation of the sample is determined experimentally.

The attenuation in the sample is considerably higher than in the reference fluid, varying from
3.03 Np/m at 2 MHz, up to 7.84 Np/m at 8 MHz. The slope given by the stability parameter is also
very important. For this sample, a change in the attenuation slope for frequencies above 3 MHz is
clearly visible, a fact related to the size and concentration of the nanoparticles. More details can be
obtained by analyzing the evolution in time of the attenuation for each of the frequencies marked on
Figure 4B. The results are plotted on Figure 4C.

There was an initial period of about 100 s, during which the attenuation decreased rapidly,
possibly due the sedimentation of the larger size particles in the suspension. Between 100 and 900 s,
the attenuation at all of the frequencies remained relatively constant, proving the stability of the
suspension. As shown on Figure 4B, the attenuation increased with the increasing frequency.
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The amount of zinc incorporated in the HAp lattice from the ZnHAp samples was investigated
using flame atomic absorption spectrometry (AAS). For this purpose, stable solutions of ZnHAp were
measured and the zinc concentration determined. The results of the AAS investigation revealed that
the zinc concentration from the measured samples was of 1.785 ± 2.5 wt %.

More than that, ICP-MS investigations were performed on the ZnHAp powders obtained from the
sol–gel solution used in the spin-coating procedure. The results of the ICP-MS studies revealed that the
amount of zinc from the ZnHAp powders calculated from the ICP measuremets was 1.57 ± 1.8 wt %.
These results are both in good agreement with previous studies reported by Predoi et al. [19].

3.2. Structure and Morphology of the Layers

The XRD patterns of the ZnHAp layers deposited on the Si substrates using the sol–gel spin
coating method are shown in Figure 5. The XRD analysis was used for determining the phase
composition of the layers. The XRD patterns of the ZnHAp layers deposited on the Si substrates using
the sol–gel spin coating method are shown in Figure 5.

 
Figure 5. XRD pattern of the ZnHAp layers annealed at 500 ◦C (A) and 700 ◦C (B).

The influence of the annealing temperature on the coating was clearly seen. The peak broadening
of the HAp samples decreased upon increasing the temperature, indicating that the crystallinity
increased. The XRD patterns revealed the diffraction peaks of hexagonal HAp (space group P63/m) in
all of the layers (A and B) according to a standard card of the HAp (ICDD-PDF #9-0432). The relative
2θ position of the diffraction peaks remained virtually unchanged with respect to the application
temperatures, up to 700 ◦C. No impurity peaks of metallic Zn were detected in the XRD patterns.
On the other hand, the peaks at about 31◦ and 47◦ (2θ), which are characteristic of an amorphous
phase, were not observed [51]. The XRD patterns of the ZnHAp-500 and ZnHAp-700 annealed samples
revealed two peaks located at 31.7◦ and 46.7◦ 2θ, which correspond to the (211) and (222) reflection
plans of the hexagonal hydroxyapatite [52]. The results of the XRD studies of the ZnHAp-500 and
ZnHAp-700 layers were in good agreement with the previous studies [52].

In order to determine the surface morphology of the ZnHAp-500 and ZnHAp-700 layers, SEM
analysis was used. The SEM images of the ZnHAp-500 and ZnHAp-700 layers are presented in
Figure 6A,B. The SEM analysis of the coatings did not reveal the pits and fissures on the surface of
the ZnHAp-500 and ZnHAp-700 samples. In order to confirm that there were no cracks on the layers’
surfaces in Figure 6C,D, the lower magnification images for the investigated samples are presented.
Moreover, luminous areas corresponding to the surface of the Si substrate have not been observed.
Although, in both cases, a dense layer with a homogeneous structure was observed, but the coating
morphology of the surface samples was slightly different. This was due to the higher temperature at
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which the heat treatment was carried out. The SEM analysis of the transversal cross section of the
investigated layers indicated a thickness equal to 140.1 nm for ZnHAp-500 (Figure 6E), and 138.6 nm
for ZnHAp-700 (Figure 6F).

 
Figure 6. SEM images of the ZnHAp-500 (A,C) and ZnHAp-700 (B,D) layers at different magnifications.
SEM images of the transversal cross section of ZnHAp-500 (E) and ZnHAp-700 (F) layers.

3.3. Cell Viability

Figure 7A–C shows the morphology of the HeLa cells treated with at 24 h. The morphology of the
HeLa cells treated with ZnHAp-500 (Figure 7E) and ZnHAp-700 (Figure 7F) at 48 h are presented in
Figure 7E,F. The morphology and size of the HeLa cells did not change after their treatment at 24 and
48 h, relative to the control. The control cells at 24 (Figure 7A) and 48 h (Figure 7D) were represented
by HeLa cells grown in the culture medium. MTT assay was used to verify the cell viability of the
HeLa cells for incubation times of 24 and 48 h, in presence of ZnHAp-500 and ZnHAp-700 layers. In
Figure 8, the percentages of the cell viability are. The cell viability values for the ZnHAp-500 sample
were observed to be about 88% and 92% at 24 and 48 h, respectively, relative to the control. The cell
viability values for the ZnHAp-700 sample were observed to be about 90% and 95% at 24 and 48 h,
respectively. The obtained results for the MTT assay revealed that as the annealing temperature of the
layers increased and the incubation time increased, the cell viability gradually increased.
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Figure 7. The morphology of the HeLa cells treated with ZnHAp-500 (B) and ZnHAp-700 (C) at
24 h, relative to the control (A). The morphology of the HeLa cells treated with ZnHAp-500 (E) and
ZnHAp-700 (F) at 48 h, relative to the control (D).

 
Figure 8. Cell viability of the HeLa cells for incubation times of 24 and 48 h in the presence of
ZnHAp-500 and ZnHAp-700 layers.

3.4. Antimicrobial Activity

The antimicrobial activity of the HAp and ZnHAp layers was assessed by studying the cell
viability of two significant microbial strains in the presence of the layers.

The results of the antimicrobial activity of the Hap, ZnHAp-500, and AnHAp-700 layers against
the two most common microorganisms associated with hospital-related infections are presented in
Table 1.

Table 1. Qualitative screening of the antimicrobial activities of the HAp, ZnHAp-500, and ZnHAp-700
layers against Candida albicans ATCC 10231 and Staphylococcus aureus ATCC 25923.

Sample
Candida albicans ATCC 10231 Staphylococcus aureus ATCC 25923

8 h 24 h 32 h 48 h 8 h 24 h 32 h 48 h

HAp ± ± ± + ± + + +
ZnHAp-500 + ++ +++ +++ + ++ +++ +++
ZnHAp-700 ++ +++ +++ ++++ ++ +++ ++++ ++++
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The results of the qualitative screening have revealed that all of the tested layers had an inhibitory
effect on the tested microbial strains. On the other hand, it was emphasized that the ZnHAp-700 layers
were the most efficient in inhibiting both C. albicans and S. aureus bacterial cells.

The microbial strains chosen for the experiments are some of the most common microorganisms
responsible for frequent infections in daily life. The effect of HAp coated Si discs, and ZnHAp-500 and
ZnHAp-700 layers against the cell development of the C. albicans and S. aureus microbial strains are
presented in Figure 9. The results of the cell viability studies revealed that a small effect on C. albicans
and S. aureus cells growth was noticed for the HAp coated Si discs. The cell growth of the tested
microbial strains in the presence of HAp coated Si discs was comparable with the results obtained for
the cell growth of the control, but smaller. Furthermore, the cytotoxicity assay of the ZnHAp layers
against the development of the fungal cells of Candida albicans revealed that even after 8 h of incubation,
the fungal cell growth was inhibited and diminished with time. The results emphasized that both
the ZnHAp-500 and ZnHAp-700 layers considerably inhibited the cell growth of the fungal cells of
C. albicans at all of the tested time intervals. Moreover, the results suggested that the ZnHAp-700
layers exhibited a greater cytotoxic effect on the fungal cell viability than the ZnHAp-500 layers. The
most significant cell growth inhibition in the case of the C. albicans fungal cells was obtained after
48 h of incubation for both the ZnHap-500 and ZnHAp-700 samples. Furthermore, the cytotoxicity
of the ZnHAp layers was also investigated in the case of S. aureus bacterial cells. The results of the
antibacterial assay highlighted that both ZnHAp layers presented a strong cytotoxic effect on the S.
aureus bacterial cells growth. Studies regarding the cell viability of the S. aureus bacterial cells in the
presence of the ZnHAp-500 layers revealed that the samples inhibited cell growth even after a short
period of 8 h of incubation. The cytotoxic assays suggested that the inhibition of the cell growth was
time depended, and the best cytotoxic effect was registered after 48 h of incubation. Similar results
were obtained in the case of the toxicity of the ZnHAp-700 layers against bacterial cell growth. The
results emphasized that the ZnHAp-700 layers showed a strong inhibitory effected against the cell
growth of the S. aureus bacterial cells, even after 8 h of incubation. Moreover, the cytotoxic effect of
ZnHAp-700 on the cell growth of the S. aureus bacterial cells was greater than the cytotoxic effect of
the ZnHAp-500 layers. Nevertheless, both samples proved to exhibit strong antimicrobial properties
and had a good inhibitory effect on the cell growth of the tested microorganism.

 
ll b l A ll d l f d

Figure 9. Cell viability assays: (A) Candida albicans ATCC 10231 cell development for 8, 24, 32, and 48 h
in the presence of HAp and ZnHAp layers; (B) Staphylococcus aureus ATCC 25923 cell development for
8, 24, 32, and 48 h in the presence of ZnHAp composite layers.

The adherence and development of the C. albicans and S. aureus microbial cells after 24 and 48 h of
incubation on the surface of the ZnHAp-500 and ZnHAp-700 layers were investigated using scanning
electron microscopy (SEM). Images of the adherence and development of C. albicans fungal cells and S.
aureus bacterial cells on the surfaces of the Si substrate and the ZnHAp-500 and ZnHAp-700 layers
obtained from the SEM investigations are presented in Figures 10 and 11A–F.
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Figure 10. SEM images of C. albicans ATCC 10231 cell development on HAp coated Si discs used as the
control (A,D), and the ZnHAp-500 and ZnHAp-700 layers after 24 h (B,C) and 48 h (E,F) of incubation.

 
Figure 11. SEM images of Staphylococcus aureus ATCC 25923 cell development on HAp coated the Si
discs used as the control (A,D), and the ZnHAp-500 and ZnHAp-700 layers after 24 h (B,C) and 48 h
(E,F) of incubation.

The SEM visualization highlighted that the morphology of the fungal cells was characteristic
to the C. albicans fungal strain, with an ovaloid “yeast” shape and sizes ranging from 2.8 to 4.3 μm.
More than that, the SEM investigations revealed that the fungal cells had a good adherence on the
HAp coated Si discs after 24 and 48 h of incubation. The images also reflect that the ZnHAp-500 and
ZnHAp-700 layers presented a good inhibitory effect against the development of C. albicans fungal
cells. As it can be seen from the SEM images, a better antifungal activity was observed in the case of
the ZnHAp-700 layers for both of the tested intervals (Figure 10C,F).

The number of the adhered Candida albicans fungal cells on the surface of the HAp, ZnHAp-500,
and ZnHAp-700 layers was quantified by performing the count of cells on three different areas of
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25 μm × 25 μm of the investigated samples. The results revealed that after 24 h of incubation for the
HAp sample, an average of 40 ± 4 bacterial cells were found, while for the ZnHAp-500 and ZnHAp-700
layers, an average of 24 ± 4 cells were found. More than that, after 48 h of incubation, the quantitative
results of the cell counting emphasized that for the HAp samples, an average of 33 ± 3 bacterial cells
were identified on the surface of the samples. In the case of ZnHAp-500, we identified approximately
18 ± 2 fungal cells, while for the ZnHAp-700 layers, the counting had revealed only approximately
15 ± 2 fungal cells on the investigated surfaces.

The SEM observation in the case of the HAp deposited on the Si discs and the ZnHAp layers
incubated for 24 and 48 h with Staphylococcus aureus ATCC 25923 microbial suspensions, revealed that
on the surface of the investigated samples, round-shaped bacterial cells with sizes between 0.5 and
0.8 μm, typical to S. aureus bacterial cells, were found (Figure 11A–F). SEM images in this case that in
this case, the HAp deposited Si discs only slightly affected the adherence and development of the S.
aureus bacterial cells (Figure 11A,D), and presented a small inhibitory activity towards the tested strain
after both 24 and 48 h of incubation. Moreover, the SEM images indicated that both ZnHAp layers
had a significant antibacterial activity against S. aureus ATCC 25923. Even though both of the ZnHAp
layers had an inhibitory effect on the development of the bacterial cell, a stronger antibacterial activity
was observed in the case of the ZnHAp-700 layers (Figure 11C,F). The SEM images accentuated that
for both time intervals, the ZnHAp-700 layer had a strong inhibitory effect on the adherence and
development of the S. aureus bacterial cells. Nonetheless, a more substantial antibacterial activity of
the ZnHAp-700 layers has been identified after 48 h of incubation.

Quantitative investigations by counting the number of S. aureus bacterial cells adhered on the
surface of HAp, and the ZnHAp-500 and ZnHAp-700 layers were performed on three different areas
of 5 μm × 5 μm of the investigated samples. The results have highlighted that in the case of the HAp
coating on a surface of 5 μm × 5 μm, approximately 30 ± 2 bacterial cells were counted after 24 h of
incubation. Moreover, after 24 h of incubation, a drastically reduced number of bacterial cells were
obtained in the case of the ZnHAp-700 layers, which had only 12 ± 2 bacterial cells, comparatively
with the ZnHAp-500 layers, which allowed for the development of approximately 20 ± 3 bacterial
cells. Furthermore, after 48 h of incubation, the results of the cell counting showed a decrease in the
number the bacterial cells that adhered on the ZnHAp-500 sample to 15 ± 4. A small decrease after 48
h of incubation was also observed in the case of the ZnHAp-700 layers. The counted cells in this case
were 10 ± 2.

3.5. Discussions

This research aimed at creating a new material with effective antimicrobial properties that could
lead to a decrease of infections in implants/bone. Zinc-doped hydroxyapatite layers could help in the
prevention and treatment of perioperative and intraoperative bone infections. According to previous
studies [19,53–55], the zinc ion substitution in hydroxyapatite includes different aspects regarding the
mechanism of inhibition of microbial growth. By bonding with the functional groups and increasing
the permeability of the cells, the zinc ions cause the deterioration of the cell membranes.

In accordance with the existing literature, the most common elements used for hydroxyapatite
doping are silver and zinc. It is known that silver is used in HAp doping for its antimicrobial properties,
while the zinc content can lead also to increased biocompatible properties of the coating, and may
contribute to the wound healing process [17,55–59].

The quality of the coatings is heavily influenced by the method of achieving it. The method of
surface coating that we proposed in this study is effective because of its low costs and the fact that the
most important parameters in the layers acquisition (such as solution stability) are easy to control. In
our present study, the sol–gel method was used to synthesize the gel used to prepare the thin films
using the sol–gel spin coating method. According to previous studies [56], the gels consist of a solid
skeleton that encloses the liquid phase or solvent. The resulting sol–gel solution was evaluated from
the point of view of stability using DLS, ζ-potential, and ultrasound measurements. Our studies
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regarding the zeta potential value of the ZnHAp nanoparticles in the solution were in good agreement
with the previous studies [56]. In previous studies conducted by Fahami et al. [56], it was shown
that the ζ-potential of the HAp suspension doped with chlorine and fluorine had a negative value.
Moreover, they showed that solutions that have a negative ζ-potential favor osteointegration, apathy
nucleation, and bone regeneration. The stability of the ZnHAp undiluted suspension was established
using an ultrasound-based technique. The ultrasound measurements gave us clear information about
the stability of the suspensions. It is well known that other techniques that allow us to have information
on the stability and aggregation of suspended particles require sufficiently diluted suspensions with a
solids content of less than 1 vol %. Traditional techniques, despite their popularity, cannot be applied
to dense or opaque suspensions. Thus, ultrasound-based technique can provide clear information,
regardless of the degree of dispersion or the opacity of the suspensions, as the acoustic fields can
serve as an alternative test for the dispersal state. Thus, the ultrasound measurements used to
study the ZnHAp solution obtained using the sol–gel method showed a good stability, certified by
the calculated stability coefficient. The stability coefficient ZnHAp undiluted suspension showed
a relatively stable suspension compared to pure water. The value of the stability coefficient of the
ZnHAp solution (undiluted suspension) obtained using the sol–gel method was equal to 0.0152 (1/s)
vs. 0 (the coefficient of stability of the pure water).

The results presented in this study are in agreement with previous studies that have shown
a good biocompatibility of the ZnHAp on human osteoblast cells MG-63 [59], mesenchymal stem
cells derived from human adipose (MSCs) [32], and MRC-5 fibroblast cells [33]. Furthermore, Thian
et al. [32], in their studies on “zinc-substituted hydroxyapatite: a biomaterial with enhanced bioactivity
and antimicrobial properties”, demonstrated that the presence of Zn2+ ions in the structure of the
hydroxyapatite stimulated the bioactivity of HAp. On the other hand, previous research [32,55–59]
provides information on the antimicrobial activity of ZnHAp against various pathogens. Radovanović
et al. [33] showed that E. coli, S. aureus, P. aeruginosa, and C. albicans were susceptible to Zn–HA, and
the degree of reduction was increased when the zinc ion content increased. Moreover, Tank et al. [59]
showed that S. aureus was the most sensitive strain. Finally, we can say that the studies developed in
this paper revealed that coatings based on ZnHAp have the ability to improve the biocompatibility of
medical implants.

4. Conclusions

The bio layers were prepared from ZnHAp stable gels using the sol–gel spin coating method.
ZnHAp in gel suspensions were evaluated by DLS, ζ-potential, and ultrasound measurements.
The stability of the ZnHAp suspensions was demonstrated by both the ζ-potential and ultrasound
measurements. As observed by the SEM analysis, the zinc-doped hydroxyapatite gel deposited on the
Si substrate had a good crystallinity after heat treatment. The surface of the two samples (ZnHAp-500
and ZnHAp-700) analyzed was homogeneous, without showing breaks.

The cytotoxicity of the ZnHAp layers obtained using the sol–gel spin coating method were
investigated using a HeLa cell line. The biocompatibility assays evidenced that the ZnHAp composite
layers did not present any toxicity towards the HeLa cells.

The in vitro antimicrobial studies indicated a significantly reduced number of both S. aures and
C. albicans microbial cells on the surface of the ZnHAp layers when compared to the HAp coated
Si surface.

The results of this study also emphasized that the annealing temperature of the coatings had a
slight influence on the biological properties of the samples. The cytotoxic assays against the microbial
cells showed that ZnHAp-700 exhibited a stronger toxicity towards the cells’ development for both
S. aures and C. albicans cells. Overall, it was concluded that the ZnHAp layers possess a good
biocompatibility and also exhibit strong antimicrobial properties, making them suitable for use in
biomedical applications. The results obtained in this study could be extremely useful in the future
development of antimicrobial devices with biocompatible properties.
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Abstract: Bone grafts and bone-based materials are widely used in orthopedic surgery. However,
the selection of the bone type to be used is more focused on the biological properties of bone
sources than physico-chemical ones. Moreover, although biogenic sources are increasingly used
for deposition of biomimetic nanostructured coatings, the influence of specific precursors used on
coating’s morphology and composition has not yet been explored. Therefore, in order to fill this gap,
we provided a detailed characterization of the properties of the mineral phase of the most used bone
sources for allografts, xenografts and coating deposition protocols, not currently available. To this aim,
several bone apatite precursors are compared in terms of composition and morphology. Significant
differences are assessed for the magnesium content between female and male human donors, and in
terms of Ca/P ratio, magnesium content and carbonate substitution between human bone and different
animal bone sources. Prospectively, based on these data, bone from different sources can be used
to obtain bone grafts having slightly different properties, depending on the clinical need. Likewise,
the suitability of coating-based biomimetic films for specific clinical musculoskeletal application may
depend on the type of apatite precursor used, being differently able to tune surface morphology and
nanostructuration, as shown in the proof of concepts of thin film manufacturing here presented.

Keywords: bone; allograft; autograft; xenograft; calcium phosphates; ion-substituted calcium
phosphates; nanostructured coatings
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1. Introduction

Bone grafts and bone-based materials are widely used in orthopedic surgery in the form
of blocks, granulates and cements, to replace missing bone stock and favor bone regeneration.
To this aim, it is widely acknowledged that autografts can guarantee the best efficacy, but lack
of availability and need for invasive withdrawal procedure limit their use [1]. For this reason,
allografts, xenografts and synthetic substitutes are normally preferred in the clinical practice [2,3].
In addition, synthetic bone-based materials have been engineered to avoid the potential of human
disease transmission and immunogenicity, and they have the advantage of being available in unlimited
quantities, but they are normally regarded only as osteoconductive. On the other hand, bone derived
from human and animal sources is commonly considered both osteoconductive and osteoinductive.
In addition, based on the biomimetic principle, a material as similar as possible to the host bone is
recommended to allow for the best biological behavior [4–6]. Therefore, both allografts and xenografts
are extensively used. The use of bone-derived materials is raising increasing interest in the literature,
also for what regards advanced biomedical devices, and in particular for particles, granulates and
biomimetic coatings [7–16]. The latter are a newer application of biogenic bone, but they are raising
increasing interest, thanks to the increasing capability of plasma-assisted techniques to transfer the
composition of the target to the coatings, which makes deposition from biogenic sources one of the
fastest and more reliable ways to obtain multi-substituted biomimetic thin films. While human, bovine,
equine and, to a lower extent, porcine and ovine bone are used for the grafts and the granulates,
coatings are normally obtained by animal bone (ovine and bovine bone).

However, the exact composition of bone is known to be largely dependent on several factors,
such as animal species, sex of the donor, age, anatomical site, specific characteristics of the donor,
possible pathologies, level of physical activity and alimentation [5,6,17–19]. Several studies focus on
the characterization of bone substitutes from a mechanical point of view [20], while only few deals with
the characterization of the physico-chemical properties of bone apatite deriving from different human
and animal sources. The latter generally take into exam characterization of the effects of calcination
or other deproteinization procedures [21–23], materials of interest for dentistry, such as animal and
human teeth [24–28] or focus on goals different from medicine [29–32]. At present, to the Authors’ best
knowledge, no studies exist that carry out an extensive and comparative evaluation of composition of
bone grafts used in the biomedical field. In fact, to date, the choice of bone substitutes is mainly based
on the surgeon’s experience, while understanding the physico-chemical properties of bone would
allow a better selection of the most appropriate treating option. Therefore, here, we investigate the
physico-chemical and morphological properties of human and animal bone to better understand their
main characteristics in terms of composition and their variability, for three main aims:

• Understanding physico-chemical variability among human bone, also depending on the sex of the
donor. To this aim, the main parameters influencing the behavior of biological (as well as synthetic)
hydroxyapatite (HA—Ca10(PO4)6OH2)—i.e., phase composition, crystallinity, Ca/P ratio, content
of magnesium—are investigated;

• Comparing the composition of human bone to that of different animal species, commonly used as
bone grafts, to understand their effective similarity to host bone;

• Understanding the differences that exist between different sources and how they are translated
in clinics when bone is used for biomedical devices. This is particularly relevant for coatings,
where obtaining a bone-like composition and the preserving stoichiometry from the deposition
target to the film is particularly challenging [6].

To this regard, compared to grafts, powders and granulates, in the coatings, plasma assisted
deposition can cause significant alterations in phase composition of the starting material, including
formation of decomposition phases [33]. In addition, pre/post deposition thermal treatments are
commonly used to tune crystallinity, which can also cause modifications in the composition of the film.
This can enhance, or mask, eventual differences between the precursors, in an unpredictable way. For this
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reason, here, nanostructured coatings are manufactured starting from different animal precursors and
human male/female bone, to understand if the differences in the composition of bone can be translated
in differences in the achieved coatings, or can lead to the presence of metastable/decomposition phases.

Ionized Jet Deposition (IJD) is selected for the deposition, which is a plasma assisted technique,
recently proposed for the development of biomimetic thin films [12]. Briefly, in IJD, a target material is
ablated by a fast pulse, high energy electron beam, causing the formation of a plasma plume, that is
accelerate towards a substrate, where it grows as a nanostructured thin film. Previously, the authors
have demonstrated that IJD permits to transfer the exact composition of the target to the coatings,
without leading to the formation of decomposition phases [7,12]. In addition, when depositing
bone-apatite, transfer of trace ions is permitted, so that the films strongly resembles the composition
of bone. IJD is very sensitive to the exact composition and mechanical characteristics of the targets,
therefore here, the deposition of different biogenic sources is explored, to understand: (i) how the
changes in the precursors impact on the characteristics of the coatings and (ii) the suitability of the use
of each animal and human source.

2. Materials and Methods

2.1. Sample Collection

Human bone samples were provided by the Muskoloskeletal Tissue Bank of IRCCS Istituto
Ortopedico Rizzoli (Bologna, Italy), in accordance with the approval of the Local Ethics Committee
(cod. 75/17). In this study, only specimens not suitable for transplantation and considered as waste
materials were used, according to the Italian law and National Transplantation Center’s guidelines.
From 9 human cadaveric donors, 4 male and 5 female, 11 specimens were obtained to have sufficient
data while minimizing the number of samples collected. All samples were collected from the same
anatomical site, by retrieving a 5 mm thick ring from the lesser trochanter, about 2 cm below the femoral
epiphysis. Two femurs were found positive to microbiological controls and irradiated with gamma
rays following the Tissue Bank guidelines. Literature studies indicate that significant differences arise
in biological and mechanical properties of bones, following gamma irradiation [34–37]. For this reason,
samples from these femurs were included in the experimentation, to preliminary assess if and how the
irradiation can also cause alterations in bone composition.

Bone tissue from different animal species (ovine, bovine, porcine, equine) was compared.
Three samples were selected for each animal species, based on preliminary tests aimed at evaluating
variability inside each species. As for humans, for each species, all samples were taken from the
same area, i.e., femoral diaphysis, so that the results could be negligent of differences caused by the
anatomical site. Animal shafts were obtained by different local butchers from adult animals (age range:
ovine, 8–10 months; porcine, 5–7 months; bovine, 8–12 months; equine, 12–15 months). All samples
were stored at −80 ◦C until experimental analysis.

2.2. Sample Preparation

All human and animal samples were thawed overnight at 4 ◦C and then deproteinized by stirring
in 2.6 wt.% solution of NaOCl in deionized water to remove the organic components [38–41].

Efficacy of deproteinization was verified by Fourier-Transform Infrared spectroscopy (FT-IR,
Spectrum Two, PerkinElmer, Waltham, MA, USA) at 7, 14 and 21 days of bleaching and thermal
gravimetric analysis (TGA, Q50, TA Instrument, New Castle, DE, USA) at 14 and 21 days. Based on
the results, all samples were deproteinized by immersion for 14 days, except for ovine bone, for which
the deproteinization process was extended up to 21 days.

Samples were labeled in semi-anonymized form by an alphanumeric code, as listed in Table 1.
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Table 1. Samples for human donors. Letters F (female) or M (male) indicate the donor gender, while
numbers are referred to the batch record of processed tissues. Samples indicated by the letter “γ” were
subjected to sterilization with gamma rays.

Gender Amount Name Median Age Age Range

Female 7 F34, F41, F43, F46, F46γ, F78, F78γ 49.4 years 47–52 years
Male 4 M40, M45, M47, M69 57.8 years 53–60 years

Moreover, as stated above, for two donors (F46 and F78), both femurs were collected and one of
each has been treated by gamma rays, as found positive to microbiological controls, according to the
procedure normally followed by the Tissue Bank. The minimum validated dose for sterilization by
gamma irradiation is 25 kGy, in accordance with ISO 11137-2:2013 [42]. However, this dose is usually
exceeded to ensure thorough sterilization. A dosage range of 25.9–34.5 kGy was used in F46γ and
F78γ, as reported in the sterility documentation provided by Sterigenics S.p.A (Bologna, Italy) and
Gammatom S.r.l (Como, Italy).

2.3. Sample Characterization

Morphology and elemental composition were analyzed by a Scanning Electron Microscope
(SEM, EVO/MA10, ZEISS, Oberkochen, Germany) equipped with an Energy Dispersive X-ray (EDS,
INCA Energy 200, Oxford Instruments, Abingdon-on-Thames, UK). The EDS analyses were performed
on three different zones of each sample and averaged. The spectrum was acquired at an operating
voltage of 15 kV. Samples (1 cm × 0.5 cm × 0.5 cm) were left uncoated for the analyses.

Sample composition was assessed by Fourier transform infrared spectroscopy (FTIR-ATR,
Spectrum 2, acquisition parameters: resolution 1 cm−1, accumulation 64 scans, data interval 0.5 cm−1,
PerkinElmer, Waltham, MA, USA). Phase structure and crystallinity of the samples has been investigated
by X-rays diffractometry (XRD, X’Pert PRO, Malvern Panalytical, Malvern, UK, ϕ = 5◦–80◦, scan step
size 0.017◦, time per step 50 s). XRD data were filtered (five-point linear averaging) using the Matlab
software (v. R2014b, MathWorks, Natick, MA, USA) to obtain a better graphic representation.

Both FT-IR and XRD were carried out on powders, obtained by manually grinding the samples in
an agate mortar.

To highlight differences between the samples, all FT-IR spectra were scaled with respect to the
band at 1030 cm−1 (phosphate stretching). By doing so, differences in relative amount of phases that
constitute the samples (e.g., carbonates vs. phosphates, metastable phases/hydroxyapatite) can be
qualitatively evaluated. All XRD spectra were scaled with respect to the peak at 2θ = 31.7◦ (peak
intensity 100% of hydroxyapatite), which is the main peak for all the examined spectra. By doing so,
possible differences in the phase composition of the samples (i.e., presence of soluble phases alongside
hydroxyapatite), could be qualitatively detected.

Based on these tests, the following parameters were assessed, all being crucial into determining the
solubility of biogenic apatite and the type and amount of ions released in the peri-implant environment:

• Ca/P ratio (EDS);
• Magnesium content (EDS);
• Carbonate content (FT-IR);
• Presence/absence of metastable phase different from hydroxyapatite (FT-IR, XRD);
• Crystallinity (XRD).

2.4. Coatings Manufacturing and Characterization

Biomimetic bone apatite coatings have been recently proposed by the authors [8,12], manufactured
by an Ionized Jet Deposition (IJD). Here, deposition from different sources is compared.

For deposition of the biomimetic coatings, bone from each source is deproteinized, as described
above, to remove organic traces that could hamper coatings uniformity and/or adhesion to the substrate.
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Then, they are shaped in the form of disks (2.5 cm diameter, 5 mm thickness), suitable for IJD
deposition. After shaping, the disks are mounted on rotating holders in the deposition chamber,
to ensure uniformity of deposition. Here, silicon wafers are used as substrates, as they permit a
better evaluation of coatings morphology, being atomically flat. Deposition is carried out at room
temperature, in the very same way for each precursor, i.e., keeping all deposition parameters constant
(substrate-target distance, voltage, frequency, deposition time). Based on preliminary results obtained
for bovine bone [7,8], the following deposition parameters are selected: substrate-target distance
8 cm, voltage 18 kV, frequency 7 kHz, deposition time 30 min. Substrate-target distance is selected to
ensure uniformity in depositions on the samples, while voltage and frequency must allow optimal
ablation and formation of a plasma plume at each pulse of the electron beam. Deposition time, instead,
determines film thickness, here corresponding to about 450 nm thickness. This thickness was selected
based on the optimization of adhesion to substrate, absence of cracks and delamination and based on
in vitro tests on dental pulp stem cells [8]. After deposition, all coatings are annealed for 1 h in air at
400 ◦C, to tune crystallinity up to resembling that of bone.

After deposition, morphology (SEM) and composition (FT-IR) of the films are examined to detect
differences in morphology and/or composition between the different films.

2.5. Statistical Analysis

Statistical analysis is performed using GraphPad Prism ver. 6 (http://www.graphpad.com).
EDS data are expressed as mean ± standard deviation and comparison between groups is performed
using the two-tailed, unpaired Student’s t-test. Differences are considered significant for p < 0.05.

3. Results

3.1. Human Specimens

3.1.1. Bone Morphology

Human specimens have been characterized in terms of morphology, as shown in Figure 1.
For clarity’s sake, only a part of the samples is reported in Figure 1, while SEM images for all specimens
are in the Supplementary Material, Figures S1 and S2.

  
Figure 1. SEM images of representative female and male donor bone samples: F34 (a,b), F41 (c,d),
M40 (e,f), M45 (g,h).

Significant differences are found concerning the morphology of bone samples, as variable amount,
dimension and shape of pores are found between different specimens, though not correlated to donor
gender. Although mercury intrusion porosimetry would be needed to quantify total open porosity
and pore size distribution, a qualitative evaluation can be already obtained by SEM images, as the
differences between different samples are significant and highly reproducible.
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3.1.2. Phase and Elemental Composition

Phase composition has been investigated by FT-IR and XRD. Results are in Figure 2a,b, respectively.

Figure 2. Composition of human bone samples: (a) FT-IR and (b) XRD spectra. Bands characteristic
of CHA (1465, 1429, 875 cm−1) [43,44] and HA (1090, 1030, 963, 602, 566 cm−1) [45,46] are detected in
FT-IR graphs, while all peaks detected in XRD patterns are characteristic of hydroxyapatite.

FT-IR spectra exhibit bands characteristic of hydroxyapatite and carbonated hydroxyapatite [43–46].
All samples exhibit bands at 1465, 1429 cm−1 (asymmetrical and symmetrical stretching modes of
CO3ν3), 870 cm−1 (CO3ν2), 1030 cm−1 (antisymmetric stretching mode v3PO4), 963 cm−1 (ν1PO4

symmetric stretch), 602 and 566 cm−1 (ν4PO4 antisymmetric bend), 469 cm−1 (ν2PO4 bend).
FT-IR spectra evidence a non-negligible variability in the amplitude of carbonate bands (1465,

1429, 870 cm−1) compared to phosphates (1030 cm−1) between different human donors. This could be
ascribed to a different level of carbonate substitutions in the samples. On the other hand, no significant
differences are evidenced between bone deriving from female and male donors.

XRD spectra exhibit peaks characteristic of scarcely crystalline hydroxyapatite. No bands relative
to octacalcium phosphate (OCP, Ca8H2(PO4)6·5H2O) or other metastable calcium phosphate phases
are detected.

In addition, no differences are assessed between the composition of the different samples, regardless
sex and age of the donors.

Elemental composition of human specimens has been investigated by EDS and results are
summarized in Table 2. Sodium and chloride ions are neglected because could suffer alterations due to
deproteinization procedure in NaOCl.

Table 2. EDS elemental composition of human bone specimens.

Element
F43 F34 F46 F78 M45 M69 M47 M40

at.% at.% at.% at.% at.% at.% at.% at.%

Ca 18.61 ± 0.34 20.29 ± 1.41 18.80 ± 0.30 18.78 ± 0.38 17.04 ± 0.23 19.72 ± 0.84 17.57 ± 1.05 19.02 ± 1.08
P 11.47 ± 0.7 12.43 ± 0.75 11.62 ± 0.16 11.70 ± 0.24 11.08 ± 0.11 12.43 ± 0.35 10.19 ± 1.32 11.40 ± 0.30

Ca/P(at.) 1.62 1.63 1.62 1.6 1.54 1.58 1.72 1.67

Element wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%

Ca 33.40 ± 0.54 35.48 ± 1.78 33.65 ± 0.41 33.31 ± 0.62 31.17 ± 0.35 34.62 ± 1.12 31.64 ± 1.43 33.95 ± 1.54
P 15.91 ± 0.93 16.81 ± 0.69 16.07 ± 0.24 16.09 ± 0.30 15.66 ± 0.19 16.88 ± 0.34 14.17 ± 1.62 15.74 ± 0.42

Mg 0.30 ± 0.08 0.22 ± 0.02 0.24 ± 0.12 0.25 ± 0.15 0.33 ± 0.11 0.39 ± 0.15 0.26 ± 0.16 0.37 ± 0.18

Element All Female wt.% ± s.d. All Male wt.% ± s.d.

Mg 0.26 ± 0.10 0.34 ± 0.14
Ca/P(at.) 1.62 ± 0.01 1.63 ± 0.08

Human bone exhibits relevant differences in terms of trace content of magnesium ions, as also
indicated by the high values of standard deviation. To this regard, a significant difference (p = 0.0436) is
highlighted between female donors and male donors, the latter exhibiting a high content of magnesium.
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Ca/P ratio, instead exhibits negligible variations between female and male donors, although the latter
have higher internal variability.

3.1.3. Gamma Irradiation Effect

The effect of gamma irradiation on morphology and composition of two human bone specimens
has also been investigated, and results are reported in Figure 3.

Figure 3. Representative SEM images of human samples F46 (a), F46γ (b), F78 (c), F78γ (d) and (e) EDS
elemental composition, (f) FT-IR and (g) XRD spectra of the irradiated and not irradiated samples.

Gamma irradiation results in an increase in samples fragility, causing a significant mass loss.
This significantly alters morphology at the macro-scale. However, morphology at the microscale
(SEM) is not affected by the process. Quite alterations are present in sample composition in terms of
magnesium content and Ca/P ratio. Instead, phase composition remains substantially unaltered.

3.2. Animal Specimens

3.2.1. Bone Morphology

Animal bone morphology is shown in Figure 4. First, animal bone exhibits a significant difference
in morphology, depending on the animal species. For instance, ovine bone is much less compact than
bovine and equine bone (Figure 4g,h).

  
Figure 4. SEM images of bovine bone (a,b), porcine bone (c,d), equine bone (e,f) and ovine bone (g,h).
Right (magnitude = 200×), left (magnitude = 5000×).
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3.2.2. Phase and Elemental Composition

Animal bone composition is shown in Figure 5. Only two spectra are reported for each animal
species, i.e., those exhibiting the most marked differences (for FT-IR, the spectra having the carbonates
bands of lowest and highest intensity, for XRD those exhibiting the main differences in the intensity of
secondary peaks).

 
(a) (b) 

Figure 5. (a) FT-IR spectra of the animal and human precursors: bands characteristic of CHA (1455,
1419, 875 cm−1) [43,44] and HA (1090, 1030, 600, 570 cm−1) [45,46] and HA (1090, 1030, 963, 602,
566 cm−1 [47,48] are detected); (b) XRD patterns of the animal and human precursors: all peaks detected
are characteristic of hydroxyapatite.

All samples exhibit almost the same phase composition, regardless of the animal source.
As reported in Figure 5, the content of carbonate is lower for bovine bone. On the other hand,
content of magnesium is maximum for bovine and ovine and minimum for equine (Table 3), showing
a significant difference between ovine vs. equine (p = 0.0173) and bovine vs. equine (p = 0.0018).
No significant differences are assessed when porcine bone is compared to the other animal sources.

Table 3. Differences in EDS elemental composition (at.% and wt.% with standard deviation, s.d.)
between animal and human samples.

Element
Equine Bone Ovine Bone Porcine Bone Bovine Bone Human

at.% ± s.d. at.% ± s.d. at.% ± s.d. at.% ± s.d. at.% ± s.d.

Ca 17.01 ± 3.06 17.43 ± 3.13 18.24 ± 3.82 16.50 ± 5.15 18.80 ± 1.23
P 10.87 ± 0.68 11.49 ± 2.05 11.78 ± 1.78 10.49 ± 0.98 11.58 ± 0.89

Element wt.% ± s.d. wt.% ± s.d. wt.% ± s.d. wt.% ± s.d. wt.% ± s.d.

Ca 31.07 ± 3.78 31.61 ± 4.44 31.55 ± 5.24 30.06 ± 7.14 33.52 ± 1.66
P 15.41 ± 0.63 15.51 ± 0.98 16.29 ± 1.68 14.98 ± 1.51 15.96 ± 1.04

Mg 0.33 ± 0.02 0.64 ± 0.07 0.47 ± 0.07 0.57 ± 0.02 0.29 ± 0.02
Ca/P (at.%) 1.56 1.52 1.55 1.57 1.62

Regarding crystallinity, although slight not significant differences are appraised between specimens,
Ca/P ratio is lower for ovine bone (Table 3).

3.3. Coatings Characterization

All bone sources were deposited and thermally treated, then films were analyzed in composition
pre and post thermal treatment and morphology post thermal treatment.

Results show that deposition can be carried out by all the examined sources, without any significant
drawback, even though easiness of shaping and target duration are bigger for bovine and equine bone.

All as-deposited coatings (Figure 6a) are highly amorphous, negligent of the deposition target.
As a consequence of thermal treatments (Figure 6b), crystallinity increases for all, in a similar way,
up to resembling that of real bone.
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Figure 6. Composition of the coatings before (a) and after (b) thermal treatment. (c–h) Morphology of the
coatings deposited from different sources. All as-deposited coatings are amorphous, as demonstrated
by the broad and ill-defined shape of the bands in the area 1000–1500 and 560–600 cm−1.

All coatings are composed by carbonated hydroxyapatite and no metastable or decomposition
phases are assessed for any of the deposited films, indicating that all sources can be used for
manufacturing of biomimetic films.

Morphology of the films (Figure 6c–h), instead, significantly depends on the deposition target
characteristics, as more compact and harder bone result in finer aggregates and more homogeneous films.

4. Discussion

Bone grafts and substitutes are significantly used to treat bone defects and local bone loss. It is
estimated that in the US, approximately 500,000 bone graft procedures are performed annually [49].
Moreover, the increasing number of musculoskeletal conditions such as osteoarthritis, rheumatoid
arthritis, osteoporosis, osteopenia and traumatic fractures is a leading factor to further stimulate the
global bone grafts and substitutes market over the years.

Ideally, a bone graft should have some biological properties such as the absence of immunogenicity,
rapid incorporation and stable fixation capability. In addition, it should mediate recruitment of
mesenchymal stem cells derived from host site (osteoinduction) and promote the bone growth on its
surface or down into pores, channels or pipes (osteoconduction). Finally, some clinical particularities
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such as cost-effectiveness, indefinite storage capability and easy handling properties are needed.
To date, each type of bone graft has its own unique advantages and disadvantages and the relationship
between bone healing and various aspects of biological, mechanical and compositional properties
should be well-considered.

Among the available grafts, although autografts are still considered as the gold standard since
all biological properties in terms of bone regeneration are exhibited, the concerns of limited supply
and donor site complications limit their use. This is a clear indication that the use of alternative
bone grafting is often necessary. Thus, allografts, xenografts and synthetic substitutes are normally
preferred in the clinical practice. However, synthetic bone-based materials are normally regarded only
as osteoconductive. In addition, as reported above, a material as similar as possible to the host bone
is recommended to allow for the best biological behavior [4–6]. As a consequence, both allografts
and xenografts are extensively used despite it is still not clear which is better for clinical purposes,
because opposing results have been reported. In fact, despites some authors demonstrated that
allografts outperform xenografts, others showed no significantly different outcomes.

As an example, Cook et al. [50] asserted that xenograft implantation was avoided in the past in foot
and ankle surgery because of concerns about antigenicity and graft rejection, suggesting that advances
in processing and sterilization techniques are needed in order to reduce immunogenicity. In 2015,
Shibuya et al. [2] compared incorporation rate of allograft with bovine-based xenograft. Results showed
that bovine bone was not adequate for the purpose of foot and ankle reconstructive surgery in both
union rate and incorporation time. Sousa et al. [51] investigated the osteoconduction and bioresorption
properties of bone allograft vs. anorganic bovine xenograft by a histomorphometric study in humans.
Volume density of connective tissue was similar between groups, although greater osteoconductivity
and faster bioresorption were noticeable in the allograft group. Recently, Rhodes et al. [52] compared
the use of bovine xenograft and cadaveric allograft for calcaneal lengthening osteotomy in patients
with cerebral palsy. Authors affirmed that allograft incorporated better than xenograft, yet both groups
retained postoperative improvement.

In addition, whilst many studies focus on the allografts and xenografts based on their biological or
mechanical [53–55] properties, there is a lack of information regarding the physico-chemical properties
of bone apatite deriving from different human and animal sources. Instead, the properties of the
mineral phase of bone can significantly impact on its biological behavior as trace ions incorporated in
the lattice change the solubility of hydroxyapatite and can have important therapeutic effects (as in
the case of magnesium). As a consequence, the use of hydroxyapatites with different type/amount
of substitutions results in a different type and concentration of ions released in the peri-implant
environment, which in turn, significantly influences the biological behavior of the graft. Lack of
similarity between stoichiometric and biological apatite, in fact, is among the main reasons of the
scarce behavior of hydroxyapatite-based materials, and in particular of coatings [5,6,33,56].

Stoichiometric HA is basically composed of calcium and phosphorus with molar ratio of Ca/P equal
to 1.67 [57]. This ratio has been proven to be the most effective in promoting bone regeneration [30].
However, the mineral component of bone is a non-stoichiometric hydroxyapatite with trace amounts of
ions such as Na+, Mg2+ and Al3+ substituted in the calcium positions. The trace elements are essential
in the regeneration of the bone and accelerates the process of bone formation. Moreover, carbonate is
present in biological apatites by substitution at phosphate and hydroxide sites, tending to increase its
solubility and the amount of in vivo osseointegration in comparison with pure hydroxyapatite [58].

As shown in Figure 2a,b, FT-IR and XRD analyses have not reported significant differences
between human samples regarding both the age and sex of the donors. Specifically, FT-IR spectra
highlighted a non-negligible variability in the amplitude of carbonate bands compared to phosphates,
while XRD spectra showed peaks characteristic of a scarcely crystalline HA. These differences in
crystallinity between stoichiometric and biogenic apatite are significant, as stoichiometric apatite would
be essentially insoluble at the pH ranges present in the human body, also in the case of inflammation.
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Although information about the elemental composition obtained by EDS analysis (Table 2)
exhibited slight variation between female and male donors, they highlighted a significant difference
in terms of magnesium trace (p < 0.05). In particular, male donors displayed the higher content.
Magnesium has an important role on hydroxyapatite crystal and a significant biological relevance.
In fact, it causes a decrease in the c-axis of the lattice, acting like a suppressor for HA nucleation and
crystallization and destabilizing the apatitic structure [5,6,13,19]. Mg-substitutions make HA less
crystalline, therefore its solubility increases. From a biological point of view, magnesium is an essential
element for living organisms, as it is a co-factor for over 100 enzymes, influences the metabolic activity
and growth of bone by acting on osteoblasts and osteoclasts activity [5,6,13,19]. As a consequence,
even though a composition as similar as possible to the host bone is recommended based on the
biomimetic principle, magnesium is frequently added in biomaterials in concentrations higher than
those of bone [6], to improve its biological behavior and increase the dissolution rate. As a consequence,
a high level of magnesium can be preferred; thus, for regenerative medicine intent, male donors
may be preferred since the high content of magnesium makes this bone material more degradable
and resorbable, in order to be replaced gradually by the new bone after implantation. Obviously,
bone regeneration quality is decided by many factors, despite the in vitro solubility of the graft is an
important parameter in the evaluation of its biodegradability and in vivo performance.

Therefore, these data highlight the need, that is increasingly emerging in the Literature, for specific
in vitro and in vivo studies based on the donor’s gender. More attention should be paid for female
that are commonly neglected in clinical studies in orthopedics, that tend to take into exam tissues
deriving from male donors only. This also indicates that specific biomaterials and grafts (both synthetic
and from biogenic sources) could be addressed to male and female patients. A characterization of
differences in soft tissues between male and female donors could be of interest as well.

When morphology of human and animal specimens is compared (SEM, Figures 1 and 4), significant
differences are assessed regarding variation between the species and within one same species. In fact,
human bone has shown a more marked morphological heterogeneity, especially about porosity,
than animal sources. A higher porosity results in scarcer mechanical properties, but also in increased
specific surface and higher host cells adhesion and proliferation. As a consequence, porosity and
morphology shall be taken into consideration when selecting a graft.

As expected, also animal bone exhibits a significant difference in morphology between different
species. Specifically, bovine and equine bone is more compact than the other specimens and appears
scarcely porous, although more detailed analyses must be carried out to investigate this point.
This suggests that bovine bone and equine is more adequate for grafts of medium-big dimensions,
as higher porosity results in scarcer mechanical properties, but could be less prone to dissolution and
to favoring cells adhesion.

When compared to human bone, all specimens within one same species exhibit a much lower
variability in phase-composition. In addition, FT-IR and XRD spectra and EDS (Figure 5 and Table 3)
indicate that differences exist in terms of all the investigated parameters. First, on average, the content
of carbonates is maximum for human bone (FT-IR) and lower for animal specimens, especially for
bovine bone. On the other hand, content of magnesium is significantly higher for ovine, bovine and
porcine bone as compared to human bone (p = 0.002, p = 0.0001, p = 0.0122, respectively). No statistical
difference is assessed between equine and human bone. Regarding Ca/P ratio, although slight
differences are appreciated when human and animal sources are compared, the maximum value (closer
to stoichiometric value of HA) is assessed for human bone and minimum for ovine. Bovine, equine and
porcine bone exhibit similar Ca/P ratio.

Regarding crystallinity, negligible differences are assessed between the specimens,
although crystallinity is maximum for human bone, consistently with Ca/P ratio. In addition,
no appreciable differences are assessed in the dimension of crystallites, different from what was
reported in some literature data [47,48].
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This indicates that different animal sources can be used to address different aims: (i) a higher or
lower content of magnesium can be selected depending on therapeutic needs and/or patient gender;
(ii) a bone with higher or lower Ca/P ratio can be used to achieve faster or slower dissolution rate; (iii) a
greater porosity can be selected to facilitate cell infiltration and adhesion through the 3D environment;
(iv) when specific mechanical properties, such as compressive strength and shear force resistance are
needed, a more compact bone structure could be indicated.

These considerations are not only valid for bone grafts, but for any bone-based or
biomimetic biomaterial.

A detailed in vitro characterization is currently in progress to determine how these differences
translate into a modulation of host cell behavior.

In addition, preliminary results on the effect of gamma irradiation on human female samples
show quite significant alterations in terms of magnesium content and Ca/P ratio, possibly correlated to
material loss. On the other hand, phase composition remains substantially unaltered suggesting that
gamma irradiation does not cause alterations in bone tissue composition, that could affect its biological
behavior, but causes a significant reduction in processability, given by increased fragility and tendency
to pulverization, possibly leading to inflammation. Obviously, a more detailed characterization,
based on an increased number of samples is suggested, to also include male donors.

The reported data, summarized in Table 4, provide information beside the published scientific
papers in the literature regarding allograft and xenograft composition but do not address certain
issues, such as indications, specifications, dosage, limitations and contraindications of bone grafts and
substitutes. The goal of achieving an optimal bone-implant interface should be approached considering
several parameters such as implant surface topography, chemistry, bulk material composition, resistance
in the physiologic milieu, acceptable strength [59]. Nevertheless, these results may be considered,
together with biological and mechanical properties of different bone sources, as the basis to design
multicenter prospective randomized studies focused on the choice of the most appropriate graft for a
specific clinical application.

Table 4. Overview of the main characteristics of the investigated specimens. All values are
compared to male human bone (reference), and differences are visually indicated in terms of sign
(higher/lower/similar: +/−/≈) and magnitude (+/++, −/− −).

Element Human Male Human Female Human Female γ Equine Ovine Porcine Bovine

Mg ref − − ≈ ++ + + +
Ca/P ref ≈ − − − − − − − −

Carbonates
substitution ref ≈ ≈ − − − − − −

When bone from different sources are used to manufacture nanostructured coatings, they all
allow achieving nanostructured biomimetic thin films. All deposited films are highly amorphous,
but crystallinity can be tuned by post treatment annealing. All coatings are constituted by ion-doped
carbonated hydroxyapatites, whose composition closely resembles that of the relevant deposition
targets. However, differences in the composition of the films are negligible, thus indicating that initial
differences between bone specimens are less important than the alterations caused in composition by
the deposition procedure and by thermal treatment. In particular, if results obtained here are compared
with previous results from the Authors [12], it is clear that: (i) plasma deposition causes modifications
in the Ca/P ratio, which are more significant than those present between bone from different sources
and (ii) annealing temperature has a much stronger impact on the content of carbonates than bone
source does.

Similarly, because phase composition is substantially the same for all samples, no differences are
assessed in the behavior of the films with respect to annealing. In fact, similar increases in crystallinity
are observed in the same temperature range, as demonstrated by the narrowing of bands in IR spectra,
while no cracking/spalling phenomena are observed for any of the coatings, as a result of heating.
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Instead, different precursors allow achieving significantly different surface morphology and
nanostructuration, where more compact bone (equine and bovine) permits a more regular morphology
constituted by finer aggregates, while softer bone allows achieving coarser but more irregular aggregates.
A similar behavior had been observed comparing ceramics with significantly different properties [60],
but results achieved here show that slight alterations in the target morphology can be successfully
exploited to tune morphology and in turn, specific surface, which determines ion release. This is
important as it has been demonstrated that macro-, micro- and, mostly, nano-sized topographical cues
can stimulate changes at cellular and tissue level [61]. For this reason, an increasing number of studies
investigate surface patterning and tuning of nanostructuration and materials surface roughness to
direct cells adhesion and osteogenic differentiation [62]. For nanostructured thin films, Literature
studies are being devoted to modifying the shape, orientation and dimensions of the aggregates to tune
cells response, for example by applying glancing angle deposition [63]. Here we demonstrate that the
characteristics of the target also have a strong importance on the morphological outcome of deposition
and can be exploited for a simple and fast tuning of the micro- and nano-structure of the coatings.

5. Conclusions

In this paper, different bone sources are studied and compared to assess possible differences from
a compositional point of view.

Although all samples are composed by the same main inorganic phase (carbonated,
multi-substituted hydroxyapatite), significant differences are assessed between female and male
human samples and between animal and human bone, especially for what regards the content of
magnesium, and slight differences in terms of carbonate substitution and Ca/P ratio. These parameters
are known to influence solubility and ion release from the different sources, hence could have an
impact on the behavior of bone substitutes. Although ovine, porcine and bovine have a greater
content of magnesium with respect to human bone, they exhibit scarce similarity to human bone in
terms of carbonates content and Ca/P ratio. Thus, although every bone material may have different
clinical applications depending on the expected effect that the clinician demands, human bone from
male donors emerge as more appropriate for regenerative purposes. In addition, differences existing
between biogenic apatite from human and animal bone could be among the reasons allowing a better
performance for allografts compared to xenografts, especially when a faster osseointegration is needed.
In addition, significant differences assessed in the physico-chemical composition of female and male
bone, should push towards a more detailed investigation of gender-specific studies, also to understand
gender disparities in some chronic and degenerative musculoskeletal pathologies such as osteoarthritis
and osteoporosis.

Finally, bone from different biogenic sources can be successfully used to manufacture biomimetic
thin films, having a nanosized surface roughness and a composition strongly resembling that of
bone. Negligent of the deposition target, post-treatment annealing at 400◦ permits to convert highly
amorphous coatings, into films having a crystallinity similar to that of bone.

The results presented here indicate that the selection of the animal precursor to be used for
the coatings shall be selected based on the desired morphology, rather than to obtain differences in
coatings composition. Most importantly, differences in the mechanical properties of the targets permit
to tune surface morphology and nanostructuration of the films, obtaining aggregates of different
dimensions and uniformity, thus appearing as a potentially promising tool, to tune host cells adhesion
and differentiation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/6/522/s1,
Figure S1: Morphology of bone from human donors (magnitude 200×), Figure S2: Morphology of bone from
human donors (magnitude 5000×).
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Abstract: Surface coatings made of hydroxyapatite (HAP) have been proposed to protect marble
artworks from dissolution in rain, originated by the aqueous solubility of calcite. However, HAP
coatings formed by wet chemistry exhibit incomplete coverage of marble surface, which results in
limited protective efficacy. In this study, electrodeposition was explored as a new route to possibly
form continuous coatings over the marble surface, leaving no bare areas. Electrodeposition was
performed by placing marble samples in poultices containing the electrolyte (an aqueous solution
with calcium and phosphate precursors) and the electrodes. The influence of several parameters was
investigated, namely the role of the working electrode (cathode or anode), the distance between the
marble sample and the working electrode, the deposition conditions (potentiostatic or galvanostatic),
the electrolyte composition and concentration, the applied voltage, and time. The coating morphology
and composition were assessed by SEM/EDS and FT-IR. The protective ability of the most promising
formulations was then evaluated, in all cases comparing electrodeposition with traditional wet
synthesis methods. The results of the study suggest that electrodeposition is able to accelerate and
improve formation of HAP coatings over the marble surface, even though the obtained protective
efficacy is not complete yet.

Keywords: marble; calcite; dissolution; hydroxyapatite; calcium phosphates; electrodeposition;
protective coatings; acid attack; potential; current

1. Introduction

When exposed outdoors, marble artworks suffer from dissolution in rain because of the aqueous
solubility of calcite (the mineral constituting marble, having solubility product Ksp = ~5 × 10−9 at
25 ◦C [1] and dissolution rate Rdiss = ~10−10 mol cm−2·s−1 [2]). To prevent marble dissolution, a
possible strategy is forming a surface coating with reduced solubility, compared to calcite. This has
been attempted by several routes, e.g., by treating marble with aqueous solutions of ammonium
oxalate, ammonium hydrogen tartrate, and ammonium phosphate to transform calcite into calcium
oxalate, calcium tartrate, or calcium phosphates, respectively [2]. Among the investigated minerals,
hydroxyapatite (HAP, Ca5(PO4)3OH, often written as Ca10(PO4)6(OH)2 because the crystal unit cell
comprises two formula units) appears as highly promising. Indeed, HAP has solubility product Ksp

= ~10−117 at 25 ◦C [3] and dissolution rate Rdiss = ~10-14 mol·cm−2·s−1 [2], both several orders of
magnitude lower than those of calcite. If a continuous and dense coating of HAP is formed over the
marble surface, significant protection against dissolution in rain can be expected [2]. Consequently,
in recent years, several studies have investigated the feasibility and the effectiveness of forming a
protective layer of HAP over marble [2,4–8]. HAP can be formed in a few hours in ambient conditions
(necessary to treat monuments in the field), by reacting marble with an aqueous solution of a phosphate
salt (typically diammonium hydrogen phosphate, DAP, (NH4)2HPO4) [8,9]. Although more effective
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than alternative commercial treatments [7], so-formed HAP coatings have nonetheless been found to
provide marble with incomplete protection against acid attack, because some cracks and/or pores
are present in the coatings [2,5–7]. With the aim of improving the coverage of the marble surface by
HAP and reducing cracks and pores in the HAP layer, the effects of several parameters have been
investigated, such as DAP concentration, addition of a calcium source, anionic additions, and organic
additions [5,7,8]. By tuning such parameters, improved resistance to dissolution in simulated rain has
been obtained, but marble dissolution is not completely inhibited yet [7]. The main limiting factor
is that some calcite grains, likely having unfavorable crystallographic orientation for HAP epitaxial
growth, remain bare after treatment, even though all the surrounding grains are completely covered
with the new HAP coating [7]. Although not detrimental, a second factor that might reduce the
protective efficacy of the coatings is that, alongside or even instead of HAP, other calcium phosphates
(CaP) might form as the result of the DAP-based treatment [8–11]. For instance, octacalcium phosphate
(OCP, Ca8(HPO4)2(PO4)4·5H2O) has been found to form when CaCl2 is added to the DAP solution
as a calcium source [12] and when ethanol is added to the DAP solution to increase the reactivity
of phosphate ions [7]. Because OCP has lower aqueous solubility than calcite (Ksp = ~10−97 [3]), its
formation is not detrimental for the treatment success, but HAP formation would still be preferable,
provided that the obtained coating is continuous and non-porous [7,10].

Therefore, in this study, electrodeposition (which is the transport of ions in a solution by
application of an electric current and precipitation of material near the surface of an electrode) was
explored, as a new route to promote formation of HAP (rather than other CaP) on the whole marble
surface, independently of the crystallographic orientation of the underlying calcite grains. In fact,
electrodeposition is currently largely used in the biomedical field to deposit HAP coatings over a
wide variety of metallic substrates (typically, titanium and magnesium used as implants for bone
regeneration) [13–22], with no dependence on the substrate crystallographic orientation. Moreover,
the mineralogical composition of the electrodeposited coatings can be controlled, by suitably adjusting
the process parameters [17,19].

Electrodeposition of HAP, and CaP in general, is based on the idea of coating a conductive material,
such as a metal piece, by immersing it in an aqueous solution containing calcium and phosphate
precursors, and then to favor CaP formation by applying an electric potential, using the metal piece as
the cathode [13]. At the cathode, several electrochemical reactions can take place [18,19,22], which lead
to formation of OH−, HPO4

2− and PO4
3− ions:

O2 + 2H2O + 4e− → 4OH− (1)

2H2O + 2e− → H2 + 2OH− (2)

H2PO4
− + e− → HPO4

2− +
1
2

H2 (3)

H2PO4
− + 2e− → PO4

3− + H2 (4)

2HPO4
2− + 2e− → 2PO4

3− + H2 (5)

Thanks to OH− formation and the consequent pH increase, deprotonation of phosphate species
near the surface of the cathode is promoted, according to the reactions [13,17,18]:

H2PO4
− + OH− → HPO4

2− + H2O (6)

HPO4
− + OH− → PO4

3− + H2O (7)

In this environment, precipitation of several CaP phases with low solubility can occur, through
the following reactions [13,17,18]:

Ca2+ + HPO4
2− + 2H2O → CaHPO4·2H2O (brushite) (8)
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5CaHPO4·2H2O + 6OH− → Ca5(PO4)3OH + 2PO4
3− + 15 H2O (hydroxyapatite) (9)

4Ca2+ + HPO4
2− + 2PO4

3− + 2.5H2O → Ca4(HPO4)(PO4)2·2.5H2O (octacalcium phosphate) (10)

5Ca2+ + 3PO4
3− + OH− → Ca5(PO4)3(OH) (hydroxyapatite) (11)

Since the first research on CaP electrodeposition in 1990 [13], numerous studies have been carried
out to investigate the effect of several parameters involved in the electrodeposition process on the
features of the resulting coatings:

• Nature and concentration of the calcium and phosphate salts used as CaP precursors. Typically,
Ca(NO3)2 and (NH4)H2PO4 (ADP) are used, with a molar ratio of 10/6 to reproduce the Ca/P
atomic ratio in stoichiometric hydroxyapatite [15,18–31];

• Electrokinetic parameters, namely the electric potential (E) and the current density (i). Typically,
these parameters vary in the range E = −1.4 ÷ (−3) V and i = 0.5 ÷ 25 mA/cm2 [13,14,16,18–25,
29,30,32];

• Possible application of pulsed electric potential. For CaP coating densification, some studies have
proposed using pulsed potential, i.e., applying the electric potential by cyclically alternating on/off
periods [24,27,29]. According to these studies, during the on-period, OH− ions are produced
at the cathode; during the off-period, Ca2+ and PO4

3− ions have the time to diffuse from the
bulk solution towards the cathode, where OH− groups are present so that Reactions (9)–(11) take
place [29]. Moreover, pulsed potential reportedly reduces formation of H2 bubbles (cf. Reactions
(3–5)), which might otherwise adhere to the substrate and prevent formation of a dense and well
adhering coating [24,27].

• Possible addition of ethanol (EtOH) to the electrolyte solution. To reduce the formation of H2

bubbles, the possible addition of ethanol to the aqueous solution has been proposed [23,28]. In fact,
ethanol addition reduces the conductivity of the solution, thus reducing H2 bubble formation and
promoting coating densification [23,28]. The best results were reported for ethanol additions of
about 30–50 vol.% [23,28].

• Possible addition of hydrogen peroxide (H2O2) to the electrolyte solution. H2O2 is a strong
oxidative agent that is reduced before H2O, hence H2O2 addition (about 5–10 vol.% [31]) to the
electrolyte can provide an alternative source of OH− ions, according to Reaction (12) [31]:

H2O2 + 2e− → 2OH− (12)

In this way, OH− ions necessary for HAP formation are obtained with no generation of H2 bubbles
and with consequent improved adhesion of the coating to the substrate [22,32].

Based on the studies summarized above, intended for biomedical applications, in the present study
the possible use of electrodeposition to form HAP coatings over marble was investigated. At present,
only a few studies have explored the possible use of electrochemical methods for conservation of
non-metallic materials, such as marble, stones, and bricks.

In a first group of studies, electrochemical methods were used to extract ions from porous materials
contaminated by salts [33–35]. The idea is to put the porous material to be desalinated between two
poultices, impregnated with water and in contact with two electrodes connected to a power supply
(Figure 1a). Then, current is applied and the anions in the material migrate towards the anode and the
cations towards the cathode [33]. Because H+ ions are generated at the anode, which might lead to
deterioration of the substrate, clay poultices with pH buffer capacity have been investigated to prevent
acidification at the anode [35]. By adopting this electrokinetic method, encouraging desalinating ability
has been obtained [33–35].
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Figure 1. Schemes illustrating the setups adopted for (a) ion extraction from porous substrates
contaminated with salts and (b) ion introduction into porous substrates to be consolidated.

In a second group of studies, electrochemical methods were used to introduce ions into porous
materials, with the aim of precipitating an insoluble product inside the pore network and providing
consolidating action [36–38]. To make the ions penetrate into the porous material, the adopted
experimental setup was basically reversed compared to that described above for ion extraction
(Figure 1b). The material to be consolidated is in contact with two different solutions, which in
turn are in contact with the electrodes connected to a power supply—the solution containing the
anions (e.g., HPO4

2− [36] or CO3
2− [37,38]) is in contact with the cathode, while the solution containing

the cations (e.g., Ba2+ [36] or Mg+ [37,38]) is in contact with the anode. When current is applied, ions
migrate towards the electrode with the opposite sign, thus crossing the sample. When anions and
cations encounter inside the material, an insoluble salt precipitates inside the pores (e.g., Ba3(PO4)2 [36]
or MgCO3·3H2O [37,38]). Similar to the case of salt extraction, also in this case acidification at the
anode occurs, which again led to the use of clay poultices with pH buffer capacity [37].

Moreover, an electrokinetic route has been proposed to deposit a layer of calcium oxalate
monohydrate (whewellite) over the marble surface, with protective function [39]. This represents a
development of the ammonium oxalate treatment proposed by Matteini in the 1990s [40], which consists
of treating carbonate stones (supplying Ca2+ ions) with an ammonium oxalate solution (supplying
C2O4

2− ions), so that protective whewellite (CaC2O4·H2O) is formed. In the cited electrokinetic
study [39], whewellite formation was reportedly favored by placing the marble piece close to the
anode of an electrochemical cell, connected to a power supply, immersed in an ammonium oxalate
solution. Because the C2O4

2− ions are attracted to the anode, a region richer in C2O4
2− ions is formed

near the anode and near the adjacent marble sample, which leads to formation of a thicker whewellite
coating over the marble surface compared to simple immersion in an ammonium oxalate solution with
no current applied [39].

Based on the studies summarized above, in this study, HAP electrodeposition over marble
was explored by first comparing the effect of placing the marble sample close to the cathode (to
exploit OH− formation at the cathode, like in the biomedical studies [27]) or close to the anode
(to exploit PO4

3− migration towards the anode, like in the studies on stone consolidation [36–38]
and protection [39]). Second, the experimental setup was optimized, by investigating whether
direct contact between the electrode and the marble sample is preferable and whether potentiostatic
(constant potential) or galvanostatic (constant current) conditions are preferable [27]. Then, the
influence of several parameters was investigated, regarding both the electrolyte (concentration of
the calcium and phosphate precursors, possible addition of ethanol and/or hydrogen peroxide) and
the electrokinetic parameters (pulsing, voltage, and time). Finally, the protective ability of the most
promising formulations was evaluated, comparing the acid resistance of untreated and treated marble.
To isolate the effect of electrodeposition, a systematic comparison with coatings deposited by simple
wet chemistry (with no current application) was carried out. A scheme summarizing the rationale of
the study is illustrated in Figure 2.
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Figure 2. Scheme summarizing the rationale of the study and the adopted analytical techniques.

2. Materials and Methods

2.1. Materials

Carrara marble was used for the tests. Specimens with 20 × 20 × 5 mm3 size were sawn from a
slab supplied by Imbellone Michelangelo S.A.S. (Bologna, Italy). The specimens were subjected to the
electrodeposition tests described in the following without preliminary polishing, because a very flat
surface would not be representative of marble condition in the field (where prolonged exposure to rain
leads to roughening of the surface).

Diammonium hydrogen phosphate (DAP, (NH4)2HPO4, assay >99%, Acros Organics, Milan,
Italy), calcium chloride (CaCl2·2H2O, assay >99%, Sigma Aldrich, Milan, Italy), ethanol (EtOH, Sigma
Aldrich), hydrogen peroxide solution (30 wt% H2O2 in D.I. water, Sigma Aldrich), and deionized
water were used. Cellulose pulp (MH300, Phase, Florence, Italy) was used to prepare poultices for
consolidant application.

2.2. Influence of the Experimental Setup

For the screening tests aimed at identifying the most suitable setup, one of the most recent
formulations of the HAP-treatment was considered, namely a solution of 0.1 M DAP + 0.1 mM CaCl2
in 30 vol.% EtOH [7]. Even with no electrodeposition involved, in a previous study this formulation
was found to cause basically continuous coverage of the marble surface by CaP after 24 h, although
precipitation of some isolated CaP crystals was noticed already in the bulk solution [7]. For the present
tests on electrodeposition, the solution was used to prepare a poultice with cellulose pulp, in which
the marble samples and the electrodes were embedded. For each test, the poultice was prepared using
100 g of solution and 25 g of dry cellulose fibers.

All the electrodeposition tests were performed using a 3-electrode setup—the working electrode
(WE) was a galvanized steel grid, the counter electrode (CE) was a graphite bar, and the reference
electrode (RE) was a saturated calomel electrode (SCE) by Amel Electrochemistry (Milan, Italy). Except
for the test aimed at comparing potentiostatic and galvanostatic conditions (see below), all the tests
were carried out in potentiostatic conditions (i.e., a certain potential was applied and kept constant,
while the resulting current was measured [27]), using a potenziostat (7050 Amel Electrochemistry).

First, it was investigated whether the marble sample should be placed close to the cathode
(like in the biomedical studies [27]) or the anode (like in the study on ammonium oxalate
electrodeposition [39]). The two setups illustrated in Figure 3a,b were adopted, where the only
difference was the role of the galvanized steel grid, working either as cathode or anode, respectively.
When the marble sample was placed near the cathode (Figure 3a), the expected cathodic reactions
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were the electrochemical Reactions (1)–(11), while the anodic reaction was expected to be the oxidation
of the graphite bar used as counter electrode, according to the reaction:

C + 2H2O → CO2 + 4H+ + 4e−. (13)

When the marble sample was placed near the anode (Figure 3b), the expected anodic reaction (necessary
to attract the negative PO4

3− ions) was the oxidation of the zinc coating present over the galvanized
steel grid, according to the reaction:

Zn → Zn2+ + 2e− (14)

while the cathodic Reactions (1)–(11) were expected at the cathode (the graphite bar). In both cases,
the marble sample was kept at a distance of ~3 mm from the grid, the two being separated by a thin
layer of poultice. Electrodeposition was carried out applying a constant potential of −2 V or +2 V
(depending on whether the grid was working as cathode or anode, respectively) for 3 h.

Figure 3. Schemes illustrating the different setups adopted to determine the best setup conditions:
In (a) and (b), the role of the working electrode (the galvanized steel grid) is switched, to determine
whether the marble sample should be placed near the cathode or near the anode; in (a) and (c), the
marble sample is always placed near the cathode, but either at ~3 mm distance from the electrode or
directly in contact, to determine whether direct contact is preferable or not. The setup in (a) was also
adopted to compare potentiostatic and galvanostatic conditions.

Second, it was investigated whether direct contact between the marble sample and the steel grid
used as cathode might favor the coating formation, expecting the local effect of electrodeposition to
be the higher the closer to the electrode. The setup in Figure 3a was compared with the alternative
setup illustrated in Figure 3c. The difference consisted in that, in the latter case, the marble sample was
directly in contact with the steel grid, wrapped around the sample. In both cases in Figure 3a,c, the
steel grid was working as the cathode (E = −2 V for 3 h). In the setup in Figure 3c, the same cathodic
Reactions (1)–(11) and anodic reaction (13) as in Figure 3a were expected.

Finally, it was investigated whether potentiostatic or galvanostatic conditions are preferable,
considering that studies in the biomedical literature have shown that controlling potential or current
may lead to significantly different results [30]. For a given setup (Figure 3a) and treatment duration
(3 h), the effects of applying a constant potential of −2 or −3 V (potentiostatic conditions) were
compared to the effects of applying a constant current of −5 or −20 mA (galvanostatic conditions).
In all cases, the variable parameter (current in potentiostatic conditions, potential in galvanostatic
conditions) was recorded over time. The adopted current values (−5 and −20 mA) were selected
as they correspond to the values recorded in the potentiostatic experiments (at E = −2 and −3 V,
respectively, cf. Section 3.1.).
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Based on the obtained experimental results (cf. Section 3.1.), the setup illustrated in Figure 3a was
adopted for all the tests described in the following, as this setup gave the most promising results.

2.3. Influence of the Electrolyte: DAP and CaCl2 Concentration, Ethanol and/or H2O2 Addition

The effects of EtOH and/or H2O2 were investigated by comparing the coatings formed using a
0.1 M DAP + 0.1 mM CaCl2 solution (with no additions) and the coatings obtained when the same
solution was added with:

• 30 vol.% EtOH. As mentioned above, this is the maximum concentration not leading to immediate
precipitation in the bulk solution at the given DAP and CaCl2 concentrations (only a few isolated
crystals were formed in the bulk solution). Even when no current is applied, EtOH promotes HAP
nucleation [5,7], so some benefit compared to the reference 0.1 M DAP + 0.1 mM CaCl2 solution is
already expected. Moreover, when electrodeposition is adopted, EtOH reportedly reduces H2

bubbling and promotes coating densification [23,28], so an additional benefit is expected.
• 10 vol.% H2O2. When electrodeposition is adopted, H2O2 is reduced before water, so it can

provide the OH− ions necessary for HAP formation without generation of H2 bubbles [22,31,32],
with a consequent benefit in the coating density and adhesion.

• 30 vol.% EtOH + 10 vol.% H2O2. To combine the two effects described above, the double addition
was also investigated.

To distinguish between the effect of simply adding EtOH and H2O2 to the DAP/CaCl2 solution
(even with no electrodeposition) and the additional benefit resulting from electrodeposition, all the
additions were tested without (E = 0 V) and with electrodeposition (E = −2 V), using the setup
illustrated in Figure 3a.

Moreover, the effect of using a higher DAP concentration was also considered. In fact, the higher
the DAP concentration, the higher the amount of PO4

3− ions available to form HAP, but also the
higher the risk of cracking during drying [7]. A solution of 2 M DAP + 2 mM CaCl2 in 10 vol.%
EtOH was tested. The EtOH concentration was selected as this is the maximum amount not leading
to immediate precipitation in the bulk solution at the given DAP and CaCl2 concentrations. In this
case, no H2O2 addition was adopted based on the results of the tests described above (cf. Section 3.2).
The comparison between the less-concentrated formulation (0.1 M DAP + 0.1 mM CaCl2 in 30 vol.%
EtOH) and the more-concentrated one (2 M DAP + 2 mM CaCl2 in 10 vol.% EtOH) was carried out by
treating marble samples for 30 min and 3 h, without (E = 0 V) and with electrodeposition (E = −2 V),
always using the set up illustrated in Figure 3a.

2.4. Influence of Electrokinetic Parameters: Pulsing, Voltage, and Time

The effect of applying a pulsed potential of −1 V for 3 h was investigated on both the
less-concentrated solution (0.1 M DAP + 0.1 mM CaCl2 in 30 vol.% EtOH) and the more-concentrated
one (2 M DAP + 2 mM CaCl2 in 10 vol.% EtOH), using the setup illustrated in Figure 3a. In addition,
for the less-concentrated solution the effect of the pulsed potential was investigated also for a shorter
time of 30 min, applying a pulsed potential of −1, −2, and −3 V. The pulsed potential experiments
consisted of applying cycles of 1 s on and 2 s off [29].

For both solutions, the effect of applying an increasing negative voltage (without pulsing) was
then systematically investigated, again adopting the setup illustrated in Figure 3a. Because, in the
literature, HAP was found to be the major phase formed on titanium when a potential of −1.55 V or
lower was applied (in that case, the electrolyte being a 42 mM Ca(NO3)2 + 25 mM ADP solution [18]),
in the present study potential values above and below this threshold were considered: −1, −2, and −3
V in the case of the less-concentrated solution and −1 and −2 V in the case of the more-concentrated
one. For the latter solution, E = −3 V was not tested, because drying cracks appeared in the coating
formed at −2 V, suggesting that the film growth was already excessive at this voltage (cf. Section 3.3).
For each voltage value, increasing treatment durations were investigated (30 min, 1, 3, and 6 h). For
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all the voltage/time conditions, one sample was also treated without electrodeposition (E = 0 V), for
comparison’s sake.

2.5. Acid Resistance

For the most promising formulations, identified by the screening tests described in the previous
paragraphs, the protective ability of the resulting coatings was evaluated. The selected formulations
were: (i) 0.1 M DAP + 0.1 mM CaCl2 in 30 vol.% EtOH solution at E = −2 V for 3 h and (ii) for 6 h, and
(iii) 2 M DAP + 2 mM CaCl2 in 10 vol.% EtOH solution at E = −1 V for 6 h. All the electrodeposition
treatments were applied adopting the setup in Figure 3a. For comparison’s sake, the same solutions
were also applied for the same time, but without electrodeposition (E = 0 V). An untreated reference
was tested too.

After coating deposition, half of the specimens was directly subjected to the acid resistance test,
while the other half was subjected to a further preparation step. In fact, previous studies suggested that
the sample edges are often incompletely covered with the protective coatings, not because of a scarce
performance of the coatings themselves, but because the sample edges are more prone to wear during
treatment and handling [7]. For this reason, according to previous studies [6,7] an impermeable coat
was applied over the edges of the second half of the samples, to exclude any interference from damage
possibly affecting the sample edges. After application of the impermeable coat, two uncovered areas
(each measuring 12 × 12 mm2) were isolated in the middle of the two square faces of the prismatic
specimens (measuring 20 × 20 × 5 mm3), while the edges and the sides of the prisms were covered
with the coat. In this way, only the uncovered central area was exposed to the acidic solution used for
the test.

To resemble slightly acidic rain, samples were exposed to aqueous solutions of HNO3 at pH 5.
In fact, thanks to the policies of traffic regulation in the city centers in Europe [41], the average rain pH is
currently ~5 in Europe and is predicted to remain at this value in the future [42]. Following a procedure
similar to that adopted in previous studies [1,5,7], each sample was submerged in a separated container
with 100 mL of solution and left submerged for 15 h, the solution being continuously stirred. At the
end of the test, samples were rinsed with D.I. water and dried at room temperature until constant
weight. Solutions were collected to determine the Ca and P content by inductively coupled plasma
optical emission spectrometry (ICP-OES), using a Serie Optima 3200 XL Perkin Elmer instrument
(Milan, Italy).

2.6. Sample Characterization

The composition of the new CaP phases was investigated by Fourier-transform infrared
spectrometry (FT-IR), using a Perkin Elmer Spectrum One spectrometer (Milan, Italy). The samples to
be analyzed by FT-IR were obtained by scratching from one squared face of the marble specimens,
using a spatula. To univocally identify the new CaP phases, combination of FT-IR with other
analytical techniques, ideally X-ray diffraction, would be needed [43]. However, given the very low
thickness of the new CaP coatings formed over marble (~5 μm [7]), grazing incidence X-ray diffraction
(GI-XRD) would be needed, so that the surface layer could be analyzed without the influence from
the substrate [7]. However, in the present case, GI-XRD was not available, so the investigation of the
new CaP phases was limited to FT-IR, which can provide very important information. In fact, it is
true that FT-IR can hardly distinguish between CaP with very similar structure, such as HAP (having
strong bands at 1031, 604, and 563 cm−1 [43]) and OCP (having strong bands at 1038, 1023, 602, and
560 cm−1 [43]). Nonetheless, FT-IR analysis allowed us to conclusively exclude formation of other CaP
phases with high aqueous solubility (e.g., brushite, CaHPO4·2H2O, having strong bands at 1136, 1063,
986 cm−1 [43]).

The coverage of the marble surface and the morphology of the new CaP phases were evaluated
by observation of the other squared face of the specimens (originally close to the steel grid), using a
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scanning electron microscope (Philips XL20 SEM, Milan, Italy). The samples to be analyzed by SEM
were made conductive by coating them with aluminum (after FT-IR analysis).

3. Results and Discussion

3.1. Influence of the Experimental Setup

The results of the tests aimed at defining the best experimental setup are reported in Figure 4.

 

Figure 4. Morphology and composition of the new phases formed by placing the marble sample (a) at
~3 mm from the cathode, (b) at ~3 mm from the anode, and (c) directly in contact with the cathode.
EDS spectra were acquired in the whole left SEM image. In the FT-IR spectra, bands owing to the
substrate are marked by a star, while the position of the new bands owing to CaP phases is reported.

With regard to the position of the marble sample with respect to the electrodes, new CaP phases
were found to form both when the sample was placed near the cathode (Figure 4a) and near the anode
(Figure 4b). However, in the former case, the new CaP coating exhibited more promising features.
Indeed, ideally the new CaP coating should be continuous (e.g., not leaving uncovered bare areas) and
non-porous, which can be more likely achieved when the coating is composed of closely packed small
crystals. When the sample was placed near the cathode (Figure 4a), the marble surface appeared as
continuously covered with small flower-like crystals, closely following the morphology of the marble
surface. Such flower-like morphology is typical of HAP and CaP phases in general [8,12]. Differently,
when the sample was placed near the anode (Figure 4b) only few isolated crystals, having significantly
bigger size, were visible. Because isolated crystals cannot provide effective protection to the marble
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surface, the coating formed in this latter condition was regarded as less promising. Consistently with
SEM results, in the FT-IR spectra bands owing to new CaP were definitely more pronounced when the
sample was placed near the cathode (Figure 4a). In terms of composition of the new phases, based
on the band position (1028–1031, 599–602, and 559–560 cm−1), in both cases formation of HAP seems
most likely, even though formation of OCP cannot be completely excluded [43]. The difference in
the composition of the new phases in the two cases suggests that the local increase in pH, following
formation of OH− ions near the cathode [17], is predominant over the local increase in phosphate ion
concentration, occurring near the anode [39].

Once assessed that CaP formation is more abundant when the marble sample is placed near the
cathode, the possible advantage of putting the sample directly in contact with the cathode (Figure 4c)
rather than at ~3 mm distance (Figure 4a) was investigated. In the case of direct contact, SEM
observation disclosed formation of very big crystals, with size reaching 5 μm, which, however, left the
marble surface largely uncovered (Figure 4c). EDS analysis revealed that these crystals contained P and
also Zn, whereas FT-IR analysis of the marble surface did not detect any new CaP phase. The source
of Zn was found to be the galvanized steel grid used as cathode—the basic environment of the DAP
solution (initially at pH 8 and further increased by OH− formation near the cathode) led to dissolution
of the Zn coating originally present over the steel grid, with consequent Zn release and formation
of isolated zinc phosphate crystals. This, in turn, hindered formation of a continuous CaP coating
over marble. For this reason, at least in the adopted conditions (i.e., galvanized steel grid used as
cathode), direct contact between the marble sample and the cathode is counterproductive, as it leads to
formation of zinc phosphates and consequent consumption of phosphate ions. However, in different
conditions (e.g., the use of a stainless steel or titanium cathode), direct contact between the sample and
the cathode should be re-evaluated. It is worth mentioning that, when the sample was put at ~3 mm
from the electrode, no Zn was detected by EDS on the marble surface (Figure 4a).

The results of the test aimed at evaluating whether constant potential or constant current is
preferable during electrodeposition are reported in Figure 5.

Both in potentiostatic (Figure 5a) and galvanostatic (Figure 5b) conditions, the variable parameter
(current or potential, respectively) exhibits a visible change in the first ~5 min of the test, then it
becomes almost stable for the whole duration of the test. In addition to some adjustment in the
experimental setup in the initial phase of the test, the registered initial variation is thought to derive
from deposition of CaP phase also on the working electrode (the galvanized steel grid). This causes
some reduction in the current circulating through the system (Figure 5a) and makes a more negative
potential necessary to maintain the same current circulating (Figure 5b). SEM observation of the
steel grids at the end of the electrodeposition confirmed that new CaP phases are formed also on the
electrode. In terms of features of the new CaP phases formed over marble, SEM observation indicated
that, in all cases, complete coverage of the marble surface seems to be achieved by coatings composed
of sub-micrometric crystals (Figure 5). However, a significant difference was found in the composition
of the new phases obtained in these conditions. While in potentiostatic conditions (Figure 5a), HAP
was most likely formed (bands at 1028, 600–602, and 560 cm−1 [43]), in the case of galvanostatic
conditions (Figure 5b), the identification of the new CaP phase was less straightforward (bands at
1049, 600–602, and 559–560 cm−1), but formation of HAP or OCP seems excluded. Because HAP and
OCP are the most desirable phases to form (the other CaP phases having higher aqueous solubility),
the coatings formed in potentiostatic conditions were regarded as less promising to provide marble
with protection against dissolution in rain, hence they were not adopted further in the prosecution of
the study.

Both in potentiostatic and galvanostatic conditions, SEM and FT-IR suggest some increase in the
amount of new CaP formed after electrodeposition for increasing negative potential and increasing
current, respectively (Figure 5). This confirms the importance of performing a systematic analysis of
the influence of the applied potential, which was done in the prosecution of the study (cf. Section 3.3.).
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Figure 5. Electrokinetic parameters measured during electrodeposition, morphology, and composition
of the new phases formed in (a) potentiostatic and (b) galvanostatic conditions (in the FT-IR spectra,
bands owing to the substrate are marked by a star, while the position of the new bands owing to CaP
phases is reported).

3.2. Influence of the Electrolyte: DAP and CaCl2 Concentration, Ethanol and/or H2O2 Addition

The effects of adding EtOH and/or H2O2 to a 0.1 M DAP + 0.1 mM CaCl2 solution are reported
in Figure 6. Incomplete coverage of the marble surface was found when no addition was made (either
without or with electrodeposition), as the marble surface (dark gray in Figure 6) is clearly visible
below isolated CaP crystals. Differently, almost complete coverage of the marble surface was obtained
when 30 vol.% EtOH was added, even without electrodeposition (Figure 6). This was possible thanks
to the boosting effect of ethanol on CaP nucleation, as assessed in previous studies [5,7]. Indeed,
ethanol molecules weaken the hydration sphere of phosphate ions in solution, which makes them
more reactive to form CaP [7]. When an electric potential was applied, some increase in the packing
of the CaP coating was observed, which can be attributed to the beneficial effect of ethanol on CaP
electrodeposition, as previously reported in biomedical studies [23,28]. However, the improvement in
the coating was not dramatic.
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Figure 6. Effect of EtOH and H2O2 addition on the morphology of the new CaP phases formed with
and without electrodeposition.

In the case of H2O2 addition, bigger crystals (size of 0.5–1 μm) were formed even with no
electrodeposition (Figure 6). When potential was applied, the crystal size further increased dramatically,
leading to formation of isolated crystals with 5–10 μm length. Such huge increase in the crystal size,
promoted by the increased availability of OH− groups induced by H2O2 reduction [31], is consistent
with previous results available in the literature, reporting even precipitation of CaP directly in the bulk
solution upon H2O2 addition [32]. However, this huge increase in crystal size is counterproductive
towards achievement of a continuous coating, able to protect marble from dissolution in acid. For this
reason, H2O2 addition was not considered in the prosecution of the study.

By adding both EtOH and H2O2 to the solution, when no electrodeposition was used, a coating
similar to that obtained using EtOH alone was found (Figure 5). However, when potential was applied,
again isolated crystals with 1–2 μm size were formed. Although smaller than in the case of H2O2

addition alone, these crystals were unable to completely cover the marble surface (in Figure 6, bare
calcite grains are clearly visible as darker zones below the lighter CaP crystals). Therefore, combined
EtOH + H2O2 addition was discarded in the prosecution of the study.

With regard to the effect of increasing the DAP and, proportionally, the CaCl2 concentrations in
the solution (always maintaining a DAP:CaCl2 ratio of 1000:1 and adding the maximum amount of
EtOH not leading to immediate CaP precipitation in the solution), the variation in the amount and
morphology of the new CaP phases is illustrated in Figure 7.

With no electrodeposition, after 30 min isolated clusters (small lighter particles over the darker
marble surface) were found in the case of the solution with the lower concentration and almost no
clusters in the case of the more-concentrated solution. This can be explained considering that, in the
less-concentrated solution, a much higher amount of EtOH is present (30 vol.%, instead of 10 vol.%),
which significantly increases the nucleation of the new CaP phases even at low DAP concentration [7].
Consistently, after 3 h the more-concentrated solution (with lower EtOH addition) caused formation
of isolated crystals, relatively big in size (0.5–1 μm), whereas the marble surface was apparently
completely covered by a new coating with flower-like morphology in the case of the less-concentrated
solution (containing higher EtOH amounts). When potential was applied, formation of new phases
was much more abundant for both solutions at both times (Figure 7). After 3 h, in the case of the
less-concentrated solution, a very densely packed coating was formed, exhibiting the typical flower-like
morphology in a recess in the surface. Also in the case of the more-concentrated solution, almost
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complete coverage was obtained after 3 h, but the resulting coating appeared as significantly coarser.
In terms of composition of the new phases formed after 3 h at E = −2 V, FT-IR spectra exhibit bands
attributable to HAP, which were more defined (especially the band at 1028–1031 cm−1) when more
EtOH was present in the solution.

 

Figure 7. Effect of the different diammonium hydrogen phosphate (DAP) and CaCl2 concentrations on
the new calcium phosphate (CaP) phases formed at different times, with and without electrodeposition
(in the FT-IR spectra, bands owing to the substrate are marked by a star, while the position of the new
bands owing to CaP phases is reported).

For both DAP/CaCl2 concentrations, formation of an almost continuous coating was obtained.
Based on the position of the FT-IR bands (Figure 7), it seems most likely that the coatings are
composed of HAP, even though formation of OCP cannot be completely excluded. In either case, both
formulations were regarded as promising and hence taken into consideration in the prosecution of
the study.

3.3. Influence of Electrokinetic Parameters: Pulsing, Voltage, and Time

The effect of applying a pulsed potential is illustrated in Figure 8.
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Figure 8. Effect of pulsed potential on the morphology of the new CaP formed at different times.

In the case of the less-concentrated solution, a limited increase in the density of the new CaP
clusters when pulsed potential was applied can be noticed after treatment for 30 min, while the pulsing
effect became less evident after 3 h. In fact, after 3 h the flower-like coating was basically complete
even with constant potential, so that no increase in coverage thanks to the pulsed potential was visible.
In the case of the more-concentrated solution (containing less EtOH), the effect of pulsing was not
investigated at 30 min, because almost no coating had been found to form at that time at constant
potential (Figure 7). After 3 h, the coating deposited at constant potential appeared to be composed of
relatively big, separated crystals, which leave the marble surface partly bare. With pulsed potential,
the surface was somewhat improved, although better results were obtained using the less-concentrated
solution (containing more EtOH).

Because, in all cases, the effect of pulsing was lower than hoped based on the studies reported in
the literature [24,27,29], constant potential was adopted in the prosecution of the study.

The change in the amount and surface coverage of the new phases as a function of the applied
voltage and time is illustrated in Figure 9 for the less-concentrated solution and in Figure 10 for the
more-concentrated one.

In both cases, it is possible to observe that, at short time (30 min), the number of new phases
increased visibly for increasing voltage. In fact, at 30 min, only a few CaP clusters were formed
when no voltage was applied (lighter particles over the darker marble surface in Figures 9 and 10).
This is consistent with previous results reported in the literature, where CaP formation was found to
start to be significant between 3 and 6 h, depending on the formulation of the precursor phosphate
solution [12]. When voltage was applied and progressively increased, a progressively more continuous
coating was formed. In the case of the more-concentrated solution (Figure 10), the effect was still
visible up to 3 h, because the lower amount of EtOH present in this solution (10 vol.%, compared to
30% in the less-concentrated one) implies a longer time for the CaP coating to develop. After 6 h, no
significant difference was evident among samples treated with different voltage, including the samples
treated without electrodeposition. Apparently, at least in the investigated conditions, after prolonged
treatment the effect of time becomes predominant over that of electrodeposition.
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Figure 9. Effect of voltage and time on the morphology of the new CaP phases formed from the
less-concentrated solution (0.1 M DAP + 0.1 mM CaCl2 in 30 vol.% EtOH).

 

Figure 10. Effect of voltage and time on the morphology of the new CaP phases formed from the
less-concentrated solution (2 M DAP + 2 mM CaCl2 in 10 vol.% EtOH).

In the case of the less-concentrated solution (Figure 9), a significant change in the amount and
morphology of the new phases was clearly visible passing from 0 to −1 and −2 V. On the contrary,
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the difference between coatings formed at −2 and −3 V was less evident. A reason for this might
be that, during electrodeposition, the cathode itself is progressively coated with new CaP phases, as
already suggested by the change in current measured during potentiostatic deposition (Figure 5a) and
confirmed by SEM observation of the steel grids. As a consequence, after a certain time, the amount
of current circulating in the system diminishes, so that electrodeposition of the new phases over the
marble sample diminishes as well. Consistently, a reduction was found in the current measured during
electrodeposition at −2 and −3 V (Figure 5a), whereas no significant change in current was registered
during electrodeposition at −1 V (graph not shown). This is consistent with results previously reported
in the literature, indicating that HAP was present only in minor amounts when electrodeposition was
carried out at −1.25 V and it became the major phase when electrodeposited at −1.55 V or lower [18].

In the case of the more-concentrated solution, micro-cracks with ~5 μm length and ~1 μm
width are visible in the flowery coating deposited at −2 V for 6 h (Figure 10, bottom-right image).
This suggests that the film formed in these conditions is likely porous and thick, which leads
to cracking during drying. In fact, drying cracks do not form when the film is dense and its
thickness is below the critical threshold, below which cracking is thermodynamically impeded [44].
Consequently, electrodeposition at −3 V was not considered for the acid resistance tests in the case of
the more-concentrated solution.

Based on all the results reported above, the choice of the formulations for the acid attack tests
was made. In the case of the less-concentrated solution, treatment at −2 V for 3 and 6 h was selected,
because in both cases a basically complete coverage of the marble surface was achieved (Figure 9).
In the case of the more-concentrated solution, the treatment at −1 V for 6 h was taken into account,
while the treatment at higher voltage (E = −2 V) was discarded, because the resulting coating was
heavily cracked (Figure 10). For all these conditions, samples treated for the same time but without
electrodeposition were also considered, for comparison’s sake.

3.4. Acid Resistance

The amounts of Ca and P released in the acidic solutions, measured by ICP at the end of the acid
resistance test, are reported in Table 1.

Table 1. Weight amounts of Ca and P per unit area of surface exposed to the acid attack, dissolved
from untreated and treated marble samples, measured by inductively coupled plasma optical emission
spectrometry (ICP) in the solutions collected at the end of the acid resistance tests (marble specimens
with bare edges and coated edges were tested).

Sample Voltage, Time
Bare Edges Coated Edges

Ca
(mg/cm2)

P (mg/cm2)
Ca

(mg/cm2)
P (mg/cm2)

Untreated reference – 0.09 – 0.08 –

0.1 M DAP + 0.1 mM CaCl2 in
30 vol.% EtOH 0 V, 3 h 0.10 – 0.03 –

0.1 M DAP + 0.1 mM CaCl2 in
30 vol.% EtOH −2 V, 3 h 0.08 – 0.02 –

0.1 M DAP + 0.1 mM CaCl2 in
30 vol.% EtOH 0 V, 6 h 0.09 – 0.01 –

0.1 M DAP + 0.1 mM CaCl2 in
30 vol.% EtOH −2 V, 6 h 0.08 – 0.02 –

2 M DAP + 2 mM CaCl2 in 10
vol.% EtOH 0 V, 6 h 0.11 0.01 0.01 –

2 M DAP + 2 mM CaCl2 in 10
vol.% EtOH −1 V, 6 h 0.08 0.01 0.02 –
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The surface appearance of untreated and treated marble samples, before and after the acid attack
test, is illustrated in Figure 11.

 

Figure 11. Surface morphology of untreated and treated marble samples, before and after the acid
resistance test (samples with either bare or coated edges during the acid test are reported).
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As expected, after the acid test, the untreated reference exhibited visible surface etching, in the
form of grooves and exposed grain boundaries. As a consequence, Ca ions were detected in the
solution (Table 1).

In the case of treated samples, tested with bare edges, no formulation was able to completely
prevent dissolution of the marble substrate. In fact, the measured Ca losses had the same order of
magnitude as those of the untreated reference (Table 1) and cracking of the protective coatings was
clearly visible after the acid attack test (Figure 11). Some limited benefits seem to result from treatments
applied by electrodeposition for 6 h, with either concentration of DAP and CaCl2 (Table 1). In these
conditions, the lowest Ca losses were registered, and limited damage of the coating was observed after
the acid attack test. In the case of the less-concentrated formulation, no P was detected in the solutions
analyzed after the acid test, which suggests that the coatings were not dissolved during exposure to
acid and that the measured Ca losses mostly originate from dissolution of the marble substrate in
uncovered zones or cracks in the coating. Differently, in the case of the more-concentrated solution,
some small amounts of P were also detected in the solutions, suggesting that some coating dissolution
likely took place.

The reason why cracks were visible after the acid resistance test (Figure 11), while no crack was
noticed for the same formulations before the acid attack test (Figures 9 and 10), is thought to be the
presence of pores inside the coatings, combined with the specific experimental conditions adopted for
these specimens. Indeed, before exposure to acid, the bonding at the interface between the coating
and the substrate was strong enough to prevent cracking during drying at the end of the treatment
application. However, during the acid test, pores likely allowed acid to reach the substrate/coating
interface and to weaken the bonding between the two. As a result, the stress arising in the pores during
drying at the end of the acid test now led to cracking. To verify the presence of pores in the coatings,
further tests would be needed (e.g., observation of cross sections by a focused ion beam microscope,
FIB-SEM). A further reason for the weakening of the coating/substrate interface is thought to be the
specific experimental conditions adopted for the first set of specimens, i.e., subjecting them to the acid
resistance test without coating their edges. In these conditions, the acid attack can start from the edges
(where the coating is often damaged during treatment and handling) and then propagate to the rest of
the sample. For this reason, the second set of specimens was treated after coating their edges with an
impermeable coat, so that only the central, uniform part of the samples was exposed to acid. In these
latter conditions, quite different results were obtained.

In fact, when samples were tested after coating the edges with an impermeable coat, the untreated
reference exhibited Ca release much higher than the treated samples (Table 1), which indicates that the
coatings were able to provide a better acid protection than in the previous case. Accordingly, SEM
images show no sign of cracking in any sample (Figure 11). This confirms that the presence of damaged
areas near the sample edges allowed acid to reach the substrate/coating interface, weaken the bonding
between the two, and trigger cracking. Nonetheless, the effect of pores in the coatings cannot be
excluded and further analyses by FIB-SEM are opportune. In some cases, especially in samples treated
without electrodeposition, the calcite substrate is sometimes visible in the SEM images (darker areas
beneath the lighter flower-like crystals in Figure 11). This indicates that, also in the case of samples
tested after coating the edges, the surface coverage and the resulting protection were not complete.
Anyway, all the specimens subjected to the acid attack test clearly exhibited bands attributable to HAP
after the test (Figure 12), which confirms that the coatings are still present after exposure to acid.
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Figure 12. FT-IR spectra of untreated and treated samples (tested with coated edges), after the acid test
(in the FT-IR spectra, bands owing to the substrate are marked by a star, while the position of the new
bands owing to CaP phases is reported).

4. Conclusions

The results of the present study, aimed at assessing the feasibility of electrodepositing HAP
coatings over marble and evaluating the protective ability of the resulting coatings, allow to derive the
following conclusions:

• Electrodeposition of HAP over the marble surface can be obtained by placing the marble
sample close to the cathode. In these conditions, OH− groups formed near the cathode during
electrodeposition favor HAP formation, compared to the situation when no electric potential is
applied. Compared to simple increase in pH of the phosphate solution used as HAP precursor,
the local increase in OH− near the cathode has the advantage that precipitation of CaP in the bulk
solution and excessive film growth are prevented.
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• At short times (30 min and 1 h), electrodeposition has a significant effect in accelerating and
improving marble coverage by the new HAP coating. At longer times, the effect becomes less
evident, because HAP nucleation and growth take place even without electrodeposition.

• Among the two formulations investigated in this study (namely, a solution containing 0.1 M DAP
+ 0.1 mM CaCl2 in 30 vol.% EtOH and a solution containing 2 M DAP + 2 mM CaCl2 in 10 vol.%
EtOH), the less-concentrated one, containing a higher amount of ethanol, leads to formation of
more uniform coatings in a shorter time. This is possible thanks to the boosting effect of ethanol,
which is visible even without electrodeposition and which is further enhanced when electric
potential is applied.

• The HAP coatings formed by electrodeposition in the present most promising conditions (−2 V
for 3 and 6 h in the case of the less-concentrated solution and −1 V for 6 h in the case of the
more-concentrated one) provide some protective efficacy, even though the substrate dissolution is
not completely inhibited. In fact, pores are likely present in the electrodeposited coatings, which
reduces their protective efficacy and leads to cracking when the coating thickness is excessive.
Moreover, possible damaged parts (e.g., the areas near the edges) proved to have a not negligible
influence on the coating protective efficacy, which needs to be taken into account when designing
acid resistance tests.

All things considered, electrodeposition seems like a technique able to accelerate and improve
formation of HAP coatings over the marble surface, even though the resulting protective efficacy is
not complete yet. Electrodeposited coatings appear to be mainly composed of HAP, while presence of
other CaP was not evidenced. To ascertain the presence of pores in the coatings, further research is
needed, for instance observation of cross sections by FIB-SEM.
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Abstract: Carbonated hydroxyapatite derivatives (CHAp) and its metallic derivatives (Ag, Sr, Ba,
K, Zn) have been prepared and characterized in this paper and their coating capacity on some
model stone samples have been evaluated and discussed. These compounds were characterized
by using several analytical tools, including X-ray diffraction analysis (XRD), thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR), to determine the purity of the CHAp
sample. The XRD and FTIR results confirmed the presence of AB-carbonated type CHAp. The thermal
analysis (TGA) established two stages of weight loss that occured during the heating process: The first
weight loss between 30–225 ◦C corresponding to the partial carbonate release from OH-channel and
the second one between 226–700 ◦C, corresponding to some thermal reactions, possibly to the
generation of calcium phosphate. The efficiency and suitability of these products on model stone
samples were evaluated by monitoring the resistance to artificial weather (freeze–thaw), and pore
structure changes (surface area, pore volume, pore diameter). Meanwhile, optical microscopy (OM)
and Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM–EDS) techniques
showed the particles size and surface morphology of the samples, as well as information on its
chemical composition. Also, the compressive strength of these new compounds as coatings revealed
a homogeneity and strengthen of these model stone samples.

Keywords: carbonated hydroxyapatite; nanomaterials; coatings

1. Introduction

Nowadays, one of the main difficulties in preserving objects and heritage monuments is to select
the most adequate treatment methods for stone protection, able to preserve their original appearance,
without any detrimental effect on their aesthetic properties [1]. The protective products must preserve
the stones, to bring it to a state like the original one and prevent further damage. In general, to apply a
coating to the surface of the stone.

Coatings 2019, 9, 231; doi:10.3390/coatings9040231 www.mdpi.com/journal/coatings115
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The requirements for the consolidation of products consist of: Good stability, compatibility with
the substrate [2] and adequate penetration depth. A good consolidant should first reduce the rate of
degradation of the stone surface and then improve its mechanical properties.

The main challenges in stone protection are related to the creation of a barrier against
water penetration and protection of the stone surface against pollutants and the deposition of
organic/inorganic particles, while ensuring aesthetic compatibility with the substrate (i.e., color
changes at acceptable intervals), a minimal change in water vapor permeability and reversibility of the
treatment [3]. In this perspective, hydrophobic coatings [4], antifouling treatments [5] and nanoparticle
self-cleaning bands [6] are currently at the center of research on stone conservation [7,8].

However, at present, there are no standard procedures and/or unique assessment methods
supporting the effectiveness of enhancers and protection products [9].

A good consolidant should have a good penetration depth and adhesion to the substrate.
The bonding capacity depends to a large extent, both the chemical composition of the product
(including solvent and concentration) and the stone surface. In particular, the products with a
composition-like stone are preferred. Among the new products synthesized for preservation of
culture heritage materials, some hybrid formulations have been recently proposed for inorganic [10]
and organic materials [11,12].

Another aspect concerning the consolidant is the method of application [11,13], which plays a
key role, significantly influencing the transfer of laboratory procedures to on-site practice. There are
some application methods: Immersion, which can be easily controlled in the laboratory, but is hardly
reproducible on site where it maximizes the penetration depth very hard; poulticing, to control even
in laboratory conditions [13]; spraying, which delivers high amounts of consolidant at one time,
causing a large consolidant runoff and consumption (besides a higher solvent evaporation due to
nebulisation) [11], but a limited penetration depth [10]; and brushing, which often lacks an adequate
control of all the parameters that finally determine the treatment efficacy [3,12]. Usually, the brushing
method is preferred because it assures an efficient application and a relatively controlled balance
between penetration and solvent evaporation [13,14]. Nanomaterials exhibit good chemical–physical
features for application in the conservation science of artwork, being able to slow down the degradation
processes of artifacts, by comparison with traditional methods, widely described in literature [15]. Up to
now, the most used consolidants are nano hydroxyapatite, Ca10(PO4)6(OH)2, already used for travertine,
marble and limestone chalk stone consolidation, and used as models for architectural monuments [16].

The aim of this paper is to synthesize and to test some consolidants based on carbonated
hydroxyapatite (CHAp), which is quite similar with hydroxyapatite [17–19]. By comparison with
Hap, which has a crystal structure very similar to that of calcite, enabling epitaxial growth over
calcareous matrices [20], in carbonated hydroxyapatite (CHAp) the CO3

2− ions can replace both OH−

and PO4
3− ions and thus the last form has a high special surface area than the previous one [21]. In the

case of carbonated hydroxyapatite, a decrease in the a-axis and increase in the c-axis in the apatite
lattice is registered, due to the incorporation of B-type CO3

2− substitution into the HAp structure [22],
a decrease of the crystalinity which suggests a decrease in the crystallite size and crystallinity of the
apatite phase [23,24], given by the highest amount of CO3

2− in the apatite structure [25].
Carbonated hydroxyapatite derivatives (CHAp) and its metallic derivatives (Silver (Ag);

Strontium (Sr); Barium (Ba); Potassium (K); Zinc (Zn)) have been prepared and characterized by X-ray
diffraction analysis (XRD), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy
(FTIR). The efficiency and suitability of these products on model stone samples, applied by brushing
(B) and spraying (S), were evaluated by monitoring the resistance to artificial weather (freeze–thaw)
and pore structure changes (surface area, pore volume, pore diameter). Also, the mechanical strengths
of these new compounds as coatings for model stone samples revealed good adherence, homogeneity
and strength of these layers.
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2. Materials and Methods

2.1. Specimens Samples Preparation

Different samples were prepared from sand and a mixture of gypsum with lime (95%–5%)
(1:4) (40 mm × 40 mm × 40 mm) in order to distinguish the difference between non-treated/treated
samples and to observe the influence of consolidant used during the treatment. Cubic specimens
(diameter: 4 cm, height: 4 cm) have been prepared in a silicon resin matrice in order to avoid the
dispersion of the solid matter or evaporation of the solvent from the lateral sides. All specimens
were stored under controlled conditions (T = 20 ◦C, 65% RH) for 1 month. After the drying process,
the substrates were left to cool for two hours in a desiccator and adequately treated with the new
prepared compounds, and their appearance was examined.

2.2. Application of the Carbonated Hydroxyapatite Derivatives

The nanoparticles were suspended in distilled water with conductivity <2 s/cm, due to its higher
boiling point and higher surface tension, responsible for a low kinetic stability. They were applied
by spraying, an application method commonly adopted in the practice of conservation, for a good
penetration and deposition in depth. The procedure was repeated with up to 3 consecutive applications,
in order to improve the consolidation effect. The interval between consecutive applications was
defined at 6 h, for achieving a complete evaporation of the solvent. The applications were performed
under controlled conditions (50% RH, T = 20 ◦C, air speed <0.1 m/s). The treated specimens were
then stored at 65% RH, T = 20 ◦C, air speed <0.1 m/s for over 1 months, in order to enhance the
nanoparticles deposition.

2.3. CHAp Synthesis

Carbonated hydroxyapatite (CHAp), as very fine and uniform sized powder, was obtained by
a nanoemulsion technique adapted from Zhou et al. [26]. CHAp nanoparticles were synthesized
by mixing aqueous solutions of (NH4)2HPO4 and NH4HCO3, under magnetic stirring. The pH of
the aqueous solution was adjusted to 11 using sodium hydroxide 1 M. Then an acetone solution
of Ca(NO3)2·4H2O at a molar ratio of Ca2+:PO4

3−:CO3
2− = 1.67:1:0.5 was introduced into the flask.

The reaction was carried out at room temperature. The precipitate was vacuum filtered using a Buchner
funnel and washed with distilled water. The reaction product was freeze-dried overnight and calcined
the next day at 900 ◦C for 4 h. Doped CHAp with different metal ions (Ag+, Sr2+, Ba2+, Zn2+, K+)
was synthetized by a similar microemulsion method, the metal nitrate solution (AgNO3, Sr(NO3)2,
Ba(NO3)2, Zn(NO3)2, KNO3) being added in the Ca(NO3)2·4H2O acetone solution, in concentration of
5 mole% reported to Ca2+. These compounds have been applied by brushing and spraying using an
aqueous solution of 0.25g/L on the non-treated samples.

2.4. Chemical Characterization Methods

X-ray diffraction measurements of powder samples were carried out with a Rigaku Ultima IV
diffractometer (Rigaku, Tokyo, Japan) using a Cu Kα radiation (λ = 1.54 Å). In this experiment the
accelerating voltage of the generator radiation was set at 40 kV and the emission current at 200 mA.
The diffractograms were recorded in parallel beam geometry over 2θ = 5◦ to 100◦ continuously at a
scan rate of 4◦/min.

Fourier transformed infrared spectroscopy (ATR–FTIR) was recorded with a Vertex 80
spectrometer (Bruker Optik GMBH, Billerica, MA, USA) equipped with DRIFT accessory, in the range
of 2000–400 cm−1, because the range 4000–2000 cm−1 did not show major changes for these samples.

Thermogravimetric analyses of CHAp were performed using a Pyris 1 TGA analyzer
(Perkin–Elmer TGA-7, Waltham, MA, USA) with a scan range from 50–700 ◦C and a constant heating
rate of 10 ◦C/min under continuous nitrogen.

For porosity determination, the nitrogen adsorption/desorption isotherms were recorded at
77 K in the relative pressure range p/po = 0.005–1.0 using NOVA2200e Gas Sorption Analyzer
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(Quantachrome, Boynton Beach, FL, USA). Data processing was performed using NovaWin version
11.03 software. Prior to adsorption measurements, the samples were degassed for 4 h at 180 ◦C under
vacuum. The specific surface area was determined by the standard Brunauer–Emmett–Teller (BET)
equation. The total pore volume was estimated from the volume adsorbed at a relative pressure p/po

close to unity. Pore size distribution and mesopores volume were obtained from desorption branch of
the isotherm by applying the Barrett–Joyner–Halenda (BJH) model. The t-plot method was used to
estimate the micropore surface area and external surface area.

Also, the OM was recorded by a Primo Star ZEISS optical microscope (Carl Zeiss, Oberkochen,
Germany) that offers the possibility of investigating the samples in transmitted light at a magnification
between 4–100×. The equipment had a digital video camera attached (Axiocam 105, Carl Zeiss,
Oberkochen, Germany) which, by the microscope software (Zen Pro), allowed real-time data acquisition.
The obtained images could easily be converted from 2D in 3D format through its software for a better view.

The Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM–EDS) was obtained
with a SU-70 (Hitachi, Japan) microscope, with a magnification range of 30×–800,000×.

Freeze–thaw aging test: For the freeze-thaw test (20 cycles) STAS 6200/15 83, the sample shall be
dried in oven at 105 ± 5 ◦C for 1 h up to the constant mass (m1). The samples were immersed in distilled
water for 15 min at room temperature. The samples were kept in the freezer for 3 h at −18 ± 5 ◦C and
then thawed in water. The freeze–thaw operation is repeated until 20 cycles are performed, after which
the mass losses during the freeze–thaw process is expressed as gelivity coefficient, Equation (1).

μg = (m2 − m3/m1) × 100% (1)

where:
m1–the initial mass of the sample, determined after drying at 105 ◦C to the constant mass and

before saturation with distilled water, in grams;
m2–mass of sample saturated with water, determined before the first freeze–thaw cycle, in grams;
m3–defrost mass of the sample, determined after drying at 105 ◦C to the constant mass and before

saturation with distilled water, in grams.

2.5. Mechanical Testing Method

The mechanical strength test was performed with a Silver Schmidt Hammer Proceq test hammer,
type L-0.735 Nm impact energy, according to ASTM C805. The strength range of the Silver Schmidt
test hammer is from 10–100 N/mm2. Ten replicates within the test location with a minimum spacing
of 25 mm between each two testing points and a minimum edge distance of 25 mm, have been
recorded. The hammer was positioned at 90◦ downward, and the rebound number value is calculated
as the average of the readings within this test location, in order to find a relationship between surface
hardness and compressive strength with an acceptable error. The compressive strength was calculated
using the Equation (2) (for 10th percentile curve range), after apparatus manual indications.

compressive strength = 2.77 × eˆ(0.048 × Q) (2)

The results have been obtained for the untreated and treated specimens with CHAp, Ag-CHAp,
Sr-CHAp, Ba-CHAp, Zn-CHAp, K-CHAp solutions of 0.25 g/L solution applied by brushing and
spraying on the stone surface.

3. Results

3.1. Crystal Structure

Table 1 summarizes the results of the phase purity and the average crystallite sizes calculated
for the most intense peak of CHAp (0 0 2) for all the investigated samples by XRD and Scherrer
Equation (3):

L = (K × λ)/(β × cosθ) (3)
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where:

Table 1. Summary of the XRD characterization of pure and substituted CHAp.

Sample 2θ, ◦ 2θ, rad β, ◦ β, rad L, Å L, nm

CHAp 25.80 0.4503 0.3460 0.006039 229.50 22.50

Ag-CHAp 26.41 0.4609 0.4273 0.007458 185.84 18.58

Sr-CHAp 25.78 0.4499 0.3349 0.005845 237.14 23.71

Ba-CHAp 25.84 0.4510 0.3350 0.005847 237.14 23.71

K-CHAp 25.82 0.4506 0.3454 0.006028 229.50 22.95

Zn-CHAp 25.84 0.4510 0.3271 0.005709 242.77 24.27

HAp 25.81 0.4505 0.186 0.003246 426.99 42.70

L = crystallite size;
K = Scherrer constant (0.9);
λ = X-ray wavelength (1.54 Å);
β = peak width at half maximum intensity (in radians), from the apparatus programme;
θ = Bragg angle, from the apparatus programme;
By analyzing this table, it could be observed that all the samples matched with the standard

JCPDS reference (09-432) file for synthetic carbonated hydroxyapatite. XRD confirmed the phase purity
of the synthesized carbonate hydroxyapatite [27] and no additional phases (brushite) were identified,
this being an indication for these compounds’ purity.

Figure 1 shows the characteristic XRD spectra for all samples. When all the prepared samples were
analyzed by X-ray diffraction, their patterns were characteristic of the hexagonal apatite phase [28,29].
Few XRD peaks are characteristic of carbonated hydroxyapatite (with 2θ from 26–40) (Figure 1).

Figure 1. XRD diagrams for CHAp and Me-CHAp (Me = Sr, Ag, Ba, Zn, K).
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3.2. Molecular Structure

The major functional groups in this case are the carbonate, hydroxyl, phosphate groups, identified
by FTIR. The observed vibrational peaks, summarized in Figure 2, are characteristic of carbonated
hydroxyapatite compounds, similar to other literature data [27,30]. For a proper identification of the
specific bands of these compounds, the IR region was chosen between 2000–400 cm−1.

Figure 2. FTIR spectra for CHAp and Me-CHAp (Me = Sr, Ag, Ba, Zn, K).

3.3. Thermal Properties

The thermogravimetric analysis of the samples carried out from 30–1000 ◦C in air atmosphere
using a heating rate of 10 ◦C/min is shown in Figure 3. The TGA result shows that there are two stages
of weight loss that occurs during the heating process: The first weight loss between 30–225 ◦C and the
second one between 226–700 ◦C, corresponding to some thermal reactions [31].

 
Figure 3. The TGA diagram for CHAp and Me-CHAp (Me = Sr, Ag, Ba, Zn, K).
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3.4. The Efficiency and Suitability of These Products on Model Stone Samples

The efficiency and suitability of these products on model stone samples were evaluated by
compressive strength, to artificial weather (freeze–thaw), water absorption test in relationship
with porosimetry measurements. Except the pore structure changes (surface area, pore volume,
pore diameter), the variation of the surface area and pore diameter (by brushing and spraying),
is represented in Figure 4.

Figure 4. Surface area and pore diameter parameters for CHAp and Me-CHAp (Me = Sr, Ag, Ba, Zn, K).

With the Silver Schmidt test hammer measures the speed of the impact as well as of the
rebound immediately before and after the impact, calculating the amount of energy that can be
recovered. It is one of the traditionally used methods for evaluating the mechanical properties of
the rocks (compressive strength). The rebound number measurements for the untreated and treated
with carbonated hydroxyapatite (by brushing and spraying the specimens) are shown in Figure 5.
The measurements of rebound number have been taken and then the compressive strength determined
as per ASTM C805.

 
Figure 5. Mechanical strength for control, CHAp and Me-CHAp (Me = Sr, Ag, Ba, Zn, K).
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For the water absorption test, the samples were dried in the oven at 40 ◦C for 8 h, cooled at room
temperature and then weighed (W1). After that, the samples were immersed in distilled water for 24 h.
At the end, they were removed from distilled water and weighed (W2). The water absorption content
was calculated with the Equation (4), and graphical represented in Figure 6.

water absorption = [(W2 − W1)/W1] × 100% (4)

 

Figure 6. Water absorption for control, CHAp and Me-CHAp (Me = Sr, Ag, Ba, Zn, K).

The freeze–thaw operation is repeated until 20 cycles are performed, after which the mass losses
during the freeze–thaw process is expressed as gelivity coefficient (Figure 7).

 

Figure 7. Gelivity coefficient for control, CHAp and Me-CHAp (Me = Sr, Ag, Ba, Zn, K).

4. Discussion

The XRD patterns shown in Figure 1, indicated that Me-CHAp samples are very similar to that of
pure CHAPp and were in accordance with ASTM data (Card 9-432). The diffraction peaks (2θ = 25.879◦

for (002), 31.775◦ for (211), 31.196◦ for (112), 32.902◦ for (300), 33.684◦ for (202), 35.597◦ for (301) and
39.853◦ for (130) respectively), are sharp and well resolved, indicating the obtained phase pure, well
crystallized hydroxyapatites [32]. The unit cell parameters of all samples are presented in Table 2.
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Table 2. The lattice parameters a and c for synthesized carbonated hydroxyapatites.

Phase Name a (Å) c (Å) Ionic Radius (Å)

CHAp 9.431(8) 6.891(14) 0.99

Ag-CHAp 9.26(9) 6.9(3) 1.26

Sr-CHAp 9.4191(5) 6.8800(4) 1.12

Ba-CHAp 9.421 6.885 1.35

K-CHAp 9.4321 6.9 1.38

Zn-CHAp 9.40 6.8437 0.74

The lattice parameters a and c increased with increasing ionic radium of metallic ions.
The substitution of Ca (0.99 Å) with Zn (0.74 Å), Sr (1.12 Å), Ag (1.26 Å), Ba (1.35 Å), and K (1.38 Å) in
CHAp lattice could be a cause of increasing of a and c lattice parameters. Changes in cell parameters
may imply that all the metals substituted for calcium in the CHAp lattice corresponded with an
increase in lattice parameters (except for Zn, which has a smaller ionic radius than Ca). It is also
possible that lattice parameter changes occurred due to silver ion and other site substitutions in the
crystal lattice. These results are in accordance with previous reports by [30]. Moreover, the inclusion of
the metals with a larger ionic radius compared to Ca2+, caused the expansion of the lattice parameters
(mainly along the c axis) and the increase of cell volume [33–35]. According to results given in Table 2,
all Me-CHAp samples have lower crystallinity than pure hydroxyapatite.

On the other hand, the substitution of strontium and silver can cause phase shifting to lower 2θ
indicating an increase in the lattice parameters, which can be attributed to the higher ionic radius of Sr
(1.12 Å) and Ag (1.26 Å), as compared to Ca2+ [35].

Broadening of the peaks due to the reduction in the crystallite size and increase in the lattice
disorder, are attributed to the divalent metal+ substitution in the HAp lattice [36]. Also, the average
crystallite sizes, calculated after Scherrer equation suggests that the hydroxyapatite samples could be
considered as nano-CHAp (Table 1). The results show that insertion of the metals into CHAp lattice
led to a higher SBET that is correlated with smaller crystallite sizes of these samples [37].

The bands from 1455 and 1419 cm−1 have been ascribed to carbonate and phosphate IR bands.
When the carbonate IR bands are at 1455 and 1419 cm−1 (ascribed to CO3

2− and PO3
4−) a B type

substitution is identified, whereas the bands are at 1550 and 1530 cm−1 (ascribed to OH and PO3
4−) a

A type substitution is present (Figure 2).
The bands from 879, 873 and 866 cm−1 are similar and characteristic of all the samples. This means

that the carbonate ions are present in the CHAp structure either carbonate ions substituting OH−

groups (type A–879 cm−1) or carbonate ions substituting the phosphate ions (type B-873 cm−1).
Phosphate bands could be identified at 605, 575 and 563 cm−1. The FTIR bands obtained confirm that
the synthesized samples could be AB type: CO3

2− is substituting PO4
3−. Similar results have been

reported by Padila [30].
The TGA result shows that there are two stages of weight loss that occur during the heating

process. The first weight loss of 8.3 wt.% is observed from 30 to 225 ◦C due to the removal of trapped
water in the sample. The second weight loss of approximately 31.6 wt.% occurs from 226 to 700 ◦C
and was attributed to the decomposition of the other components (CO3

2− according to the weight loss
observed in TGA curves between 550–950 ◦C [31,38].

The results obtained for the non-treated and treated specimens with carbonated hydroxyapatite
solutions 0.25 g/L concentration, revealed that by brushing, acicular crystals of approximately 500 nm
in length and 10 nm in width were obtained (Figure 8); and the second one, when the solution was
sprayed on the stone surface, agglomerates of spheroidal crystals of approximately 10 ± 20 nm in
diameter were obtained (marked by arrows).
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(a) (b) 

Figure 8. SEM images for BaCHAp applied by brushing and spraying: (a) Ba-CHAp applied by
brushing, (b) Ba-CHAp applied by spraying.

By optical microscopy (Figure 9) it was possible to observe that the untreated specimen
presents a whitish, highly porous surface (Figure 9a–c), while the treated specimen shows a more
homogeneous surface with no chromatic alteration macroscopically visible. Looking more in detail to
the microstructure, it can be observed that the nanoparticles partially filled the superficial pores of
the original matrix. The thickness of the deposited layer depends on the consolidant type, higher for
Ag-CHAp and mostly similar for Ba-CHAp, Sr-CHAp and CHAp. The layer thickness of the other
consolidants is very thin, between 8–10 μm, this being a possible reason for the low efficacy of them.

  
(a) (b) 

  
(c) (d) 

Figure 9. Optical microscopy of the untreated and treated by spraying the specimens: (a) Ag-CHAp,
(b) Ba-CHAp, (c) SrCHAp, (d) CHAp.
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The layer varies between 30–90 μm, which is in good agreement with other literature report [39].
By brushing, the layer is thickened, as SEM images shown (Figure 10a–d).

  
(a) (b) 

  
(c) (d) 

Figure 10. SEM images for brushed specimens: (a) CHAp, (b) Ba-CHAp, (c) Sr-CHAp, (d) Ag-CHAp.

As humidity plays a key role in stone deterioration, a detailed understanding of the processes
involved and imposed is required. The amount of water presented in a building stone, its actual
material moisture, is a function of several parameters. The specific inner surface represents the interface
for any process between the atmosphere and the solid material. There is a close interrelation between
material moisture and mechanical properties [40].

From the above images it can be observed that the layer obtained by brushing the carbonated
hydroxyapatite derivatives on model samples has different thicknesses: 53–59 μm for CHAp
(Figure 10a) and thicker from 245 to 524 μm for its metallic derivatives (Figure 10b–d). For CHAp
derivatives with divalent metals (Sr, Ba), the layer obtained by application is between 262 and 378 μm,
while for the monovalent derivative of CHAp (Ag) the thickest layer of 540 μm is obtained. The reason
lies in the tendency to agglomerate of these metallic derivatives, due to the large surface-to-volume
ratio (Figure 4), more accentuated at Ag-CHAp than Sr-CHAp and Ba-CHAp.

If the pore volume, determined by porosity, is quite similar (0.008–0.01 cc/g), the surface area and
pore diameter are different and depend on the consolidant type: It is highest for Ag-CHAp applied
by brushing and for CHAp and Ba-CHAp applied by spraying. Meanwhile, the pore diameter is the
smallest for Sr-CHAp and Ba-CHAp applied by spraying. From these data, it could be concluded that
the application type is decisive and contribute to the layer homogenity applied on the stone surface.
For the control specimens, these values are not different at all. They are similar both for brushing and
for spraying (Figure 4).

Measurement of mechanical properties of the samples in all stages (i.e., by brushing and by
spraying) was achieved by the test of compression strength. It could be observed that by comparison
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with the control samples, all the treated samples presented higher compressive strength values for the
samples treated by brushing than those treated by spraying (Figure 11a–d) correlated with an increased
rebound number (Figure 5). The addition of the nanoparticles on the specimen surface enhanced the
durability of stone compared to the samples not treated, due to the role of nanoparticles in reinforcing
the stone, improving their interaction with the stone grains.

It was observed that the results of Zn-CHAp nanoparticles gave the highest values of compressive
strength. This can be attributed to the effect of the high reactivity, crystallites size, nanoparticles size
and high compatibility with the substrates, similar with other cases reported in the literature [41].
The higher the crystallites size, the higher the compressive strength. The chemical composition of
nanosized consolidant can exhibit improvements in thermal, physical, and mechanical properties,
because of the strong synergistic effects between the stone surface and CHAp on both the molecular
and nanometric scales [42].

 
(a) 

 

(b) 

Figure 11. Cont.
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(c) 

 
(d) 

Figure 11. The compressive strength vs. rebound index relationship for model stones coated with
carbonated hydroxyapatite derivatives. (a) samples treated by brushing, exponential graphical
representation; (b) samples treated by brushing, linear graphical representation; (c) samples
treated by spraying, exponential graphical representation; (d) samples treated by spraying, linear
graphical representation.

This paper presents the compressive strength vs. rebound index relationship for model stones.
Linear and exponential relationship between average rebound number and compressive strength
was established using the least square method. The linear model was found to be the better one
with a regression coefficient of 1.0 than the exponential model with a regression coefficient of 0.9996,
which indicates the acceptability of the linear model for predicting compressive strength of model
stones, Figure 11a–d.

As humidity plays a key role in stone deterioration, a detailed understanding of the processes
involved and imposed is required. The amount of water presented in a building stone, its actual
material moisture, is a function of several parameters. The specific inner surface represents the interface
for any process between the atmosphere and the solid material. There is a close interrelation between
material moisture and mechanical properties [40].
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Transport and distribution of H2O, fluid water and vapor in porous materials are governed by
different processes. In the assumed case of a dry material, as a first step, its surface starts to adsorb
single H2O molecules from the atmosphere to form a layer. The only transport mechanism which
occurs is vapor transport. With rising air humidity, the number of layers of water molecules on the
surface increases. Within those multimolecular layers of the water, surface flow occurs as a secondary
and more efficient transport mechanism. Additionally, at a certain content, the water layers merge into
the small pores due to capillary condensation, which is effective up to some 10−7 m pore radius. With
an increase of water content in the system, capillary forces, which are active in the pore radius range
between some 10−7–10−3 m, start to govern the internal flow. Finally, when the material is completely
filled with water, saturation flow occurs. Similar, but inverse are the processes when a water saturated
material is subjected to drying. The removal of H2O stops when desorption out of the material and
adsorption of air humidity reach equilibrium.

When water from the stone surface evaporates faster, a larger active evaporation surface cools
occur. Partial saturation enhances this effect. This shows that the surface roughness expressed in the
specific inner surface is a determining parameter. The amount of water sorption uptake correlates
mainly with the inner surface area, determined by the N2-BET method.

Samples with medium specific surface areas have a lower uptake and the lowest values can be
observed in samples with the lowest specific surface areas. So, the samples with high specific inner
surfaces, exhibit the highest moisture uptake values.

The specimens that supported the freeze–thaw cycles were first dried, weighed, and later immersed
in H2O for saturation throughout 48 h, consistent with the standardized procedure represented in EN12371.
The freeze–thaw aging was performed on 15 specimens and lasted 20 cycles. At the end of freeze–thaw
aging procedure the dry mass of the specimens was assessed (Figure 12).

Sample 
Brushing Spraying 

Initial 
Final-After 20 

cycles 
Initial 

Final-After 20 
cycles 

Control 

    

CHAp 

    

Ag-CHAp 

    

Figure 12. Cont.
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Ba-CHAp 

    

Sr-CHAp 

    

Zn-CHAp 

    

K-CHAp 

    

Figure 12. Stone samples with metallic hydroxyapatite applied by brushing and spraying.

The deterioration of the stones involves mechanical ruptures along the edges, fractures due to the
weathering, grooves in depth, shrinkage cracks and brown patina. Salt incrustation may cover the
stone surface and fill the fissures of blocks. The deterioration/weathering condition could be poorly
weathered stone surfaces and extremely weathered stone surfaces.

By correlation between the visual appearances of samples treated with gelivity values for the
samples treated with various carbonated hydroxyapatite a similar degradation tendency could be
observed. The control samples undergo similar degradations after the 20 freeze–thaw cycles, as shown
in Figure 7, and more pronounced in the samples treated by spraying with two exceptions of the
samples treated with Zn-CHAp and K-CHAp.

The most pronounced degradations are observed in the case of Ba-CHAp, applied by spraying,
most probably due to Ba ionic radium 1.35 Å, too high to cover the homogeneous samples.

The higher the gelivity value, the higher the degradation rate and smaller the protection capacity
of the carbonated hydroxyapatite derivatives coatings.

The spraying procedure is a fast application, requires one application, leads to a smooth finish free
of brush/roller marks, can get into hard to reach areas, but has some disadvantages: Long prep and
clean up time, uneven coverage (sometimes too thick), uses 2–3 times as much paint as brushing, poor
adhesion, cannot paint on windy days. By comparison, brushing has an excellent control, very good
adhesion, even uniform coverage, gets paint into nooks and crannies better than spraying. But it is a
slow and laborious application, can require 2 or more coats, can leave brush marks and obstructions
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which make for a difficult application. It is slow, but an even, uniform coat of paint could be obtained
and much better adhesion than with spraying alone [20,43,44].

After analyzing these results, it could be concluded that the brushing procedure could offer a
more efficient coating of the model stone specimens, while the spraying procedure, evenly induces
good compressive strength, produces mechanical ruptures along the edges (Zn-CHAp, Ba-CHAp,
Ag-CHAp), fractures (Zn-CHAp, Ba-CHAp, Ag-CHAp), grooves in depth (Zn-CHAp, K-CHAp,
Ba-CHAp, Sr-CHAp), shrinkage cracks (CHAp), brown patina (Zn-CHAp).

5. Conclusions

Carbonated hydroxyapatite derivatives (CHAp) and its metallic derivatives (Ag, Sr, Ba, K, Zn)
have been prepared and characterized in this paper and their coating capacity has been evaluated
and discussed. These compounds were characterized using several analytical tools, XRD, TGA, FTIR,
OM and SEM–EDS techniques.

The efficiency and suitability of these products on model stone samples were evaluated by
monitoring the resistance to artificial weather (freeze–thaw), and pore structure changes (surface area,
pore volume, pore diameter). Also, the mechanical strengths of these new compounds as coatings
for model stone samples revealed homogeneous and strong layers deposited on the stone surface. By
correlation, between the visual appearance of samples treated with gelivity values and the samples
treated with various carbonated hydroxyapatite, a similar degradation tendency could be observed
that is more pronounced in the samples treated by spraying with two exceptions of the samples treated
with Zn-CHAp and K-CHAp. The higher the gelivity value, the higher the degradation rate and
smaller protection capacity of the carbonated hydroxyapatite derivatives coatings.

The brushing procedure could offer a more efficient coating of the model stone specimens, while
the spraying procedure, evenly induces good compressive strengths, produces mechanical ruptures
along the edges (Zn-CHAp, Ba-CHAp, Ag-CHAp), fractures (Zn-CHAp, Ba-CHAp, Ag-CHAp),
grooves in depth (Zn-CHAp, K-CHAp, Ba-CHAp, Sr-CHAp), shrinkage cracks (CHAp) and brown
patina (Zn-CHAp).
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Abstract: The diammonium hydrogenphosphate (DAP, (NH4)2HPO4) reaction with calcite has been
extensively investigated. The availability of free calcium ions in the reaction environment has
been acknowledged as a crucial factor in the crystallization of calcium phosphates with a high
(hydroxyapatite, Ca/P 1.67) or low Ca/P molar ratio (dicalcium phosphate dihydrate, Ca/P 1.00;
octacalcium phosphate, Ca/P 1.33). On the contrary, no data are available on the DAP interaction at
room temperature with dolomite in terms of reaction mechanism and composition of the reaction
products. Here, a multi-analytical approach based on scanning electron microscopy (SEM) coupled
with energy dispersive X-ray spectrometry (EDS) and X-ray powder diffraction before and after
heating treatments is proposed to explore how the formation of calcium phosphates occur on
Mg-enriched substrates and if the presence of magnesium ions during the reaction influences the
crystallization process of calcium phosphates. The DAP reaction with polycrystalline dolomite gives
rise to the formation of struvite and of poorly crystalline hydroxyapatite. Calcium and magnesium
ions mutually interfered in the crystallization of magnesium and calcium phosphates, respectively,
whose effects influenced the properties (size, micro-morphology, composition and crystallinity) of
the newly-formed phases.

Keywords: calcium phosphate; hydroxyapatite; magnesium phosphate; struvite; dolomite; consolidating
treatment; cultural heritage; ammonium phosphate

1. Introduction

Diammonium hydrogenphosphate (DAP, (NH4)2HPO4) is a promising inorganic consolidating
treatment for decayed carbonatic stones [1–4]. The DAP consolidating treatment aims at restoring the
stone matrix through a partial transformation of the original material in newly-formed phosphate
phases. Ideally, crystalline hydroxyapatite (HAP, Ca5(PO4)3OH) is formed by combining calcium ions
of the substrate with phosphate groups of the reagent [5,6].

The DAP reaction with calcite (CaCO3) of carbonatic stones has been extensively investigated
over the last years, [7,8] and recent findings showed that the DAP reaction with polycrystalline calcite
of carbonatic stones is non-stoichiometric [9], which implies that many crystalline phases may form in
complex mixtures with a nanocrystalline and/or partially-substituted HAP [1,5,6,9–12]. Furthermore,
it has been demonstrated that the composition of the new phases depends on several variables, as e.g.,
the reaction condition (pH, ion strength), the stone substrate (lithotype, microstructure) and the
treatment protocol (duration, application method, DAP molarity) [10,13–16].
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The DAP reaction in the presence of low amount of calcium ions (e.g., when DAP is used with a low
molarity [9] or on calcite substrates with Mg-containing veins [17]) follows a different crystallization
process. In particular, the availability of free calcium ions is a crucial factor in the crystallization; phases
with a low Ca/P molar ratio (e.g., dicalcium phosphate dihydrate DCPD CaHPO4·2H2O, Ca/P molar
ratio 1.00, and octacalcium phosphate OCP Ca8(HPO4)2·5H2O, Ca/P molar ratio 1.33 [13,14]) are
formed instead of HAP [9,18] (Ca/P molar ratio 1.67) in reaction environments with a low concentration
of calcium ions.

Over the centuries, several carbonatic stones with magnesiac nature have been used for artefacts
and buildings. A crucial issue is the challenging conservation of Angera stone, a sedimentary
dolostone widely used as ornamental lithotype in the North of Italy and severely affected by decay [19].
The literature on the investigation of DAP treatments applied to calcite-based materials of cultural
heritage is progressively increasing, while, surprisingly, the DAP reaction with magnesium carbonates
is still quite unexplored.

Clearly, the DAP reaction with magnesium carbonates is expected to give rise to a set of
crystalline phases different to those formed with calcium carbonate. However, even though
the transformation of magnesium carbonates into magnesium phosphates with hydrothermal
conditions [20] or by calcination [21] is well-known in literature, only a few studies investigated
the carbonate-to-phosphate conversion at room temperature [22,23], which normally is the operative
condition of conservation treatments.

This study focused, for the first time, on the reaction of polycrystalline dolomite with DAP
solutions at room temperature in order to explore how: (i) DAP treatments react with dolostones; (ii) the
nucleation of calcium phosphates occurs in presence of Mg-enriched substrates; (iii) the presence of
magnesium and calcium ions during the reaction influences the crystallization process of calcium and
magnesium phosphates.

The DAP treatments were carried out by using DAP water solutions with two different molarities
on quarry specimens. The formation of specific crystalline phases and their diffusion inside the stone
matrix are investigated following a multi-analytical approach (scanning electron microscopy (SEM)
coupled with energy dispersive X-ray spectrometry (EDS), X-ray diffraction before and after heating
treatments) and critically discussed.

2. Materials and Methods

2.1. Materials

The Angera stone, a dolostone quarried in the northern Italy (Piedmont) and widely used in
the Lombard architecture as ornamental building material since the Roman age, was used for this
study [24]. The lithotype is characterized by a very fine grain size and a high porosity (18–26%,
depending on the Angera stone variety). The stone is mainly composed of dolomite (CaMg(CO3)2) in
association with a low fraction of clay minerals and iron oxides [19,25–28].

The experiments were performed on the white variety of Angera stone, as it is the variety that
undergoes the most severe decay processes in the environmental conditions. They were carried out
on a set of freshly quarried prismatic specimens (50 mm × 50 mm × 20 mm) in order to explore the
crystallization of phosphates from DAP solutions at room temperature on dolostones.

The Angera stone specimens were treated by a 0.76 M or of a 3.00 M aqueous solutions
of DAP (CAS Number 7783–28-0, assay ≥99.0%, reagent grade, Merck, Darmstadt Germany).
The concentration 0.76 M (corresponding to a 10% w/w) was selected on the basis of previous
experiments [10] and on the consolidating practice in conservation worksites [29]; the choice to also
include 3.00 M concentration was suggested in previous studies available in the literature [7,30],
where this value was used to enhance the crystallization of calcium phosphates. The consolidating
DAP solution was applied by poultice (dry cellulose pulp, MH 300 Phase, Italy; ratio ~ 5:1 DAP
solution:dry cellulose pulp), as it is one of the most common application methods in the conservation
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field. The treatment time was 48 h, during which the specimens were wrapped in a plastic film to
avoid the evaporation of the solvent. After 48 h, the plastic film was removed and the specimens were
left drying at room temperature for other 24 h with the poultice on top. The DAP poultice was then
removed and the specimens were rinsed three times by poultice made with deionized water and dried
at room temperature.

2.2. Methods

The crystalline phases of the Angera stone specimens before and after the consolidating treatments
were investigated by X-ray powder diffraction (XRD) (Malvern, UK) in Bragg–Brentano geometry
with a Panalytical X’Pert PRO diffractometer, equipped with a PW 3050/60 goniometer, anti-scatter
slit and divergence slit (1◦ and 1/2◦ respectively), a PW3040/60 generator and a X’Celerator solid
state detector PW3015/20 nickel filtered. The samples were finely pulverized and spread on silicon
zero background holders. The diffraction patterns were collected with a Cu Kα radiation source
(λ ~ 1.54 Å), accelerating voltage 40 kV and electric current at the Cu anode of 40 mA, in the 2 Theta
angular range 4.5–65◦ with a stepsize of 0.17◦and time per step of 130 s.

A set of thermal treatments were carried out in order to fully explore the composition of
the newly-formed calcium phosphates, which showed ambiguously interpretable X-ray diffraction
patterns. For this reason, untreated and treated specimens were initially analyzed at room temperature
(rT); after that, the samples were heated at 400, 600 and 900 ◦C, and re-analyzed at rT after each heating
process. The selection of the temperature steps used to investigate the T-induced “parent-to-product”
phase transformation is driven by literature data [9,16,31–36].

The micro-morphology of the specimens before and after the DAP treatments were investigated
by zenithal observations using a JEOL 5910 LV scanning electron microscope (SEM) (Tokyo, Japan)
coupled with energy dispersive X-ray spectrometer (EDS) IXRF-2000 (0–20 keV) (Austin, Texas) in
high vacuum mode on carbon coated samples.

3. Results

3.1. Analysis of the Newly-Formed Phases on Angera Stone

Figure 1 shows the X-ray diffraction patterns of quarry Angera stone before and after the DAP
consolidating treatment. The XRD pattern of the untreated substrate shows well-defined peaks of
dolomite (main peak at 31.02◦ and secondary peaks at 24.13◦, 33.61◦, 35.33◦, 37.42◦, 41.18◦, 44.96◦,
50.59◦ and 51.11◦ of 2Theta, λ = Cu Kα) and weaker peaks of secondary minerals (quartz at 26.60◦ of
2Theta, phyllosilicates at 9.41◦ and 25.37◦, feldspar at 26.96◦ and plagioclase at 27.48◦).

Figure 1. (a) X-ray powder diffraction(XRD) patterns of untreated Angera stone (NT) and Angera stone
treated by poultice with 0.76 M and 3.00 M DAP solutions. (b) Detail in the range 12–30 ◦ showing
the phase variations occurred after the consolidation. D = dolomite, S = struvite, HAP? = possible
hydroxyapatite, DAP = diammonium hydrogen phosphate, ADP = ammonium dihydrogen phosphate.
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The XRD patterns of the Angera stone treated with 0.76 M and with 3.00 M DAP solution exhibit
the formation of magnesium phosphates and calcium phosphates. In fact, the XRD peaks of struvite
(MgNH4PO4·6H2O, peaks at 14.99◦, 15.81◦, 16.47◦, 20.85◦, 21.45◦, 27.07◦ and 31.94◦) and most likely
apatite (peak at ~25.90 ◦) were revealed in mixture with the phases of the substrate.

The XRD peaks of struvite were sharp and well-resolved, indicating the formation of a well
crystalline phase, whereas the peak of the possible apatite was extremely weak and broad, most likely
due to a poorly-ordered structure. No other peaks ascribable to calcium phosphates were detectable in
the XRD patterns, likely due to overlapping with the peaks of other phases or to their severe weak
intensity. Several calcium phosphate phases had a peak at ~25.90◦ of 2Theta, as many of them were
characterized by a similar crystalline structure (e.g., hydroxyapatite; calcium-deficient hydroxyapatite
and its partially-substituted forms; octacalcium phosphate; amorphous calcium phosphates, ACPs,
CaxHy(PO4)z·nH2O, with n = 3–4.5 and 15–20% H2O) [13,37–41]. The peaks of struvite were more
intense in the XRD patterns of the specimens treated with the 3.00 M DAP, while the peak of the
possible apatite was more visible in the 0.76 M ones.

Moreover, the XRD pattern of the specimens treated with the 3.00 M DAP solution showed
evidence of residual traces of the reagent (DAP peaks at 17.55◦, 17.94◦, 23.56◦, 26.43◦, 27.70◦, 28.41◦ and
29.16◦) and of ammonium dihydrogen phosphate (ADP, NH4H2PO4, at 16.63◦), a by-product of the
reaction; these two phases were still present within the specimens even though they were rinsed. No
peaks of DAP and ADP were detected on the specimens treated with the 0.76 M DAP solution.

In order to further explore the microstructural-crystallographic feature of these poorly-ordered
calcium phosphate phases, a sequence of investigations were carried out by electron backscatter
diffraction (EBSD), Fourier Transform Infrared spectroscopy (FTIR) and Raman spectroscopy. However,
the outcomes of these supplementary techniques did not supply any further information and their
results are not reported in this paper.

In particular: (i) for EBSD, it was not possible to obtain the XRD patterns of the investigated
area due to the poorly crystalline nature of the phases, their nanometric size and the boundary
effects, deriving from the alteration during the sample preparation of the interface between the new
phases and the substrate; (ii) for Raman spectroscopy, phosphate phases had a weak Raman scatter,
especially when submicrometric and/or poorly ordered, and in mixture with carbonates (phases
characterized by a very high Raman cross section); (iii) as for FTIR data, the superimposition of the
characteristic stretching and bending PO4 vibrational bands of both the phosphate phases prevented
their unambiguous identification.

3.2. Micro-Morphological Investigations of the Stone Surface

The micro-morphology of untreated Angera stone, showing the well-shaped rhombohedral
crystals habit of dolomite is appreciable in Figure 2a, while that of the reacted dolomite is shown in
Figure 2b,c. After the DAP treatments, the stone surface showed the presence of a newly-formed
coating characterized by a pseudo-amorphous aspect. This coating was prevalently adherent to the
stone matrix together with the crystallization of spherical particles agglomerates. Both of them covered
the characteristic morphological features of the lithotype.

In the case of the specimens treated with the 0.76 M DAP solution; the newly-formed phases
appeared as a pseudo-amorphous thin film (thickness ~ 0.6 μm) that covered the micritic dolomite
(Figure 2b, left). On the film profiles, an incipient formation of spherical particles in an elongated
arrangement was detected. On dolomite rhombohedral grains (dolomite crystal size ~ 15–20 μm),
a shell of spherical crystallites with a bigger size was distinguishable (Figure 2b, right).

In the case of the specimens treated by DAP 3.00 M, the profiles of the dolomite crystals appeared
affected by pronounced corrosion marks, with the consequent crystal nucleation of spherical structures
combined to form elongated chain individuals (detail of Figure 2c).

Phosphorous is detected by EDS microanalysis in correspondence of the crystals overgrown on
the substrate and morphologically different from the dolomite grains of the substrate. By measuring
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these newly-formed phases, calcium, magnesium and phosphorous are always present, even though
the ratio of their elemental abundance varies.

The SEM investigations suggested the presence of two different phosphates phases: a magnesium
and a calcium phosphate, which exhibited differences in morphology and particle size (Figure 2b,c).
These phases (struvite and a possible apatite, as suggested by the XRD data) did not show their typical
orthorhombic and rose-like morphologies [9,42]. However, on the basis of XRD results and on literature
data about the mutual influence of Ca2+ and Mg2+ ions on the size and habit of hydroxyapatite and
struvite, it is possible to hypothesize the following correlation: (i) the pseudo-amorphous aspect
of the coating could be ascribed to nano-sized agglomerates of Ca-phosphate spherical particles;
(ii) the spherical particles (consistently in the range of 10–50 nm; dimension slightly affected by the
treatment concentration) often characterized by an aggregate prismatic aspect (Figure 2c, right) could
be correlated to the formation of magnesium phosphate nuclei.

 

Figure 2. SEM images of Angera stone. (a) Untreated substrate, showing micritic dolomite on the
left and bigger grains of well-shaped rhombohedral dolomite on the right; (b) treated lithotype after
the poultice with a 0.76 M DAP solution. On the left, pseudo-amorphous coating formed on micritic
dolomite and incipient formation of spherical structures in an elongated arrangement (white rectangle);
on the right, big dolomitic crystal with the overgrowth of crystal agglomerates in spherical structures,
some of them having prismatic elongations; (c) treated Angera stone after the poultice with a 3.00 M
DAP solution, showing detail of spherical crystallites and their aggregation in chains - elongated
arrangement (arrows).
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3.3. Evidence of HAP Formation by Thermal Treatments

Thermal treatments are an acknowledged tool to investigate the nature of calcium phosphate
phases showing at room conditions (rT) hardly distinguishable X-ray diffraction patterns [31],
by promoting T-induced phase transitions.

More specifically, heating of: (i) poorly-crystalline stoichiometric HAP generated crystalline
stoichiometric HAP; (ii) partially-substituted HAP (e.g., carbonated-hydroxyapatite) produced
crystalline HAP in mixture with β-tricalcium phosphate (β-TCP, β-Ca3(PO4)2), and with β-TCP
predominant versus HAP; (iii) OCP did not generates HAP, but only β-TCP in mixture with β-calcium
pyrophosphate (β-CPP, Ca2P2O7) [9,31].

Figure 3 shows the parent-to-product phase transformations occurred in Angera stone treated
with the 0.76 M DAP solutions. Identical results are obtained on the specimens treated with the 3.00 M
one. Thermal treatments were carried out also on untreated Angera stone for comparison and the
principal XRD patterns are provided as well.

Figure 3. (a) XRD patterns of untreated (grey patterns) and treated (black patterns) Angera stone
at room temperature (rT) and after heating at 400, 600 and 900 ◦C. (b) zoom of (a) showing the
phase transformation occurred with heating. D = dolomite, L = lime, M = MgO, S = struvite,
H = hydroxyapatite.

The heating at 400 ◦C induces the first phase variation, namely the total disappearance of
the XRD peaks of struvite, due to the collapse of struvite into amorphous magnesium phosphate
phases. Previous studies describe that heating induces a chain decomposition, involving the initial
formation of amorphous magnesium hydrogen phosphate hydrate (MgHPO4·3H2O [36]), followed by
its transformation into amorphous anhydrous magnesium hydrogen phosphate (MgHPO4 [32,35,36]).
In this study, it was not possible to discriminate between the two amorphous products; thus, they are
referred to a generic amorphous magnesium phosphate phases.

The heating at 600 ◦C acts on poorly-crystalline calcium phosphates, as the weak broad peak
at ~25.90◦ of 2Theta becomes more pronounced. The principal phase transformation occurs after
heating at 900 ◦C, where dolomite of the substrate is decomposed into magnesium oxide (MgO,
peaks at 42.92◦ and 62.30◦) and lime (CaO, peaks at 32.27◦, 37.48◦ and 53.97◦; phase transformation
probably occurred between 600–820 ◦C [33,34]) and the peaks of calcium phosphates become more
defined. More precisely, the growth of sharp, well-defined peaks at 2Theta of 25.90◦ (d002), 31.77◦ (d211),
32.96◦(d300) and 34.08◦ (d202) unambiguously identify crystalline HAP as heating by-product. Only the
very weak peak at 28.09◦ could be attributed to β-TCP.

Magnesium oxide and lime, the calcinations by-products of dolomite, are active components that
might interact with the calcium phosphates at high temperature, resulting in a further calcium source.
However, even if the occurrence of this phenomenon cannot be a priori excluded, there is no evidence
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of other high-temperature calcium phosphate phases nor of high-temperature magnesium phosphates
formed by the reaction of active oxides with amorphous phosphates.

These results demonstrate that apatite formed after DAP treatments is poorly-crystalline,
but mainly stoichiometric. Moreover, the formation of minor fraction of β-TCP indicates that a
partially-substituted nonstoichiometric apatite and OCP were formed by the DAP treatment, but with
poorly-crystalline stoichiometric HAP predominant versus these phases. No phase variations were
observed for silicates and phyllosilicates of the Angera stone matrix.

4. Discussion

The DAP reaction with the Angera stone involves the partial dissolution of the dolomite grains,
with the release of calcium and magnesium ions from the stone substrate. It was followed by the
interaction of these bivalent ions with the reagent ions, with the consequent nucleation and growth of
newly-formed phosphate phases. This dissolution-recrystallization process is topotactic and forms
magnesium phosphates and calcium phosphates: (struvite and hydroxyapatite, respectively) arranged
in a coating on dolomite grains. The micro-morphology of this coating, which resembles almost
the features of polymeric products used for the conservation, is quite different from the crystalline
shell observed on calcite-based lithotypes [9,10], even where the reaction occurred in presence of
Mg-containing veins [9,16,17]. The crystallization of these phases is not merely a superficial film, but it
is a binding network which connects different dolomite grains.

The crystallization of the newly-formed phosphates is influenced by the microstructure and
the composition of the lithotype. In particular, the microstructure of the substrate acts on the
micro-morphology of the new phases. In fact, the newly-formed phosphates are well shaped when
they grow on dolomite in large crystals, while on micritic dolomite, the phosphates mainly develop
tiny crystals with irregular morphologies.

Mg-phosphates are crystalline, as demonstrated by the sharp well-defined XRD peaks of struvite.
On the contrary, the apatite is formed as poorly ordered partially-substituted crystals. It is worth
underlying that hydroxyapatite formed after DAP treatments by using only calcium ions of the
substrate is never highly crystalline, even when the reaction occurs on calcium carbonate stones.
However, the DAP reaction on dolomite of Angera stone is particularly non-stoichiometric, and the
formed apatite is so poorly ordered that its identification before heating is assumed only by a weak
broad XRD peak. It is conceivable that Mg2+ ions destabilizes the crystalline structure and growth
sequence of apatite, which shows a morphology characterized by an amorphous-spherical aspect
similar to that reported by Ren et al. [43]. In any case, the thermal treatments shed light on the nature
of this phase and, for clarity’s sake, the poorly ordered calcium phosphate phase formed after the DAP
treatment will be labeled as HAP in the following discussion.

The HAP X-ray diffraction peak is more intense in the specimens treated with the DAP 0.76 M,
while struvite peaks are more evident in the specimens treated with the DAP 3.00 M, even though it
is only a semi-quantitative evaluation. The higher the DAP molarity, the higher the ion dissolution
from the substrate; consequently, the more pronounced the formation of struvite and the more poorly
crystalline HAP. Regarding to the DAP molarity, the “coating-like” morphology is more evident in
the specimens treated with the DAP 0.76 M, whereas the rounded morphology in elongated chains is
prevalent on the specimens treated with the DAP 3.00 M. Considering these features, it is conceivable to
hypothesize that these morphological and compositional differences depend on the reaction variables,
first of all the pH and the ionic strength. Moreover, dolomite is less reactive than calcite to DAP
solutions [20]; thus, the reaction kinetic may be different as well.

The minimum solubility of struvite is documented in the pH range 9–11 [42], while HAP
crystallizes in aqueous solutions at pH > 8.5–9 [14].

At the beginning of the reaction the pH is 8.8, which is close to the ideal crystallization pH for
both the phases. Actually, even though it is not possible to measure the evolution of pH on grain
boundaries, it is reasonable that pH decreases as long as the reaction evolves, due to the: (i) dissociation
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of the reagent into PO4
3− and H+ ions [9,44], (ii) nucleation of HAP which consumes OH− ions [41];

iii) precipitation of struvite which subtracts NH4
+ ions [36].

Furthermore, close to dolomite boundaries where the dissolution-recrystallization process is
ongoing, Ca2+ and Mg2+ ions compete for PO4

3− groups to nucleate calcium phosphates or magnesium
phosphates. In the microscale variations of the pH and of the ionic strength at the grain boundaries,
carbonate and bicarbonate ions are reasonably involved as well [45].

The prediction of struvite/apatite crystallization is particularly challenging when this reaction
occurs on dolomite stone. A combination of conditions governed by thermodynamics of solid-liquid
equilibrium, kinetics of reaction, pH of the solution from which struvite and hydroxyapatite
may precipitate, super saturation and presence of foreign ions influence their nucleation and
crystallization process.

In particular, the influence of foreign ions on struvite/hydroxyapatite nucleation and their
crystallization is a crucial issue because of Ca and Mg are at the same time “impurities” in that solution
from which the two Mg/Ca phosphate phases may precipitate. This mutual interference affects the
growth rate, which in turn inhibits the increase of crystal size [36].

This complex ionic equilibrium, with pH fluctuations toward not ideal reaction conditions,
generates two effects. The first one is a clear inhibiting effect of Mg2+ ions on the crystallinity,
morphology and crystal size of HAP, which nucleates as a poorly-crystalline phase and with a
pseudo-amorphous coating aspect or in agglomerated structures (depending on the employed DAP
molarity). A partial intra-crystalline Mg2+ versus Ca2+ substitution, as ab initio simulated by [43],
is also possible. Referring to previous findings, this phenomenon should induce a slight variation of
the unit-cell constants. In the case of HAP formed after the DAP treatment on dolomite, the possible
generation of a Mg-HAP is not clearly documented, as it is most likely a very minor phase.

The second aspect is the interference of Ca2+ ions in the crystallization of struvite, which occurred
in sub-micrometric nuclei of crystals, more than well-structured micrometric prismatic crystallites.
The possible presence of ions substitutions in struvite is also highly likely [36].

Focusing on conservation evaluations, the newly-formed crystalline phases nucleate in a coating
on dolomite grains by forming a covering that provides new functional properties to the substrate.

Irrespective of their composition, the newly-formed phases nucleate on the dolomite grain surface
and among dolomite grains; hence, their crystallization provide a clear bonding action on the stone
microstructure. Further experiments are scheduled in order to explore the quantitative ratio of the two
phases and their arrangement within the stone pores.

5. Conclusions

The DAP reaction with polycrystalline dolomite of the Angera stone determines an interaction
among calcium and magnesium ions, which compete each other to form phosphate phases.
The variation of the solution pH and of the ionic strength during the DAP reaction with dolomite
generate a complex crystallization processes of the phosphate phases, which are formed as
Mg-phosphates and Ca-phosphates crystals with morphologies different from those commonly
described in literature. The mutual interference of the ions involved in reaction (NH4+, Mg2+, PO4

3−,
Ca2+, CO3

2−, HCO3
−) determines an irregular crystal growth pattern with respect to the primary

nucleation process. The consequence is a clear effect in the crystallization of the new phases (struvite
and hydroxyapatite) in terms of crystal size, micro-morphology, composition and crystallinity.

In particular, the Mg2+ ions presence destabilizes the hydroxyapatite well-ordered structure,
causing a structural variation that inhibits the growth of well-shaped crystals and, on the contrary,
promotes the formation of an amorphous coating on the dolomite grains. The higher the DAP molarity,
the higher the Mg molar fraction in the solution and the lower the crystallinity of the formed calcium
phosphate. In any case, heating treatments demonstrated that the newly-formed apatite is poorly
crystalline but mainly stoichiometric; thus, with a Ca/P molar ratio quite close to the ideal one (1.67).
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On the other hand, the struvite formation is affected by the presence of free calcium ions, and the
descending effects are observed in the crystal morphology and crystal size.

Regarding the effects induced by the DAP treatment on the Angera lithotype, it is important to
consider that the new phases formed on the dolomite grains create a crystalline network that likely
improves the cohesion of the lithotype.
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Abstract: This study aimed at evaluating the effectiveness and the compatibility of two alternative
treatments, in view of their possible use for conservation of prehistoric paintings in the Magura
cave (Bulgaria). The paintings are made of bat guano applied over limestone; therefore, two sets
of laboratory specimens were considered: stone specimens and stone specimens covered with a
layer of sterilized bat guano. The two investigated treatments were a commercial product based
on ethyl silicate (“ES”) and a solution of diammonium hydrogen phosphate (“DAP”), aimed at
forming calcium phosphates. The results of the study indicated that both treatments were able to
increase the mechanical properties of stone, the increase being higher for “DAP”. Both consolidants
caused acceptable color changes, but the “ES” treatment significantly decreased stone wettability,
water absorption, and water vapor permeability, while the “DAP” treatment slightly affected those
properties. In the stone + guano specimens, the presence of the guano layer affected the penetration of
the consolidants, thus partly reducing their effectiveness. Compared to the stone samples, the guano
layer experienced a more intense color change, alongside visible cracking. However, the adopted
methodology to replicate the cave paintings was not completely successful, as the so-deposited
guano layer was very prone to detachment when dry, unlike cave paintings. Future work will be
dedicated to assessing the consolidant performance onto samples that resemble even more closely the
conditions of the cave paintings, by improving the methodology for the guano layer deposition and
by contaminating specimens with soluble salts before consolidant application.

Keywords: cave painting; inorganic consolidant; hydroxyapatite; calcium phosphate; ammonium
phosphate; ethyl silicate; TEOS; non-thermal plasma; wettability

1. Introduction

The present paper aimed at investigating the effectiveness and the compatibility of two treatments
that have been taken into consideration for the conservation of prehistoric paintings in the Magura
cave (northwest Bulgaria). The Magura cave contains impressive prehistoric paintings, displaying
both figurative and abstract compositions [1]. Religious ceremonies, hunting scenes, signs, and graphic
motifs decorate one of the cave chambers—the Gallery with the paintings (Figure 1).
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Figure 1. General view of the Gallery with the paintings in the Magura cave (Bulgaria) (a,b), details
of the cave paintings (c,d,e), and details of the deterioration patterns ((f,g,h)—cracks, powdering,
blistering, and fragmentation of the limestone; (i,l)—biological colonization; (m)—cracking and loss of
the original guano painting due to the drying of the surface and powdering of the stone).

These artworks, dating back to some 5500 years ago, are made of fossilized guano of cave-dwelling
bats applied over limestone [2–5]. After opening to the public in 1961, with the consequent presence
of visitors and the use of artificial light, the delicate balance of environmental conditions inside
the cave has been altered. Despite the cultural relevance of the Magura Cave, unfortunately, the
micro-environmental data, such as temperature, relative humidity, CO2 concentration, and atmospheric
pressure, have never been professionally measured and controlled. Today, the cave suffers from
biological colonization and stone pulverization, originated by crystallization of soluble salts present
in rising damp from the ground. Deterioration patterns, such as green biofilm and white and black
colorations over the stone/paintings surface, together with limestone powdering, blistering, and
fragmentation [6] (Figure 1), led to the closure of the Gallery in May 2019.

The preservation of the cave paintings requires challenging interventions to face the growth of
bio-organisms and the deterioration of the stone. As for biological growth, the use of biocides is

146



Coatings 2020, 10, 250

dangerous because they may completely alter the balance of microbial communities in the cave with
negative consequences [7]. For this reason, biodeactivation by non-thermal plasma sterilization has
been attempted, and some encouraging results have been obtained [8]. As for stone consolidation, the
issue is particularly challenging for the following reasons:

(1) the presence of the guano layer creating the paintings. The case of the Magura cave is different
from the case of wall paintings [9] and also from the case of other prehistoric paintings, such
as those in the Altamira [10] and Lascaux [11] caves. In the wall paintings, the pigments were
dispersed in limewater and then applied directly onto the wet plaster (in the so-called “fresco”
technique) and/or they were applied onto the dried plaster by using an organic binder, such
as egg, milk, or vegetal extractives [9]. In the case of other prehistoric paintings, the pigments,
usually red (Fe2O3), black (charcoal, soot, bone charcoal, or Mn oxides), and more rarely yellow
(FeOOH) and brown (ochres), were mixed with an extender and/or a binder [10,11]. The case of
the Magura cave, with paintings laid on the cave walls by bat guano having a plastic consistency
similar to clay [5], is substantially different from the situations discussed above, with only a few
similar cases, such as the Baylovo Cave in Bulgaria and the “Grotta dei Cervi” (Deer cave) in
Italy [7]. To our knowledge, no case of consolidation of cave paintings made of bat guano has
been reported in the scientific literature.

(2) the presence of soluble salts inside the stone pores. This is an issue for two reasons: (i) salts
already present inside the pores may lead to failure of the consolidation intervention, if the tip
of the cracks among grains is filled with salts, so that no effective sealing of the crack tip can
be achieved by the consolidant [12]. To prevent this, it is usually recommended that salts be
extracted by poulticing before consolidants are applied, but this is useless in the present case,
as salts are continuously supplied from the ground; (ii) salt crystallization cycles taking place
after stone consolidation may lead to stress at the grain boundaries, with possible failure of the
consolidation intervention if the stone tensile strength is exceeded. Experiences of application of
various consolidants onto salt-laden stones, possibly later subjected to further salt crystallization
cycles, have been reported in the literature, as detailed in the following.

(3) the environmental conditions in the cave. Because of its hypogeous nature, the temperature in
the cave ranges between 12 and 25 ◦C, while the relative humidity (RH) is constantly in the range
65–90%. Such environmental conditions may have an impact on a consolidant performance, as
discussed below.

In these conditions, the selection of consolidants to be tested and possibly applied in the Magura
cave is very hard, as none of the commercially available treatment seems ideal for application onto
the limestone and the paintings in the cave. The two consolidants tested in this study, namely, a
commercial product based on ethyl silicate and diammonium hydrogen phosphate, were selected
based on the following reasoning.

Organic consolidants, such as acrylic resins, were discarded because, in the past, the use of
polymeric treatments often led to enhanced deterioration to such an extent that removal of polymers
applied in the past is nowadays one of the greatest issues in materials science for cultural heritage
conservation [13]. The failure of organic consolidants often originates from water vapor being impeded
to move from the interior of the consolidated substrate towards the exterior [14]. This risk would
be particularly high in the case of the Magura cave, where water is continuously supplied from the
ground, and systems currently used in building for damp reduction are not applicable.

Among inorganic treatments, nanolimes were first considered because of their good
chemical-mineralogical compatibility with limestone and because they have shown a good performance
when applied onto lime-based frescoes and wall paintings [9,13–16]. However, as already mentioned,
a substantial difference exists between wall paintings and paintings in the Magura cave, made of
bat guano. Moreover, in the case of the Magura cave, the purpose was the consolidation of the
powdering stone with the bat guano painting on the surface, and not of the painting layer alone;
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therefore, a consolidant able to penetrate in depth in the substrate was needed. In several cases
of application of nanolimes onto stones, a poor penetration depth (<1 mm) has been reported [14].
Nanolime accumulation below the surface is likely not due to nanoparticle coagulation preventing
penetration, but rather to nanoparticle re-transport towards the surface during drying [14]. When
applied onto the salt-laden stone, conflicting results have been reported about the ability of nanolimes
to increase stone durability to salt weathering [17,18]. In fact, in some cases, nanolimes have been
reported to increase the crystallization pressure in the treated stone, as a result of the alteration in pore
size distribution after consolidation, with a consequent decrease in durability [17]. Considering the
limitations exhibited by nanolimes in terms of penetration depth and durability to salt weathering,
which are both very important aspects for the conservation of the Magura cave limestone and paintings,
nanolimes were discarded, and further options were explored.

Ammonium oxalate was considered as this treatment was specifically developed for the protection
and consolidation of carbonate substrates, like wall paintings, marble, and limestone [19]. A positive
aspect of the ammonium oxalate treatment is that encouraging results have been reported in the
literature about its application onto salt-laden stones [20,21]. Removal of salts before application of
ammonium oxalate solutions was found to be not as crucial as in the case of organic treatments because
ammonium oxalate does not completely occlude pores (although forming a surface coating) [20].
However, ammonium oxalate was finally discarded because of its reduced availability in the market.
The method based on barium hydroxide [19] was discarded as well due to its recommended poultice
application (aimed at reducing the risk of surface whitening) and its possible reaction with nitrate salts
(giving barium nitrate, a very damaging salt upon crystallization). Given the impossibility to apply
the consolidant in the cave by poultice and the presence of several salts in the stone, barium hydroxide
was not considered for the present application.

Ammonium phosphate was proposed years ago as an improvement of the ammonium oxalate
treatment for the consolidation and protection of carbonate stones [22,23]. The treatment is based on the
formation of new calcium phosphates (ideally hydroxyapatite, the least soluble calcium phosphate at pH
> 4 [24]) from the reaction between an aqueous solution of ammonium phosphate and the stone [22]. This
reaction occurs in 24–48 h during which the stone is kept impregnated with the ammonium phosphate
solution; therefore, the environmental conditions of the cave are not expected to negatively affect the
treatment success. Thanks to the low viscosity of the phosphate solution and to the absence of nanoparticles,
a good penetration depth is usually achieved (>5 cm in highly porous limestone) [25]. So far, the treatment
has provided good results on a variety of substrates [25], including many types of natural stones [26–32],
mortars [33,34], and stuccoes [35]. Recently, the interaction between ammonium phosphate solutions
and pigments used in wall paintings has been investigated, and, in most of the cases (but not in all), the
treatment has been found to cause negligible color changes [36]. This is encouraging towards the use
of this treatment for the conservation of wall paintings, even though the substantial difference of the
Magura cave paintings remains. Another positive aspect of the ammonium phosphate treatment is that
the presence of salts in the stone pores has proven to be not detrimental for the treatment success [30,37],
but, of course, this depends on the amount and type of salts and on the features of the stone pore system.
Moreover, accelerated durability tests have shown that ammonium phosphate treatment is able to increase
the durability of treated stone to salt crystallization cycles [38–40]. Furthermore, considering the presence
of hydroxyapatite in the Magura cave limestone (although not in the limestone used for the laboratory
tests), the chemical-compatibility of the ammonium phosphate treatment can be considered as excellent.
For all these reasons, the phosphate treatment was regarded as highly promising for application in the
Magura cave and hence was investigated in this study. As described in Section 2.3.2, two alternative
formulations of the phosphate treatment were initially considered, and, after some preliminary screening
tests, the most promising one was chosen.

Considering that ammonium phosphate has the limitation that experience on its use dates back
only to a few years ago and that only a limited number of applications onto real case studies have
been reported, a possible alternative consolidant was searched. Products based on ethyl silicate were
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taken into consideration as they are known to generally exhibit a good penetration depth into porous
substrates [41], often sensibly higher than that of nanolimes [14]. One major limitation of ethyl silicate
when applied onto carbonate stones, as would be the case in the Magura cave, is that its consolidating
effectiveness is lower than in the case of silicate stones. In fact, in the latter case, chemical bonding can
take place between the silicate substrate and the silica gel resulting from hydrolysis-condensation of
ethyl silicate, while, in the case of carbonate stones, only physical bonding can occur [12]. Nonetheless,
significant increases in mechanical properties of carbonate stones treated by ethyl silicate have been
reported [42], especially when the stone contains even limited quarzitic fractions that may allow for
some chemical bonding between the consolidant and the substrate [43]. To improve the performance
of ethyl silicate onto carbonate stones, several routes have been investigated, such as the use of
coupling agents [41] or the addition of organic molecules (e.g., polyethylene glycol chains end-capped
with carboxylic acid groups [44]) or inorganic nanoparticles (e.g., amorphous calcium carbonate
and amorphous calcium oxalate [45]) directly into the ethyl silicate solution. Cases of application
of ethyl silicate products onto salt-laden stones have been reported in the literature, with mixed
results [18,37,41,46], also due to the variable nature of the ethyl silicate products in the market in terms
of oligomer size, solvent nature, catalyst, etc. When salts are present in the pores of the treated stone,
the consolidating effectiveness is not dramatically diminished [18,37]. However, the alterations induced
by ethyl silicate in the stone pore size distribution may increase the salt crystallization pressure, thus
decreasing the resistance to salt crystallization cycles, as assessed on both initially salt-contaminated [18]
and uncontaminated [38,39] stone. In comparative studies, the salt resistance of carbonate stones
treated by ethyl silicate proved to be lower compared to ammonium phosphate (but still higher than
untreated stone) [38,39]. Another import factor when evaluating the suitability of ethyl silicate for the
case of the Magura cave is the temporary hydrophobicity induced by ethyl silicate [12]. In fact, until
hydrolysis-condensation reactions are completed, the treated stone remains hydrophobic because of
the presence of residual ethoxy groups [12]. Completion of hydrolysis-condensation reactions can take
as long as 6–7 months [12,47,48], even though the technical data sheet of commercial products usually
report that the product reaction is completed in 1 month. The hydrophobic behavior of stone treated
by ethyl silicate, which generally preserves permeability to water vapor but prevents the transport of
liquid water through the consolidated layer, may be an issue in the case of Magura cave, where rising
damp from the ground is present. On the other hand, the high relative humidity (65–90%) inside the
cave is expected to speed up the hydrolysis-condensation reactions, which is positive. To accelerate the
curing of ethyl silicate, thus re-establishing a hydrophilic behavior in a shorter time, various methods
have been proposed, which basically consist of supplying water [47] or water-ethanol mixtures [48]
to promote hydrolysis reactions. However, such methods seem unfeasible in the case of the Magura
cave, as they involve the application of a poultice onto the treated surface, which may lead to damage
and detachment of the cave paintings. All things considered, even though not ideal, ethyl silicate was
regarded as worthy of investigation as a possible alternative to ammonium phosphate. Among the
numerous products available in the market, a commercial formulation enhanced with antimicrobial
ability was used, as described in detail in Section 2.3.1.

For testing the two selected consolidants, the complex situation of the Magura cave had to be
necessarily simplified, to isolate variables and better evaluate the consolidant performance. With
regard to the three aspects discussed above, the following decisions were made:

(1) To evaluate the effects of the two consolidants not only on limestone but also on the cave paintings,
two types of laboratory specimens were considered: (i) specimens made of a limestone similar
to that in the cave and (ii) specimens made of the same limestone with a layer of sterilized bat
guano deposited on top, to resemble the prehistoric paintings in the cave. The procedure for
the deposition of the guano layer, described in detail in Section 2.2, was developed in such a
way to likely resemble the process of creation of the paintings, even though, of course, freshly
prepared samples could not be identical to cave paintings that have undergone about 5500 years
of fossilization.
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(2) To evaluate the effects of the two consolidants onto salt-laden samples, to be further subjected to
salt crystallization cycles after consolidation, would have been ideal. However, this would have
made the evaluation of the consolidants on the two types of specimens (stone and stone+guano)
even more difficult, with the risk that the influence of salts in the pore and the guano layer on the
stone surface could be hard to distinguish. For this reason, at the present stage of the research,
the consolidants were applied onto uncontaminated specimens, which were used to evaluate the
effectiveness and the compatibility of the treatments in these simplified conditions. Application
onto salt-laden samples, together with the evaluation of the durability of the consolidated
substrates, was left to a future stage of the research, once the performance on this simplified
system has been assessed.

(3) At this stage of the research, the effects of the treatments were evaluated in laboratory conditions
(T = 19–23 ◦C, RH = 45–55%), which were regarded as conservative with respect to the
environmental conditions in the cave (T = 12–25 ◦C, RH = 65–90%). In fact, the higher relative
humidity in the cave was expected to positively influence the rate of hydrolysis-condensation
reactions of ethyl silicate (while no effect was expected on the reaction of the ammonium phosphate
treatment). Nonetheless, to obtain some preliminary information on the performance of two
consolidants in the real environmental conditions, specimens treated with the two consolidants
were exposed in the Magura cave for 9 months, as described in detail in the following.

In the frame of the experimental choices described above, in the present paper, the performance
of the two consolidants was characterized in terms of effectiveness (penetration depth, dynamic elastic
modulus, and resistance to abrasion) and compatibility (alterations in color, pore size distribution,
contact angle, water sorptivity, water absorption, water vapor permeability). The results obtained in
the present study will be used in future research to evaluate also the durability of the two treatments,
also in salt-contaminated stone.

2. Materials and Methods

2.1. Stone Specimens

Two small samples of the Magura cave limestone were available for characterization, namely, a
stone piece affected by severe powdering and a hard surface crust. Although not sufficient to fully
characterize the stone in the cave, these samples were characterized to select a stone for laboratory
testing that could suitably resemble the limestone in the cave. The minerals present in the two samples
were determined by powder X-ray diffraction (XRD), using a Philips diffractometer (Milan, Italy) with
PW1830 generator and PW1820 goniometer (40 kV and 30 mA, 2θ range 3◦–80◦, step size 0.025 2θ, time
per step 1 s). Additional minerals, present in quantities below the sensitivity of XRD, were investigated
by Fourier transform infrared spectrometry (FT-IR), using a Perkin Elmer Spectrum Two spectrometer
(Milan, Italy) (ATR mode, 2000–400 cm−1 range, spectral resolution 2 cm−1, 32 scans, data interval
1 cm−1). The amount of calcite in the samples was quantified by Dietrich–Frühling gas volumetric
method, i.e., by measuring the CO2 volume released by reacting the powdered sample with HCl. The
open porosity of the samples was assessed by mercury intrusion porosimetry (MIP), using a Pascal 140
and 240 instrument. The Magura cave limestone was found to be mainly composed of calcite (the only
mineral detected by XRD), quantified as 90.0 ± 1.8 wt.% (by gas volumetric method). Based on FT-IR,
the remaining fraction was composed of hydroxyapatite and possibly traces of quartz. In terms of
microstructure, the open porosity was found to range significantly between the two samples, from 2%
for the hard crust to almost 48% for the powdering sample.

The stone selected for the laboratory tests was Vratsa limestone, which is quarried very close to
the Magura cave (Oreshets quarry, Municipality of Vidin, Bulgaria, 20 km from the cave). In terms
of mineralogical composition (assessed as above), Vratsa limestone was mainly composed of calcite
(80.0 ± 0.1 wt.%), the remaining fraction being quartz (the only other phase detected by XRD and
FT-IR). The open porosity of Vratsa limestone (assessed as above) exhibited some variability, ranging
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from 11% to 18%. Although not identical to the cave limestone, the Vratsa limestone was considered as
still suitable, as it exhibited mineralogical composition similar to the Magura cave limestone (although
the minor phases were different) and open porosity that was intermediate between the values registered
for the samples from the cave (which, however, were very different from each other).

Specimens of Vratsa limestone to be used for the tests (labeled “ST”) were sawn in the form of
prisms (7 × 7 × 3 cm3) and cubes (5 cm side).

2.2. Stone+Guano Specimens

To resemble the cave paintings, the original guano from the Gallery with the paintings, which
is home of 8 different bat species, was used. The guano has an organic matter content greater than
40%, visible chitinous insect remains and is a favorable environment for many different types of
microorganisms [49,50]. For safety reasons, the original bat guano was exposed to autoclave sterilization
(Laboratory of Geological Microbiology, Department of Microbiology, Sofia University St. Kliment
Ohridski, Bulgaria).

The stone+guano specimens (labeled “ST+G”) were prepared, starting from the “ST” specimens,
by depositing a layer of sterilized bat guano on top, following the procedure illustrated in Figure 2.
First, a small amount of guano was added with deionized water so as to reach a suitable consistency
(guano:water ratio of 1:2 by weight). After mixing the guano with water, the obtained mixture was
applied onto one face of the specimens by brush. After about 2 min, the second layer of guano was
applied in the same way.

Considering that the so-deposited guano layer becomes dusty and starts to detach from the
substrate when it dries, the consolidant application was carried out 30 min after the guano application
to avoid the stone+guano specimens from becoming too powdery.

 
Figure 2. Procedure for guano application: sterilized dry guano (a) is added with water (b); after
mixing (c), stone specimens (d) are covered with the first layer of guano (e) applied by brush; after
about 2 min, the second layer of guano (f) is applied.

2.3. Consolidants

The two consolidants selected for testing were a commercial product based on ethyl silicate
(labeled “ES”) and diammonium hydrogen phosphate (labeled “DAP”). In both cases, the consolidants
were applied by brushing onto one face of the specimens (the face already covered with the guano
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layer, in the case of the “ST+G” specimens). For each consolidant, 7 prismatic and 2 cubic specimens
were treated.

2.3.1. Ethyl Silicate-Based Consolidant

The commercial product "Bio Estel New" by CTS Srl (Florence, Italy) was selected. According to
the manufacturer’s technical data sheet, "Bio Estel New" is based on ethyl silicate and isopropyl alcohol
as a solvent, and it combines consolidating ability with protective ability against microorganisms. The
technical data sheet also reports that the product is suitable for application onto silicate and carbonate
stones, especially underwater stones and stones in a very humid environment, and that the product
reaction is completed in about 4 weeks at T = 20 ◦C and RH = 40–50%.

The ES consolidant was applied by brushing until apparent refusal (7 brush strokes), waiting for
the product to be absorbed between two consecutive brush strokes. At the end of the consolidant
application, specimens were left to cure in laboratory conditions (T = 21 ± 2 ◦C, RH = 50% ± 5%) for at
least 4 weeks before characterization.

2.3.2. Phosphate Consolidant

For the phosphate treatment, diammonium hydrogen phosphate (DAP, (NH4)2HPO4), calcium
chloride (CaCl2·2H2O), and ethanol (EtOH), all purchased from Sigma-Aldrich (Milan, Italy, assay
> 99%) were used. Based on results obtained in previous studies [22,25,51], two formulations of the
phosphate treatment were initially considered for the tests: (i) 1 M DAP + 1 mM CaCl2 and (ii) 0.1 M
DAP + 0.1 mM CaCl2 in 30 vol.% EtOH. Calcium chloride has the beneficial effect of accelerating the
formation of calcium phosphates [51], while ethanol has been found to promote densification of the
new calcium phosphates [52]. To identify the most promising treatment condition in the specific case of
the specimens resembling paintings in the Magura cave, preliminary tests were carried on the “ST+G”
specimens. The surface alteration following consolidant application, carried out 30 min after guano
application, was visually evaluated. As illustrated in Figure 3, the formulation containing 0.1 M DAP +
0.1 mM CaCl2 in 30 vol.% EtOH caused lower alteration (darkening and cracking) of the specimen
surface, compared to the alternative formulation. Consequently, that formulation was selected and
applied to the “ST” and “ST+G” specimens.

 
(a) (b) 

Figure 3. Alteration of the specimen surface caused by consolidant application 30 min after guano
application: 1 M DAP + 1 mM CaCl2 (a) and 0.1 M DAP + 0.1 mM CaCl2 in 30 vol.% (b).
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The “DAP” treatment was applied by brushing until apparent refusal (10 brush strokes), waiting
for the product to be absorbed between two consecutive brush strokes. At the end of the consolidant
application, specimens were wrapped in a plastic film to prevent evaporation and left to react for
48 h. Then, specimens were unwrapped, rinsed with deionized water (only in the case of the “ST”
specimens), and left to dry at room temperature until constant weight.

2.4. Pre-treatment by Plasma

To evaluate whether penetration of the two consolidants into the stone might be enhanced, with a
consequent improvement in the consolidating efficacy, part of the stone specimens was pre-treated by
plasma, before consolidant application. Indeed, an improvement in wettability is a well-known effect
of a wide range of plasma sources on different materials. Mainly, thanks to oxygen atoms implantation
and the subsequent formation of polar groups on the treated surface, an increase in surface energy is
typically observed together with a reduction in water contact angle [53].

To evaluate whether pre-treatment by plasma might be beneficial for the consolidant performance,
right before consolidant application, part of the “ST” specimens was subjected to pre-treatment
by plasma, carried out with a dual-frequency atmospheric plasma jet device (Stylus Plasma Noble
provided by Nadir Srl, Venice, Italy) [54]. The following working parameters were adopted: 5 W
power at 16 kHz, 30 W power at 27 MHz, argon gas flow as working gas at 10 L/min, and compressed
air as cooling gas at 12 L/min. The 7 × 7 cm2 surface of prismatic specimens were manually treated for
a total exposure time of 2 min, maintaining a constant working distance of 3 mm between the plasma
source and the specimen.

The effects of the plasma pre-treatment were evaluated in terms of static contact angle, amount of
product absorbed, and increase in dynamic elastic modulus, assessed as described in the next paragraph.

2.5. Sample Characterization

The effectiveness and the compatibility of the two consolidants were investigated by comparing the
properties of untreated (“UT”) and treated specimens (“ES” and “DAP”), as described in the following.

2.5.1. Morphology of the New Phases

The morphology of the new phases formed over the treated surface was evaluated by observing
samples (about 10 × 10 × 2 mm3, obtained by wet sawing from the prismatic specimens), using a
field emission gun scanning electron microscope (FEG-SEM, Tescan Mira3, Brno, Czech Republic,
WD = 10 mm, Voltage = 10 kV). Before SEM observation, the sample surface was made conductive by
sputtering with aluminum.

2.5.2. Composition of the New Phases

The composition of the new phases formed over the treated surface was evaluated by analyzing
powdered samples (obtained from the specimen surface using a spatula) by FT-IR, using the same
instrument as in Section 2.1.

2.5.3. Penetration Depth

The penetration depth of the two consolidants into the “ST” and “ST+G” prismatic specimens was
evaluated by fracturing them with a chisel to expose a cross-section, right at the end of the consolidant
application (7 brush strokes in the case of ES, 10 in the case of DAP). The consolidant penetration depth
was visually identified as the darker zone. Two replicate specimens were considered for each condition.

2.5.4. Dynamic Elastic Modulus

Dynamic elastic modulus (Ed) was measured on prismatic specimens, perpendicular and parallel
to the plane of the slab (in the “ST+G” samples, perpendicular and parallel to the face covered with
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guano). Given the absence of any clear anisotropy in the stone, values measured in the two directions
parallel to the plane of the slab were averaged, so that, in the end, each specimen was characterized in
terms of Ed  and Ed//. Ed was calculated according to the formula Ed = ρ × v2, where ρ is the density and
v is the ultrasonic pulse velocity. v was measured with a Matest instrument with 55 kHz transducers,
using a rubber sheet to improve the contact between the transducers and the specimen. A rubber sheet
instead of grease was used to improve the contact (as would be the standard procedure), in order not
to stain the samples that later had to be consolidated. For instrument calibration, a standard bar with
fixed traveling time was used. Five replicate specimens were tested.

2.5.5. Resistance to Abrasion

Resistance to abrasion was measured on prismatic specimens, in terms of material loss after an
accelerated abrasion test, carried out following a previously developed method [55]. By partially
modifying the PEI (Porcelain Enamel Institute) abrasion test, samples were tested by keeping steel
spheres and corundum powder in rotatory motion over one of the 7 × 7 cm2 faces of the specimens
(the face already covered with the guano layer, in the case of the “ST+G” specimens), for a total of
15,000 rounds. The amount of material abraded during the test was then determined by comparing the
sample weight before and after the test. Five replicate specimens were tested.

In the case of the “ST+G” samples, because guano flakes were prone to detach also from the area
not directly subjected to the abrasion test, before the test all the guano-covered surface, not directly in
contact with the steel spheres, was covered with scotch tape, so that no material loss could take place from
that area.

2.5.6. Color Change

The color change after consolidation was measured on prismatic specimens by making use
of a NH310 colorimeter. For the untreated and treated conditions, the LabCIE* color parameters
(L*= black–white, a*= green–red, b*= blue–yellow) were determined on duplicate specimens, repeating
the measurements in three different spots for each specimen. For instrument calibration, a standard
white sample supplied with the instrument was used. The color change (ΔE*) between untreated and
treated specimens was then calculated as ΔE* = (ΔL*2 + Δa*2 + Δb*2)1/2, considering the average L*, a*,
and b* values obtained for each condition.

2.5.7. Pore Size Distribution

The alterations in open porosity and pore size distribution following the treatments were
determined by mercury intrusion porosimetry (MIP), using a Porosimeter 2000 by Carlo Erba (Milan,
Italy) with Fisons Macropore Unit 120. MIP samples were obtained by chisel from prismatic specimens,
always including the treated surface (where alterations were expected to be most pronounced). For
each condition, two replicate samples were tested.

2.5.8. Static Contact Angle

For the untreated and treated conditions, the static contact angle was measured on prismatic
specimens by making use of a DSA30 instrument by Krüss (Hamburg, Germany), calibrated according
to its standard procedure. A drop of deionized water (4 μL volume) was released on the specimen
surface, and then the drop profiles were recorded using a camera and analyzed by SCA20 software 1.0.
The static contact angle was determined on duplicate specimens, repeating the measurements in three
different spots for each specimen.

2.5.9. Water Sorptivity and Water Absorption

Water sorptivity (S) of untreated and treated specimens was measured on cubic specimens,
according to the European Standard EN 15801 [56]. Deionized water was let penetrate the specimens
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through the treated face, and the weight increase over time was periodically monitored. The amount
of water absorbed by capillarity into the samples after 24 h (WA24h) and 7 days (WA7d) was determined.
Two specimens were tested for each condition.

2.5.10. Water Vapor Permeability

The water vapor permeability of untreated and treated specimens was measured on prismatic samples
and expressed in terms of water vapor diffusion resistance coefficient (μ), according to the European
Standard EN 15803 [57]. A glass container was filled with a saturated aqueous solution of KNO3 up to
3 cm from the top and the specimen was placed on top of the container, with the treated face towards the
solution. The specimen was then glued to the container, and the lateral sides of the samples were sealed.
The coefficient μ was calculated as μ = δa/δp, where δa is the water vapor permeability of air, and δp is the
water vapor permeability of the specimen. Two specimens were tested for each condition.

2.5.11. Field Exposure

Considering the importance of evaluating also the durability of stone consolidants [38] and
that small differences in microclimatic conditions may have a strong impact on stone durability [58],
untreated and treated stone specimens were exposed in the cave for 9 months (from April to December
2019) to obtain a preliminary evaluation of the effects of the specific environmental conditions inside
the Magura cave (T = 12–25 ◦C, RH = 65–90%). The exposed samples were periodically monitored by
visual observation.

3. Results and Discussion

3.1. Morphology of the New Phases

The morphology of the new phases formed after treatment is illustrated in Figure 4.

 

Figure 4. Morphology of untreated and treated stone (“ST”) and stone+guano (ST+G”) specimens.
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In the case of the “ST” specimens, the untreated stone was characterized by large pores among
the calcite crystals. After consolidation with “ES”, a coating of amorphous silica was formed, as
expected [41]. Because of the porous nature of the substrate, the coating was not continuous, and
bare areas were largely visible. After treatment with “DAP”, small clusters of the new calcium
phosphates were visible on the stone surface, which, also in this case, was not continuously coated
with the new phases. Generally, new calcium phosphates formed in carbonate stones from the reaction
with ammonium phosphate solutions show a flower-like morphology [25], but, in the case of dilute
solutions (such as that adopted in the present case), the formation of small clusters has been reported
before [59,60].

In the case of the “ST+G” specimens, observation of the untreated sample at low magnification
allowed to distinguish the scales constituting the guano layer, which was cracked and prone to
detachment from the substrate. After consolidation with “ES”, cracks were still visible in the guano
layer. The tendency of the silica gel formed from ethyl silicate to crack upon drying is well known [41].
An increase in the cohesion of the guano layer seemed to be present in the case of the “DAP” specimen,
where tiny crystals, ascribable to the formation of the new calcium phosphates, were visible over the
treated surface.

3.2. Composition of the New Phases

The FT-IR spectra of untreated and treated specimens are reported in Figure 5.

 
Figure 5. FT-IR spectra of untreated and treated stone (“ST”) and stone+guano (ST+G”) specimens.
C=Calcite; S= Silica; new bands at 602 and 561 cm−1, owing to the formation of new calcium phosphate
phases, are highlighted in the inset.

In the “ST” specimens, bands owing calcite and silica were present in the untreated reference.
After treatment with “ES”, no new band was visible because “ES” led to the formation of amorphous
silica, whose bands overlapped with those of the substrate. After treatment with “DAP”, small new
bands appeared at 602 and 561 cm−1, which indicated the formation of new calcium phosphates [61].
The fact that these new bands were very small was due to the low concentration of DAP used
for the treatment (0.1 M), which was consistent with a previous study where FT-IR bands of new
calcium phosphates were found to be more pronounced for more concentrated DAP solutions [60]. To
distinguish between formation of hydroxyapatite [HAP, Ca10(PO4)6(OH)2] and octacalcium phosphate

156



Coatings 2020, 10, 250

[OCP, Ca8H2(PO4)6·5H2O], which both could be formed as the reaction product between calcareous
stones and DAP solutions [51] and both have FT-IR bands at 560–563 and 600–602 cm−1 [61], the
position of the other strong bands (at 1031 cm−1 for HAP and 1023 cm−1 for OCP [61]) should be
considered. However, in the present case, no other band was clearly visible because of the overlapping
with the strong band at 1080 cm−1 owing to quartz in the substrate. Consequently, no conclusive
identification of the new phase was possible. However, the formation of either hydroxyapatite or
octacalcium phosphate was expected to have a durable consolidating ability, as both minerals have
lower water solubility than calcite [25,51].

In the case of the “ST+G” specimens, the spectrum of the untreated reference exhibited some new
shoulders at 1580, 1000, and 700 cm−1 (not present in the untreated “ST” sample), which could be
attributed to the guano layer. These shoulders were present also in the FT-IR spectra of the treated
“ST+G” samples, which exhibited no additional clear band owing to new phase formation. In the case
of “ES”, this was not surprising, for the reasons discussed above. In the case of “DAP”, the lack of
new bands (contrary to the case of the “ST” sample) was most likely due to the very low amount of
new phases formed after treatment. In fact, very little amounts of new phases are usually formed [22],
especially when diluted DAP solutions are used [25]. Moreover, in the present case, the guano layer
likely acted as a barrier, limiting the consolidant penetration (cf. Section 3.3) and reducing the number
of new phases. Although below the detection limit of FT-IR, new phases were, however, formed after
treatment, as indicated by the significant mechanical improvement (cf. Sections 3.4 and 3.5).

3.3. Penetration Depth

The penetration depth of the “ES” and “DAP” treatments into the “ST” and “ST+G” samples,
measured by fracturing the samples right at the end of the consolidant application, is illustrated in
Figure 6.

 

Figure 6. Examples of penetration depth of the treatments into the stone and stone+guano samples.

In the case of the stone specimens, the penetration depth was 4.5± 1 mm for “ES” and 7.0 ± 1.0 mm
for “DAP”, the limit of the wet fringe being more easily distinguishable in “ES” specimens. Such
penetration depth of both consolidants was in line with previous results if the porosity of the substrate
was considered: a penetration >10 mm was reported for both ES [42] and DAP [26,42,62] for highly
porous limestones (open porosity 35–50%), while values between 3 and 5 mm were reported for less
porous stones (open porosity 5–17%) [30,40]. It is worth noting that previous studies highlighted that,
during curing, consolidants are progressively absorbed into finer pores [12], so that the final depth of
formation of new binding phases is generally higher than assessed right at the end of the consolidant
application [38,63].

In the case of the “ST+G” specimens, the penetration depth was 3.5 ± 1 mm for “ES”, hence
slightly lower compared to the “ST” specimens. This reduction in penetration depth was likely due to
the guano layer acting as a barrier and altering the penetration into the substrate. Moreover, because

157



Coatings 2020, 10, 250

the consolidants were applied 30 min after application of the guano layer, some water used to apply
the guano might have been still present in the pores of the samples, thus reducing the ability of the
consolidants to penetrate in depth. In the case of “DAP”, no evident sign of a wet fringe could be
observed. Nonetheless, this was not an indication that no penetration took place because, otherwise,
there would be no mechanical improvement, contrary to what assessed in Sections 3.4 and 3.5.

3.4. Dynamic Elastic Modulus

For untreated and treated “ST” and “ST+G” specimens, Ed values measured in the directions
perpendicular and parallel to the plane of the slabs are reported in Figure 7.

 
Figure 7. Dynamic elastic modulus (Ed) of untreated (“UT”) and treated (“ES” and “DAP”) stone (“ST”)
and stone+guano (“ST+G”) specimens in the directions perpendicular and parallel to the plane of
the slab.

In the “ST” specimens, both treatments caused an improvement in Ed, the increase being higher
in the case of the “DAP” treatment. Indeed, the “ES” treatment caused an Ed increase of +8% in
the perpendicular direction and +8% in the parallel direction, whereas the “DAP” treatment caused
an Ed increase of +11% in the perpendicular direction and +14% in the parallel direction. The fact
that the DAP treatment resulted more effective than ES was in line with several previous studies on
limestone consolidation by these two consolidants: the increase in Ed was +15% for DAP and +11%
for ES in Pietra Serena [28], +9–11% for DAP and +7% for ES in Arenisca Ronda [39], +90–110% for
DAP and +42% for ES in Indiana limestone [22,48]. In other comparative studies, ES caused higher Ed
increases than DAP: +25% for DAP and +39% for ES in Giallo di Siena [28] and +47% for DAP and
+62% for ES in Globigerina limestone [42]. In any case, when comparing results obtained in different
studies, it should be borne in mind that the properties of the stones tested in each study (mineralogical
composition, open porosity, and pore size distribution) and the properties of the tested consolidants
(concentration of the active principle, nature and amount of the solvent, application technique, etc.)
play a fundamental role, determining the final outcome of the consolidating treatment.

As for the “ST+G” specimens, in the untreated condition, they exhibited a lower Ed value in
the perpendicular direction compared to the “ST” specimens (41.3 ± 3.9 GPa against 45.8 ± 2.3 GPa,
respectively), while, in the parallel direction, the values were much closer (48.3 ± 10.1 GPa against
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47.2 ± 3.8 GPa, respectively). This was thought to be a consequence of the guano presence in the “ST+G”
specimens, where the guano layer worsened the contact between the specimen and the transducers
in the perpendicular direction, while no alteration was present in the parallel direction. The guano
presence also slightly reduced the consolidating effectiveness. In fact, the “ES” treatment caused an
Ed increase of +1% in the perpendicular direction and +7% in the parallel direction, while the “DAP”
treatment caused an Ed increase of +7% in the perpendicular direction and +4% in the parallel direction.
This reduction, compared to the “ST” samples, was most likely due to the guano layer, limiting the
consolidant penetration in depth and thus the consolidating ability in the “ST+G” specimens.

3.5. Resistance to Abrasion

The weight losses of untreated and treated specimens after the abrasion test are reported in
Figure 8.

Figure 8. Weight loss after the abrasion test of untreated (“UT”) and treated (“ES” and “DAP”) stone
(“ST”) and stone+guano (“ST+G”) specimens.

In the case of the “ST” specimens, both consolidants improved the stone resistance to abrasion,
again the benefit being higher for the “DAP” treatment, consistent with the Ed results. Indeed, the
“ES” treatment caused a reduction in weight loss by 26%, whereas the “DAP” treatment caused a
reduction by 47%. The higher efficacy of DAP to increase stone resistance to abrasion was consistent
with previous results obtained on marble (reduction in the weight loss by 86% for DAP and 60% for
ES [64]), while substantially similar results were obtained for the two treatments on highly porous
limestone (reduction in the weight loss by 37% for both DAP and ES [42]).

In the case of the “ST+G” specimens, the untreated references exhibited a higher weight loss
compared to the “ST” specimen because the guano layer could be easily detached from the stone
substrate. In the case of the treated specimens, as already noticed in the case of Ed, the guano layer
interfered with the consolidant penetration and hardening, so that a lower benefit was found, compared
to the “ST” specimens. In particular, the “DAP” treatment caused an improvement in the resistance to
abrasion (weight loss reduced by 18%), while the “ES” treatment apparently worsened the resistance
to abrasion. In fact, compared to the untreated condition, the “ES” treatment apparently caused an
increase in weight loss by 49%. This was thought to occur because the “ES” treatment deposits a
relatively high amount of new material in the porous guano layer so that the removal of the guano
layer during the abrasion test results in a high weight loss.

3.6. Color Change

The appearance of an illustrative specimen for each condition of the “ST” and “ST+G” specimens
is shown in Figure 9. The measured CIELab color parameters are reported in Table 1.
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In the case of the “ST” specimens, the “ES” treatment caused some darkening (decrease in L*)
and shift towards red (increase in a*). The general tendency of ethyl silicate to darken the treated
stone is well known [39,41,42]. On the contrary, the “DAP” treatment caused some whitening (increase
in L*) and shift towards blue (decrease of b*), as also assessed in previous studies [26,40,64,65]. For
both treatments, the resulting color change was lower than the threshold commonly accepted for
conservation treatments (ΔE* = 5 [66]), as illustrated in Figure 10. In the case of the “DAP” treatment,
a color change lower than the acceptability threshold is usually experienced [25], even though more
pronounced color changes have been reported in the literature [39]. However, for a given consolidant,
the color change strongly depends on a multiplicity of parameters, such as the initial color of the stone,
the consolidant concentration, and the application technique [39].

 
Figure 9. Comparison between the surface appearance of “DAP”-treated (left), “UT” (middle), and
“ES”-treated (right) stone (“ST”) and stone+guano (“ST+G”) specimens. DAP= diammonium hydrogen
phosphate; UT = untreated; ES = ethyl silicate.

Table 1. Color parameters of untreated and treated specimens.

Specimens Condition L* a* b*

ST
UT 79.55 ± 0.76 2.86 ± 0.18 10.36 ± 0.58
ES 77.20 ± 2.16 4.07 ± 0.90 10.90 ± 1.90

DAP 81.10 ± 1.22 2.53 ± 0.23 8.98 ± 0.28

ST+G
UT 29.13 ± 1.17 6.31 ± 0.85 7.02 ± 0.29
ES 24.91 ± 0.88 6.46 ± 1.20 4.70 ± 0.43

DAP 32.25 ± 1.39 5.29 ± 0.55 7.24 ± 0.31

“ST” = stone, “ST+G” = stone+guano, “UT” = untreated, “ES” = ethyl silicate, “DAP” = diammonium hydrogen
phosphate, L* = black–white, a* = green–red, b* = blue–yellow.
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Figure 10. Color change (ΔE*) of stone (“ST”) and stone+guano (“ST+G”) specimens.

In the case of the “ST+G” specimens, the color alteration after consolidation was higher than in the
“ST” specimens, again because the guano layer partly interfered with the consolidant penetration into
the substrate. This resulted in a considerable darkening in the case of the “ES” treatment (significant
decrease in L*) and considerable whitening in the case of “DAP” (significant increase in L*). As
reported in Figure 10, the resulting color change ΔE* was anyway lower than the common acceptability
threshold (ΔE* = 5 [66]). However, in this specific case, a general visual assessment of the alteration
of the surface appearance (Figure 9) was probably more significant to evaluate the impact of the
treatments because both consolidants (especially “DAP”) caused some increase in the cracking of the
guano layer, thus making the color measurement difficult. This increase in cracking was likely the
result of combined mechanical stress originated by the brush stroke and physical stress originated by
the solvents in which the consolidants were dissolved (water and ethanol in the case of DAP, isopropyl
alcohol in the case of ES).

3.7. Pore Size Distribution

The pore size distribution of a representative sample for each condition is illustrated in Figure 11.
In the “ST” specimens, the “DAP” treatment caused minor alterations in pore size distribution and
total open porosity, which decreased from 17.9% to 14.2%. A limited reduction in open porosity
after the DAP treatment was consistent with previous results on limestone consolidation by several
formulations of the treatment [22,28,40,42]. The “ES” treatment caused a more pronounced reduction
in open porosity (from 17.9% to 10.7%), which again was in line with the tendency reported in the
literature [41,42,47]. Such different impact of the two consolidants on the pore system of the treated
stone was in line with previous findings, and it was one of the major differences between the two
consolidating treatments [28,42].

Figure 11. Pore size distributions of untreated (“UT”) and treated (“ES” and “DAP”) specimens of
stone (“ST”) and stone+guano (“ST+G”).
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Substantially similar behavior was registered also in the case of the “ST+G” specimens, where
the presence of the guano layer apparently had very little effect on the MIP measurement, even in
the untreated sample. This was a consequence of the fact that, during the MIP test, mercury can be
intruded into the sample not only through the sample face covered with the guano layer but also
through the other faces of the sample (free from guano), so that the influence of the guano layer is
strongly reduced.

3.8. Static Contact Angle

The values of static contact angle measured for the “ST” specimens in the various conditions are
summarized in Figure 12, which also displays examples of static contact angle photographed for “ST”
and “ST+G” specimens.

 
Figure 12. Values of static contact angle of untreated (“UT”) and treated (“ES” and “DAP”) stone
specimens (“ST”) and photos of the static contact angle of both “ST” and “ST+G” specimens.

The untreated “ST” sample exhibited a hydrophilic behavior, as expected (contact angle
47.5◦ ± 8.9◦). The “DAP” treatment caused a slight alteration in the contact angle, which slightly
diminished to 40.4◦ ± 3.9◦. Such reduced alteration in stone wettability was consistent with previous
results [42]. On the contrary, the “ES” treatment caused a sensible increase in the contact angle up
to 112.0◦ ± 10.2◦, so that, 8 weeks after treatment, the stone was still hydrophobic. As discussed in
Section 1, products based on ethyl silicate are known to cause prolonged hydrophobicity, lasting up
to 6–7 months [12,41,47]. Nonetheless, it is worthy to highlight that the technical data sheet of the
commercial product used in this study states that the product reaction is complete in about 4 weeks,
while curing is evidently still in progress after 8 weeks.

In the case of the “ST+G” specimens, it was impossible to quantify the static contact angle with the
adopted software because the roughness of the guano layer was too high for the software to identify a
straight baseline for the contact angle calculation. However, from a qualitative point of view, the same
behavior observed for the “ST” samples was confirmed also for the “ST+G” samples, as illustrated in
Figure 12. The “ES”-treated stone exhibited a clear hydrophobic behavior, whereas the “DAP”-treated
one remained hydrophilic.

3.9. Water Sorptivity and Water Absorption

For untreated and treated specimens, the weight increase per unit area as a function of time is
illustrated in Figure 13, while the resulting water sorptivity (S), water absorption after 24 h (WA24h),
and water absorption after 7 days (WA7d) are reported in Table 2.
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Figure 13. Water absorption as a function of time of untreated (“UT”) and treated (“ES” and “DAP”)
stone (“ST”) and stone+guano (“ST+G”) specimens.

Table 2. Water transport properties of untreated and treated specimens.

Specimens Condition S (mg/cm2√s) WA24h (wt.%) WA7d (wt.%)

ST
UT 1.79 ± 0.14 4.9 ± 0.4 5.2 ± 0.4
ES n.d. 1.9 ± 0.8 4.6 ± 0.1

DAP 1.65 ± 0.06 4.5 ± 0.2 4.9 ± 0.3

ST+G
UT 1.64 ± 0.01 4.0 ± 0 4.7 ± 0
ES n.d. 0.2 ± 0 4.1 ± 0.1

DAP 1.57 ± 0.05 4.2 ± 0.1 4.8 ± 0

“ST” = stone, “ST+G” = stone+guano, “UT” = untreated, “ES” = ethyl silicate, “DAP” = diammonium hydrogen
phosphate, S =water sorptivity, WA24h =water absorption after 24 h, WA7d =water absorption after 7 days, n.d. = not
determinable (because of the initial hydrophobic behavior).

Consistently with the slight alterations in static contact angle and pore size distribution, the “DAP”
treatment caused only minor modifications in stone sorption properties, leading to minor changes in
the final water absorption after 24 h (4.5 ± 0.2 wt.% for “DAP” against 4.9 ± 0.4 for “UT”) and after
7 days (4.9 ± 0.3 wt.% for “DAP” against 5.2 ± 0.4 for “UT”). This was consistent with the previous
results obtained on several types of stone treated by DAP [25,28,39,42].

On the contrary, the water absorption of “ES”-treated samples was initially very low, reaching
a water absorption of 1.9 ± 0.8 wt.% after 24 h. After prolonged contact with water, the hydrophilic
behavior of the stone was re-established, so that water absorption after 7 days was close to that of the
untreated stone (4.6 ± 0.1 wt.% for “ES”, 5.2 ± 0.4 for “UT”). The period during which stone remains
hydrophobic (which in the field can last up to 6–7 months [47]) may threaten stone durability. Indeed,
if water containing dissolved salts is trapped behind the consolidated layer, salt crystallization behind
the consolidated layer may lead to detachment of this layer, thus causing failure of the conservation
work [12]. For this reason, conservation treatments that do not significantly alter stone transport
properties are often preferred [38].

In the case of the “ST+G” samples, the water sorptivity and the amount of water absorbed after 24 h
and 7 days were a little lower, compared to the “ST” samples, likely because of the presence of the guano
layer. Nonetheless, similar to the previous case, the “DAP” treatment basically caused no modification
in the absorption capacity, while the “ES” treatment induced an initial hydrophobic behavior.

Because of their initial hydrophobic behavior, the sorptivity value S of the “ES”-treated specimens
could not be determined.
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3.10. Water Vapor Permeability

The water vapor diffusion resistance coefficient (μ) of untreated and treated “ST” specimens
is reported in Table 3. The “DAP” treatment left the μ coefficient substantially unaltered, which
was consistent with the modest reductions measured in previous studies on stone consolidation
by DAP [40,42]. The “ES” treatment was found to cause a significant reduction in the water vapor
permeability, differently from a previous study on a more porous limestone where a negligible reduction
was found after treatment with ethyl silicate [42]. It is true that, also, in the present case, the vapor
exchange with the environment was not completely blocked, but still a considerable reduction in water
vapor permeability might be an issue for the conservation of the Magura cave paintings; hence, this
aspect requires further investigation.

In the case of the “ST+G” specimens, the adopted method to test the water vapor permeability
resulted as unsuitable. In fact, because the face of the specimens covered with the guano layer
and treated with the consolidant was placed downwards (to ensure that the water vapor cross the
consolidated layer), during the test, flakes of guano started to detach and fell into the KNO3 solution,
thus altering the reliability of the test results. For this reason, no μ values were available in the case
of the “ST+G” specimens, although a behavior substantially similar to that exhibited by the “ST”
specimens was expected.

Table 3. Water vapor diffusion resistance coefficient of untreated and treated stone specimens.

Specimens Condition μ

ST
UT 47.8 ± 0.7
ES 82.4 ± 11.6

DAP 45.8 ± 0.9

“ST” = stone, μ =water vapor diffusion resistance coefficient (absolute number).

3.11. Field Exposure

After exposure in the cave from April to December 2019, none of the specimens exhibited visible
alteration, such as biodeterioration or pulverization. Of course, field exposure for 9 months was not
enough to derive conclusive information on the long term behavior of the treated stone. Nonetheless,
considering the very specific environmental conditions in the cave, this period of time was likely
sufficient to trigger weathering processes, such as salt crystallization and growth of microorganisms,
so the lack of visible deterioration after 9 months could be regarded as an encouraging result.

3.12. Pre-treatment by Plasma

For untreated stone specimens, the alteration in static contact angle measured 30 min after
the plasma treatment (corresponding to the time between plasma pre-treatment and consolidant
application) is qualitatively illustrated in Figure 14. The plasma treatment definitely modified the
wettability of the stone, substantially increasing its hydrophilicity.

Nonetheless, the increase in wettability did not significantly alter the penetration depth of the
consolidants, as indicated by results of consolidant uptake and mechanical strengthening reported
in the following. The weight gain at the end of the consolidant application was substantially the
same for specimens pre-treated or not by plasma, as illustrated in Figure 14. This was thought to
be a consequence of the fact that the plasma treatment significantly modifies the wettability of the
stone surface, but the walls of the pores inside the stone maintain the original properties so that the
mechanism of liquid absorption in depth and the resulting penetration depth and liquid uptake are
not significantly modified. Consistently, no improvement in the consolidating ability was evidenced in
the case of samples pre-treated by plasma before consolidant application, as indicated by dynamic
elastic modulus measurements (Figure 14).
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From these results, pre-treatment by plasma looks like a promising strategy for the application
of conservation treatments that are intended to affect mostly the stone surface (such as protective
treatments). In the case of conservation treatments aimed at penetrating in depth into the stone (such
as consolidating treatments), no clear benefit seems to derive from pre-treatment by plasma because
the wettability of the stone surface is modified but, inside the pores, the wettability of the pore walls
remains substantially unaltered.

Figure 14. Effects of pre-treatment by plasma on the static contact angle of untreated stone (“ST_UT”)
specimens, weight increase of the stone specimens (“ST”) at the end of the treatment application, and
dynamic elastic modulus (Ed) of untreated (“UT”) and treated (“ES” and “DAP”) stone specimens (“ST”),
without (solid bars) and with (dotted bars) pre-treatment by plasma, in the directions perpendicular
and parallel to the plane of the slab.

4. Conclusions

Based on the results obtained in the present study, aimed at evaluating the effectiveness and
the compatibility of two alternative consolidants taken into consideration for the conservation of
prehistoric paintings in the Magura cave (Bulgaria), the following conclusions could be derived:

• In the case of the stone specimens, both the treatment based on ethyl silicate (“ES”) and that based
on ammonium phosphate (“DAP”) were able to increase stone mechanical properties, the increase
being higher for “DAP”. Both treatments caused acceptable color changes, while a significant
difference was registered in terms of alterations in water and water vapor transport properties.
“DAP” left the stone hydrophilic, with negligible alterations in static contact angle and water
sorptivity, while “ES” made the stone hydrophobic, even 8 weeks after the consolidant application.
Moreover, “DAP” also left the water vapor permeability basically unaltered, while a reduction in
permeability was caused by “ES”. After exposure in the cave for 9 months, none of the treated
specimens had shown evident signs of biodeterioration or pulverization, which could be regarded
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as an encouraging result, even though long term data are necessary to conclusively ascertain the
treatment durability.

• In the case of the stone+guano specimens, the presence of the guano layer affected the penetration
of the two consolidants into the stone, thus partly reducing the consolidating effectiveness. A
more intense color change was registered, compared to the stone samples, alongside cracking
of the guano layer. Although more difficult to quantify, the general trend of modification in
water transport properties was confirmed: “DAP” caused minor alterations, while “ES” made the
stone+guano specimens hydrophobic. It was not possible to reliably determine the water vapor
permeability of the stone+guano specimens by the adopted methodology, but results substantially
similar to those of the stone specimens were expected (similarly to the case of the water transport
properties).

• Regarding the possible benefit deriving from pre-treatment by non-thermal plasma before
consolidant application, a significant decrease in the static contact angle of the stone surface was
found after plasma treatment. This might be useful for the application of conservation treatments
that are intended to remain mostly on the stone surface (e.g., protective treatments). Nonetheless,
no significant increase in the amount of retained product or mechanical consolidation was found
when pre-treatment by plasma was performed because the wettability of the stone surface was
conveniently modified, but that of the pore walls remained unaltered.

All things considered, the comparison between the two investigated consolidants suggested that
the “DAP” treatment had the advantage of causing higher mechanical strengthening, with lower
alterations in stone transport properties, compared to the “ES” treatment. This latter aspect is very
important, especially in the case of the Magura cave, where rising damp containing dissolved salts
might trigger severe conservation issues if it was blocked behind a hydrophobic layer, which might be
the case of the “ES” treatment. Moreover, in the case of a moist substrate (as likely the case inside the
cave), the “DAP” treatment had the advantage of being applicable even if the stone pores were partly
filled with water. On the contrary, the application of ES-based products would be impossible, as they
react readily with water, so that deep penetration and bonding of the stone grains would be prevented.

However, the present study was based on several simplifications, which made the effects of the
two treatments easier to be evaluated, but still not fully representative of the real conditions in the
cave. In particular, the following aspects need to be further evaluated in future research, before any
consolidant is applied onto the real artworks:

• the presence of the surface guano layer: an improved methodology of guano application onto
the limestone substrate needs to be developed. In fact, the methodology adopted in this study
produced specimens very prone to pulverization and detachment of the guano layer, differently
from the real guano paintings in the Magura cave. To reproduce the paintings in a manner that
fully resembles the condition of the real ones is extremely difficult, as the prehistoric paintings
have undergone millennials of fossilization. A possible strategy to improve the reliability of the
stone+guano specimens produced in the laboratory may be to subject the stone+guano specimens
to accelerated aging, aimed at mimicking the natural fossilization process.

• the presence of salts in the substrate: after evaluating the effects of the two consolidants onto
uncontaminated specimens, their effects onto specimens containing salts in the pores need to
be evaluated, as this would be the condition in the cave (complete salts removal before the
consolidant application is not feasible). To do so, the amount and nature of the salts present in the
limestone cave need to be specifically investigated and characterized, so that laboratory specimens
can be prepared accordingly. Then, after preliminary salt contamination and consolidation, the
durability of the treated specimens to further salt weathering should be evaluated by accelerated
salt crystallization cycles. This should be carried out in the current environmental conditions of
the cave or, in case it is possible to control them, in the adjusted environmental conditions that
would be adopted for cave conservation.
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In conclusion, the present study does not complete the research needed to address the complex
issue of preserving the prehistoric paintings in the Magura cave but represents the first step towards
this goal.
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