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Abstract: The aim of this paper is to present the current status on animal-origin hydroxyapatite (HA)
coatings synthesized by Pulsed Laser Deposition (PLD) technique for medical implant applications.
PLD as a thin film synthesis method, although limited in terms of surface covered area, still gathers
interest among researchers due to its advantages such as stoichiometric transfer, thickness control,
film adherence, and relatively simple experimental set-up. While animal-origin HA synthesized by
bacteria or extracted from animal bones, eggshells, and clams was tested in the form of thin films
or scaffolds as a bioactive agent before, the reported results on PLD coatings from HA materials
extracted from natural sources were not gathered and compared until the present study. Since
natural apatite contains trace elements and new functional groups, such as CO3

2− and HPO4
2− in

its complex molecules, physical-chemical results on the transfer of animal-origin HA by PLD are
extremely interesting due to the stoichiometric transfer possibilities of this technique. The points of
interest of this paper are the origin of HA from various sustainable resources, the extraction methods
employed, the supplemental functional groups, and ions present in animal-origin HA targets and
coatings as compared to synthetic HA, the coatings’ morphology function of the type of HA, and the
structure and crystalline status after deposition (where properties were superior to synthetic HA),
and the influence of various dopants on these properties. The most interesting studies published
in the last decade in scientific literature were compared and morphological, elemental, structural,
and mechanical data were compiled and interpreted. The biological response of different types of
animal-origin apatites on a variety of cell types was qualitatively assessed by comparing MTS assay
data of various studies, where the testing conditions were possible. Antibacterial and antifungal
activity of some doped animal-origin HA coatings was also discussed.

Keywords: animal-origin calcium phosphate coatings; natural hydroxyapatite; doping; high
adherence; pulsed laser deposition technique; biomimetic applications

1. Introduction

In the last few decades, the field of bone tissue engineering has been widely studied and expanded
for addressing bone-related traumas. By combining biomaterials and cells for bone tissue ingrowth, an
efficient and viable alternative to allografts or autografts could be delivered.

Bioactive materials represent a vast bioengineering research field with tremendous interest for the
production of durable implants and bone substitutes able to bypass rejection difficulties.

Calcium phosphates (CaP) are bio-ceramic materials used especially for orthopedic and dental
medical applications [1,2]. Synthetic hydroxyapatite (HA), with the complex chemical formula
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Ca10(PO4)6(OH)2, is the most well-known CaP material, and is frequently used in implantology
due to its close chemical composition and crystallographic structure resemblance with the mineral
phase of vertebrate bones (50% in mass and 70% in volume) [3–5]. We stress upon that the mineral
constituent of vertebrate skeletal systems mainly consists of a calcium-deficient HA, doped with various
ions [6]. According to the biomimetic approach, a material designed to repair the skeletal system
must be similar to the biological one in terms of composition, stoichiometry, the crystallinity degree,
morphology, and functionality. It was reported that HA can promote new bone in-growth through
the osteoconduction mechanism without eliciting local or systemic toxicity, inflammation, or foreign
body response [7–9]. When an HA-based ceramic is implanted, a fibrous tissue-free layer containing
carbonated apatite forms on its surfaces and contributes to the implant bonding to the bone. This results
in earlier implant stabilization and superior fixation of the implant to the surrounding tissues [8–10].
Moreover, the development of microbial biofilms onto the surface of medical devices or human
tissues represents a worrying health problem, which can lead to a high diversity of biofilm-associated
infections, with increasing incidence [11]. Therefore, the antimicrobial properties of HA are also of
key importance [12,13]. Taking into account all these demands, one could, therefore, explain the large
interest for synthesis and deposition of apatites enriched with biologically-active ions or molecules, as
well as more resorbable (soluble) CaPs.

Despite its excellent bone regeneration properties, HA has also some important disadvantages:
HA-based ceramics are very brittle in bulk [14] and are characterized by poor mechanical properties,
especially in liquid media. Therefore, HA-based materials cannot be used in bulk for orthopedic
devices, which must withstand the application of high loads during their lifetime [15]. To overcome
these drawbacks, HA can be applied as a coating onto the surface of metallic or polymeric implants,
which aim to significantly improve implants’ overall performances, by successfully combining the
excellent bioactivity of the ceramic with the mechanical advantages of the substrate implants [14,16].

Various techniques have been and are continuously developed to obtain HA. In this respect, they
can be categorized in two main paths of producing HA: (i) the first one implies the use of chemical
routes, and (ii) the second one involves extracting it naturally, from biogenic, mammalian, or fish bone
sustainable, low-cost resources (further denoted as BioHA).

For depositing CaP coatings onto metallic implants, the industrial technique of choice is
plasma-spraying, due to the synthesis speed, large area of deposition, and work in an ambient
atmosphere [17]. However, HA coatings produced using this technique are prone to cracking and
delamination and, because of high-processing temperatures, could contain residual decomposition
phases. In this respect, current interests are quickly advancing toward two focused research directions:
(i) increasing the biomimicry of HA-based coatings with respect to the composition and structure of bone
apatite, and (ii) improving or even discovering alternative deposition techniques, which can allow for
the achievement of novel HA (doped) coatings with increased mechanical and biological characteristics.

When compared to other physical vapor deposition techniques, i.e. thermal evaporation or
sputtering, the pulsed laser deposition (PLD) technique stands as a simple, versatile, rapid, and
cost-effective method, which can enable precise control of thickness and morphology for the fabrication
of high-quality films [18,19]. The main advantage of the PLD technique applied for HA-based
bio-ceramics is represented by its capacity to grow stoichiometric films with a controlled degree of
crystallinity and thickness. By this method, one can assure the flexibility to control the morphology,
phase, crystallinity, and chemical composition of obtained CaPs. These characteristics have a
special influence over bio-resorption or dissolution, which are directly involved in the process
of films’ osseointegration.

Taking into account all these aspects, the aim of the current review is to emphasize the advantages
of using animal-origin HA coatings as viable substitutes of synthetic HA ones, which are fabricated by
the PLD technique for implantable applications. Conclusions will be drawn, future perspectives will
be advanced, and a series of recommendations will be highlighted.
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2. Review of Literature

A digital search was performed using Web of Science (http://apps.webofknowledge.com), following
the criteria described below.

2.1. Inclusion Criteria

1. Articles written in English. 2. Use of animal-origin HA materials for physical-chemical, in vitro
and in vivo studies. 3. Pulsed laser deposition as the technique used for the synthesis of animal-origin
HA coatings. 4. Articles written starting from the year 2001.

2.2. Exclusion Criteria

1. Non-English articles. 2. Nanoparticles. 3. Other deposition techniques (such as Plasma
spraying, Magnetron sputtering, etc.) used for the synthesis of animal-origin HA coatings.

After the review process, a total of 49 articles met the inclusion criteria and were further assessed
in detail and parts of the reported results were considered and discussed in this review.

3. BioHA vs. Synthetic HA

Various methods have been used to obtain HA due to its attractive biological properties and
resemblance to the mineral part of the bone. There are two main categories of methods used to
produce HA.

(i) The first one, which is generally utilized due its reliability, implies the use of inorganic synthesis
by different methods, such as hydrothermal [20,21], co-precipitation [22,23], or sol-gel [24]. However,
these approaches are, on one hand, polluting and time-consuming, and, on the other hand, quite
expensive [25,26]. Moreover, the resulting synthetic HA, which is a stoichiometric material with Ca/P
ratio of 1.67, does not completely match the chemical composition of bone [27].

(ii) Thus, researchers managed to find alternative, low-cost methods to produce HA, such as
obtaining it from biogenic, mammalian, or natural fish bone (sustainable/renewable) sources. BioHA is a
carbonated, non-stoichiometric Ca-deficient material with a reduced degree of crystallinity. Therefore, it
differs from synthetic HA in terms of composition, stoichiometry, crystal size/morphology, crystallinity
degree, degradation rate, and overall biological performance. One should also note that there might
exist some concerns about the use of natural HA because of the potential risk of dangerous diseases
transmission, when the material is not well-prepared [27]. However, when all health security issues
are handled [28,29], then HA derived directly from sustainable, low production cost materials (such as
animal bones) has a composition that closely matches the morphological and structural architecture of
the inorganic components of the human bone. In fact, it has been reported that HA obtained from
biowaste such as eggshells, bovine bones, fish-scales, and fish bones can lead to overall properties and
behavior comparable or even better than synthetic ones due to the similarities of bone apatites [2,30,31].
However, in order to completely benefit from the previously mentioned advantages against synthetic
HA, BioHA should be extracted in a controlled manner, i.e., from resources for which one knows the
exact alimentation and way of life of animals, since this could directly influence the overall quality of
the final product, HA.

Functional groups from biological apatites can be substituted with trace amounts of cations
(Na+, Mg2+, and K+), anions (F−, Cl−, SiO4

4− and CO3
2−), or, in some cases, by both [2,32,33], either

adsorbed on the surface of the crystal or incorporated in the lattice structure [34–37]. Specifically, in
the apatite structure, the carbonate ions can replace either the hydroxyl or the phosphate ion sites,
which leads to a type-A or type-B structure [38]. If these substitutions take place simultaneously, a
type-AB substitution occurs, as in the case of the bone mineral [32,39,40]. One should note that the
mineral bone substitutions with various trace elements are considered directly responsible for the
modifications in crystallinity, solubility, and biological response [41] and, therefore, they play a key
role in the performance of hard tissues and the overall osseointegration process. As a consequence,

http://apps.webofknowledge.com
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alternative methods used to modify the HA structure by incorporating different ions to improve the
osteoconductive properties of synthetic HA is currently of interest to the scientific community [2].

Apatite crystals produced in the biological system are different in many ways from the crystals
obtained using synthetic precursors. The apatite crystals grown in the living system bear smaller
crystallite size. Therefore, they have a large surface area, which further allows them to absorb an extra
number of ions. In short, biological minerals tend to attain an organized structure in a very short
time [42].

Table 1 introduces the sample codes, which will be further used in the text.

Table 1. Sample acronyms related to different materials used throughout the review and
their explanation.

Sample Code Sample Description

Ti Titanium (control specimen or deposition substrate)
HAsyn Synthetic hydroxyapatite
DHA Dentine hydroxyapatite
BHA Bovine hydroxyapatite
SHA Ovine (sheep) hydroxyapatite

BHA:Li Bovine hydroxyapatite doped with Li2O
BHA:CIG Bovine hydroxyapatite doped with commercial inert glass

SHA:Ti Ovine (sheep) hydroxyapatite doped with titanium
BHA:MgF Bovine hydroxyapatite doped with MgF2
BHA:MgO Bovine hydroxyapatite doped with MgO
BHA:LiC Bovine hydroxyapatite doped with Li2CO3
BHA:LiP Bovine hydroxyapatite doped with Li3PO4

The use of BioHA comes from the ambition and continuous efforts of researchers to attain
biomimetism. While the chemically-synthesized HA is similar to the mineral part of the bone, it
lacks trace elements and functional groups that modify the chemical formula of the natural HA in
bone. Because of the fact that it is too laborious and probably impossible to chemically synthesize
HA with the right amounts of trace elements and functional groups, an easy method is to isolate
the biological HA from bones of various animals, to transform it into powder, and to press it into
pellets that will be further used as PLD targets. Mammalian bones contain a higher source of ions and
trace elements [43–46], with Mg2+ and Na+ being the most frequently found ones. One notes that the
presence of Na+ and Mg2+ ions alongside HA play an important role in the development of teeth and
bone, whereas their absence could cause bone loss and fragility [2]. Other trace elements such as K+,
Sr2+, Zn2+, Si4+, Ba2+, F-, and Al- have been identified. However, the overall concentration of these
elements can vary and this is due to differences in the diet of the animals [47].

BioHA mainly differentiates from chemically synthesized HA by the presence of carbonate ions.
The Ca10(PO4)6(OH)2 complex formula of pure HA changes into:

Ca10-x(PO4)6-x(CO3)x(OH)2-x

where 0 ≤ x ≤ 2 [48].
Another possibility can be that in (PO4)3− sites to find hydrogen phosphate (HPO4)2− ions [49].

Winand et al. [50] proposed a general formula for hydrogen phosphate-containing apatites:

Ca10-x(PO4)6-x(HPO4)x(OH)2-x

where 0 ≤ x ≤ 2.
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However, it is highly possible that BioHA can concomitantly have substitutions with CO3
2− and

HPO4
2− groups. Hence, Combes et al. [37] advanced the following formula:

Ca10-x(PO4)6-x(CO3 or HPO4)x(OH or 1/2CO3)2-x

where 0 ≤ x ≤ 2.
It should be mentioned that various studies showed a deviation of OH− groups in the composition

of bone-extracted apatites as compared to the standard HA formula. A possible explanation could be
that PO4

3− groups are reactive with water molecules trapped in the lattice or from the surrounding
medium, which results in the formation of hydrogen phosphate:

H2O + PO4
3−
→ HPO4

2− + OH−.

Trace elements in the composition of BioHA materials are commonly determined qualitatively
by spectroscopic techniques. It should be noted that there are chemical methods that involve
dissolution of the mineral part of the bone and identification of constituents, but they are susceptible to
post-decomposition chemical reactions. For metallic ions such as Na, K, Al, and Sr, it is believed that
they do not influence the apatite properties, as long as they remain in the normal concentrations known
for the human body. However, by accumulation following diet intake, some elements’ increased
content might cause biological reactions such as bone weakening or induction of osteoporosis.

A trace element with a clear effect on bones is fluorine, which forms in bone apatites fluoride ions.
In addition, 99% of fluorine in most organisms is accumulated in bones in the form of fluorides (as
e.g. NaF) [51]. In the human body, the fluorine content is of 0.05% to 0.1%. Its presence favorizes an
increase of bone density, but, in high content, causes a disease called fluorosis, in which bones become
hard and brittle. Studies suggest that fluoride also has anti-plaque properties. It was reported that
amine fluoride and stannous fluoride possess bactericidal properties against oral bacteria [52].

Dopants may have an important role in the structure and properties of BioHA coatings. For
the crystallites size function of dopant materials in the case of BioHA coatings synthesized by PLD,
the reader is guided to consult Table 2. Duta et al. [25] observed that a percentage of 1.5 wt.% Ti in
composition of PLD targets from SHA causes synthesis of layers with a reduced degree of crystallinity.
Deposited SHA coatings without Ti display a crystallinity degree of ~30%, while, for the ones doped
with Ti, deposited in the same experimental conditions, the crystallinity degree dropped to 7% only.

Table 2. Crystalline coherence length in the case of BioHA coatings synthesized by PLD, function of
doping materials. Determinations were performed along the c-axis [(002) crystal plane] and a-axis
[(300) crystal plane] by applying the Scherrer Equation.

Sample Material D002 (nm) D300 (nm) D002/D300 Reference

HAsyn 59.2 47.4 1.25 [53]

SHA 50.1 48.5 1.03 [25]

BHA 152.8 103.8 ~1.47 [54]

SHA:Ti 41.6 32.1 1.30 [25]

BHA:Li 83.5 56 1.49 [53]
BHA:CIG 48.9 23.4 2.1

BHA:MgF 100.0 89.6 ~1.11 [54]
BHA:MgO 169.7 141.2 ~1.20

BHA was doped with various elements in order to identify their role on the crystallinity of the
obtained coatings. Thus, it was shown that by inserting 1 wt.% lithium into the BHA target, a film with
a higher degree of crystallinity could be obtained, as compared to undoped BHA structures. A mix of
10% commercial bioinert glass and 90% BHA could produce a film consisting mainly of HA with small
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crystallites (48.9 nm in length vs. 83.5 nm for BHA:Li and 71 nm for BHA coatings) and a high degree
of anisotropy (D002/D300 = 2.1 vs. 1.49 in the case of BHA:Li and 1.34 in the case of BHA coatings) [53].

In FTIR investigations, bands characteristic to carbonate groups were identified both in targets and
films made of BHA. The lines peaking at (1419, 1457, and 1544 cm−1, respectively) were characteristic
to C–O asymmetric stretching and were present in both spectra of targets and films.

In the case of bovine HA doped with MgF2 (BHA:MgF) structures [54], the dopant indirectly
induced the presence of MgO traces caused during sintering of the targets by partial oxidation of MgF2.
The amount of MgF2 in targets was of 2% and the amount transformed in MgO was estimated to be of
0.4 wt.%. However, in films, peaks of MgF2 were not identified, but only supplemental weak MgO
peaks were observed. This can hint toward the possible structural substitution of the Mg2+ cations (in
the Ca2+ sites) and F− anions (in the OH− group sites) into the HA lattice during the deposition process.
By incorporating MgF2 in the BHA structure, the HA crystallites’ length was reduced from 152 to 100
nm, while the ratio between length and width, D300/D002, dropped from 1.47 to 1.11. Mihailescu et
al. [54] also inserted 5 wt.% MgO in BHA targets and observed that, in this case, crystallites length
increased from 152 to 170 nm. The D300/D002 dropped from 1.47 to 1.20.

One notes that, in the case of MgF2 doping, FTIR investigations revealed the disappearance
of the (OH)− bands from the synthesized coatings. Moreover, supplemental vibration bands have
been recorded at ~876 to 873 cm−1, which is ascribed to the overlapping of the characteristic peaks of
(HPO4)2− and (CO3)2− groups.

4. Preparation of Materials

Powder Preparation

It is important to mention that all the experimental procedures used for the fabrication of
animal-origin HA materials are conducted in accordance with the European Regulations [28] and ISO
22442-1 standard [29].

4.0.1. Extraction of HA from Mammalian Bones

BioHA, is usually extracted from bones and teeth of various animals. To obtain the raw materials,
cortical bones originating from bovines or swine are the choices generally reported in various studies
tackling the extraction of natural/biological HA [2,41]. Two possible explanations for this preference
might be advanced: (i) the immediate availability of cow and sheep bones in commercial shops and
abattoirs to the difference of more exotic sources such as marine animals, and (ii) the extracellular matrix
of bovine bones is mainly composed of HA nanocrystals and collagen fibers. The bones represent 11%
of pork, 15% of beef, and 16% of sheep carcasses, respectively. Due to human consumption of these
animals’ meat, billions of tons of such by-products are generated every year. Moreover, millions of
tons of eggshells are thrown out as waste material yearly. Part of these by-products are repurposed as
ingredients for pet food, fertilizers, or in pharmaceutic and cosmetic industries. Their applicability can
be increased to the biomedical sector, where bones can be used as grafts, scaffolds, or as raw materials
for the production of HA for coating of implants [2,55].

BioHA powders are usually obtained from the cortical part of the femoral bones of freshly
slaughtered animals (received from slaughter houses, which use the other animal parts for general
consumption) [11]. Bones are generally delivered on ice to laboratories and, before use, they are
submitted to a veterinary control. HA derived from animal bones is generally prepared following a
three-step procedure: (i) mechanical cleaning of soft tissue, (ii) deproteinization in the alkali media,
and (iii) calcination at temperatures sufficiently high to remove any remnant organic and biological
hazardous components. Additionally, all bones are thoroughly washed and/or boiled with distilled
water. After this preliminary step of washing and drying, the bones are cut off, gently checked for any
remnant ligaments and soft tissues and further processed. Next, bone marrows are extracted, and all
other unwanted soft tissue residues or macroscopic adhering impurities and substances are removed
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from shafts. Then, the shafts are cut off into slices, cleaned, and washed with distilled water. Cleaned
parts are deproteinized in either sodium hypochlorite, hydrogen peroxide, diammonium hydrogen
phosphate, acetone, or NaOH solutions [56–59]. After washing and drying, for the calcination process,
the bone pieces are heated in a furnace (at various temperatures ranging from 350 ◦C to 1400 ◦C, for 1
to 18 h in air (Table 3), in order to completely remove the organic matter from the bones. One should
emphasize that the as-prepared powders are biologically safe due to the high temperature fabrication
route, which not only favors the crystallization of the material, but also completely prevents any risk
of diseases transmission, since no pathogen can survive to such extreme conditions [25,53,54,60]. The
resulting calcined bone specimens are cooled to room temperature (RT) by slow furnace cooling. Then,
they are generally crushed inside an agate crucible, using a mortar and pestle, prior to undergoing
ball-milling to fine powders (i.e., with particles of submicron size).

Figueiredo et al. [61] performed a comparative study of the structural and chemical properties
of both human and animal bone-derived HA, submitted to different calcination temperatures (600,
900, and 1200 ◦C, respectively). The obtained results indicated that the calcination temperature
strongly influenced the properties of the bone samples. At higher temperatures, pure HA could
be obtained, which presents higher crystallinity degrees, larger crystallite sizes, and a less porous
structure. Figueiredo et al. concluded that the mammalian bone samples calcined at 600 ◦C exhibited
the most promising combination of chemical composition and structure that could be exploited to
provide good alternatives to synthetic apatite and/or allogeneic bone.

The viability of producing biogenic HA from bio-waste animal bones (bovine, caprine, and galline),
by heat treatments in air atmosphere at different temperatures (600–1000 ◦C) was demonstrated by
Ramesh et al. [62]. Among the three types of investigated animal bones, it was demonstrated that
the bovine-derived HA was stable for all investigated temperatures, while those produced from both
caprine and galline bones exhibited signs of decomposition, with the appearance of the β-TCP phase
at temperatures beyond 700 ◦C. In addition, the bovine and caprine bones presented hardness values
comparable with the ones of the human cortical bone, while, for galline bone samples, higher porosity
levels and low hardness values were inferred.

Akyurt et al. [63] produced HA from sheep teeth, by calcination and sintering at different
temperatures (1000–1300 ◦C). Compression strength and microhardness measurements were performed
and the obtained results were the best in the case of samples sintered at 1300 ◦C. This behavior was
attributed to the F-content presence in the enamel structure.

Gheisari et al. [64] prepared natural HA-Hardystonite (HT) ceramics with different percentages
of HT (5, 10, and 15 wt.%, respectively). Their results showed that the mechanical properties of HA
increased and the bioactivity behavior improved with the addition of HT to natural HA. The maximum
value of the density was inferred for the 10 wt.% HT samples, which was attributed to the formation
of HT silicate phases between the matrix particles and formation of glass bonds. Moreover, the 15
wt.% HT nanocomposite samples had the lower cold crushing strength as compared to the other
ones investigated in the paper, which was due to the overlapping of glass bonds. Simulated body
fluid test results indicated that the Si content increased in the samples with a higher amount of HT.
Consequently, the number of Si-OH nucleation sites expands and the formation of apatite layers takes
place along with an increase in the ceramics’ bioactivity. In a similar study, Khandan et al. [65] reported
on natural HA-diopside (Di) bio-ceramics, with different Di content (10, 20, and 30 wt.%, respectively).
The obtained results indicated that an elevated content of Di in the samples determined an increase of
both the density on the surface and the adhesion values. In order to maintain a surface free of cracks,
Khandan et al. indicated the optimum values for voltage, time, and temperature as being 50 V, 10 min,
and 850 ◦C, respectively.
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Barakat et al. [30] proposed in their study three different methods to extract HA from bovine bones,
which include thermal decomposition, subcritical water, and alkaline hydrothermal processes. One
advantage of the first method was to produce an HA nano-rode rather than the nanoparticles obtained
by using the other two proposed methods. However, the morphological investigations illustrated
smaller-size particles in the case of subcritical and alkaline hydrothermal processes, as compared to
thermal decomposition. Barakat et al. concluded that the proposed methods are simple and cheap,
which are two important advantages that might advance their use for large scale applications.

Giraldo-Betancur et al. [66] reported on a physical-chemical comparison of synthetic and biological
HA. The bio-HA samples originated from bovine bones and were prepared by using three different
treatments (defat, alkaline, and calcination). It was indicated that the calcination and alkaline processes
delivered crystalline HA, which presented a comparable quality to the synthetic one. In addition, it
was illustrated that the calcination process was appropriate to obtain HA with the minor and major
elements that appear in the natural bone tissue. After applying the alkaline process, a crystallinity
degree greater than 62% was detected. Moreover, the surface of the alkaline sample presented a
transition behavior between dense and porous morphology. In a similar study, Rincón-López et al. [67]
performed a comparative study on the physical-chemical properties and biological behavior of
sintered-bovine-derived HA and commercial HA. It was demonstrated that highly crystalline HA
could be obtained from bovine bones. One should note that the Na+ and Mg2+ ions intrinsically
presented in HA of bovine origin seemed to influence the sintering behavior evolving to ceramics
with lower porosity and coarser microstructure compared to those obtained with synthetic HA. Both
these studies indicated the possibility to use HA derived from bovine bones as a viable alternative to
synthetic HA for biomedical applications.

In Table 3, the details for HA powder preparation using mammalian sources are summarized.
The colour of the resulting powders (Table 3) is either milky-white or green.
For more information on BioHA extraction methods from mammalian bones, the reader can

consult additional information contained in references from Table 3.
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Table 3. Preparation of HA powders derived from mammalian bones, presented in the order of the calcination temperature.

Source Material Pre-Treatment
Calcination Dopants Reference

[◦C] Time [min]

Bovine bones (femur) Immersion in 2.6 wt.% sodium hypochlorite solution for 14 days − – – [68]

Bovine bones (femur) Boiling in distilled water for 2.5 h, ultrasonication with acetone for 5
min, dried at 120 ◦C for 12 h in an oven 350–900 180 – [69]

Bovine bones
Boiling in deionized water for 30 min, petroleum ether with constant
agitation at 30 ◦C and sodium hydroxide solution, drying in a
vacuum oven at 1.33 Pa and 70 ◦C for 5 h

400–900 180 – [66]

Bovine bones (femur) Boiling water followed by sun drying 500–1400 120–240 – [70]

Bovine, caprine, and galline
bones

Autoclave at 100 ◦C for 1 h, rinsing with water and drying for 3 h at
70 ◦C in a box oven 600–1000 120 – [62]

Bovine bones Applying direct flame from a gas torch to the cleaned bones 600–1100 180 – [71]

Bovine bones Boiling with water for 2 to 3 h, drying in an oven at 80 ◦C for 72 h 600–1100 180 – [72]

Human, bovine, porcine bones
Boiling in distilled water for 30 min, immersion in ethanol, hydrogen
peroxide, formaldehyde solution, drying in a vacuum oven at 50 ◦C
for three days

600–1200 1080 – [61]

Bovine bones Immersion for 14 days in an alkali solution of 1% sodium
hypochlorite 700 240 1 wt.% Li2CO3,

1 wt.% Li3PO4
[60]

Bovine bones Washing by water and acetone, drying at 160 ◦C for 48 h 750 360 – [30]

Bovine bones Boiling in distilled water for 8 h, drying overnight at 200 ◦C 800 180 – [73]

Bovine bones (femur) Keeping in boiling distilled water for 2 h, heated at 60 ◦C for 24 h 800 120 – [74]

Bovine bones Boiling for 15 min, filtrating, washing with distilled water for several
times and drying at 100 ◦C in a vacuum oven for 48 h 800–1100 180 – [75]

Ovine and bovine bones Immersion for 14 days in an alkali solution of 1% sodium
hypochlorite 850 240 1.5 wt.% Ti [53]

Veal bones Sodium hydroxide solution in a beaker, neutralization with distilled
water, drying in an oven 850 180 – [64]
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Table 3. Cont.

Source Material Pre-Treatment
Calcination Dopants Reference

[◦C] Time [min]

Calf bones Sodium hydroxide solution in a beaker, neutralization with distilled
water, drying in an oven 850 180 – [65]

Bovine bones (femur) Cleaning and washing with distilled water, immersion for 14 days in
an alkali solution of 1% sodium hypochlorite 850 240 1 wt.% of Li2CO3

and Li3PO4
[11]

Bovine bones Washing by water and acetone, drying at 160 ◦C for 48 h 850 60 – [76]

Bovine bones Boiling and sun drying 900 120 – [77]
Bovine bones Boiling in distilled water for 3 h, drying in an oven at 100 ◦C for 24 h 900 120 – [78]

Bovine bones (femur) Immersion for 14 days in an alkali solution of 1% sodium
hypochlorite 1000 240 5 wt.% MgO,

2 wt.% MgF2
[54]

Ovine dentine bones Cleaning and washing, drying at 750 ◦C for 5–6 h 1000 240 1.5 wt.% Ti [25]

Camelus dromedarius bones
(femur)

Boiling in distilled water
for 1 h, washing with a strong water jet, drying at 100 ◦C, for 60 min,
drying at RT for 7 days, immersion in acetone for 1 h, washing with
distilled water

1000 180 – [79]

Sheep teeth Cleaning and washing, drying at 750 ◦C for 5 to 6 h 1000–1300 240 – [63]

Human dentine, ovine, and
bovine bones

Immersion for 14 days in an alkali solution of 1% sodium
hypochlorite 1100 240 – [80]

Bovine bones
Boiling in deionized water for 30 min, petroleum ether with constant
agitation at 30 ◦C and sodium hydroxide solution, drying in a
vacuum oven at 1.33 Pa and 70 ◦C for 5 h

1200 120–240 – [67]

Bovine bones Boiling in distilled water for 2 h, heating in an electrical furnace at
500 ◦C for 6 h 1200 240 – [81]
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4.0.2. Extraction of HA from Fish Sources

Even though fish bones represent a rich source of calcium, phosphate, and carbonate [2], there are
scarce reports on HA synthesis from these natural sources for biomedical applications [82]. In general,
fish bones originate from fisheries, which capture fish and use it mainly for obtaining meat, oil, or
some low-value fertilizers [2]. The fish bones are collected after gently removing the flesh parts from
the entire fish. The bones are washed with a hot water jet or steam to remove all types of proteins and
other organic impurities. The cleaned bony parts are further treated with reagents such as NaOH [83].
Similar to the case of mammalian bones, after washing and drying, the bone pieces are subjected
to heating at various temperatures ranging from 100 to 1200 ◦C, for 1 to 12 h in air (see Table 4), to
completely eliminate any organic matter from the bones. The resulting calcined fish bone specimens
are cooled to RT by slow furnace cooling. Afterward, the specimens are either hand-crushed with a
mortar and pestle or ball-milled to fine powders (Table 3). One notes that the color of the resulting
powders (Table 4) is white.

Table 4. Preparation of HA powders derived from fish sources, presented in order of the
calcination temperature.

Source Material Pre-Treatment
Calcination

Reference
[◦C] Time [min]

Cuttlefish bones Heating at 200 ◦C for 6, 12, and 24 h and drying 100–1200 60 [84]

Sword fish and tuna bones Boiling in water for 1 h and washing by a strong water
jet, drying at RT in air for 24 h 600–950 720 [85]

Fish bone wastes Incineration at 300 ◦C for 3 h 750 300 [88]

Fish scale
Hydrolyzation under 1% protease N for 2.5 h, and 0.5%
flavourzyme for 0.5 h, stirring and heating in boiling
water for 10 min, drying by hot air, and storing at –20 ◦C

800 240 [86]

Cod fish bones Immersion in CaCl2·2H2O, Ca(C2H3O2)2 and NaF
solutions, for different time intervals, stirring at 75 ◦C 900–1200 60 [87]

Tuna bones Washing with hot water for two days, mixing with 1.0%
sodium hydroxide and acetone, drying at 60 ◦C for 24 h 900 300 [83]

Shark tooth enameloid Keeping in boiling water for 3 h, drying in a laboratory
oven at 60 ◦C for 24 h 950 720 [89]

Dentine and enameloid of
shark teeth and deer antlers

Boiling water for 3 h and drying in a laboratory oven at
60 ◦C for 24 h 950 720 [90–92]

Venkatesan et al. [83] isolated HA from fish sources by applying alkaline hydrolysis and thermal
calcination methods. An increase in the particle size from 0.3 to 1.0 µm was observed when using the
thermal calcination method, which is due to the particle agglomeration. HA obtained by the second
method are of a nanorod shape, with 17–71 nm in length and 5–10 nm in width. Thermal calcination,
in comparison to alkaline hydrolysis, produced HA with a higher crystallinity degree.

Kannan et al. [84] used hydrothermal transformation of aragonitic cuttlefish bones at 200 ◦C and
calcination at temperatures up to 1200 ◦C to produce porous HA scaffolds with different levels of
fluorine substitution (46% and 85%) on the OH sites. The F incorporation in the HA lattice determined
a lowering of the unit cell volume because of the reduction of the a-axis length. The crystallites formed
were close in size to bone-like apatite and were orientated along the a-axis rather than the c-axis. An
type-AB carbonated apatite was also detected.

Boutinguiza et al. [85] reported on BioHA obtained from sword and tuna fish bones. The prepared
powders consisted of a B-type carbonate HA with a Ca/P ratio higher than that of stoichiometric HA
due to carbonate ions substituting phosphates. The presence of minor elements such as Na, K, Mg, and
Sr substituting Ca was also indicated. The calcination treatment performed at 600 ◦C delivered a B-type
carbonated HA. When reaching 950 ◦C, β-TCP was present in a minor amount and the carbonate
content decreased. This indicated a partial decomposition of the material. It was concluded that
these fish bone-derived materials originate from sustainable and cheap sources and could, therefore,
represent a promising future alternative to synthetic HA for medical applications.
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Huang et al. [86] compared the composition and biological properties of bio-waste HA derived
from fish scale with those of synthetic HA. The experimental results indicated that the fish HA materials
presented nano-sized particles with a high Ca/P ratio. Compared to synthetic HA, the sintering process
increased porosity and surface roughness for fish-derived HA. The alkaline phosphate assay and
von Kossa staining demonstrated that the fish-HA particles promoted osteogenic differentiation and
mineralization of MG63 cells. Taking into account these results, one should recommend fish scales as a
cost-effective and environmentally-friendly source for producing HA.

Piccirillo et al. [87] produced apatite-based and tricalcium phosphate-based materials from codfish
bones, by annealing at temperatures between 900 ◦C and 1200 ◦C. Single phase HA, chlorapatite,
and fluorapatite were obtained using CaCl2 and NaF solutions, respectively. One should note that
this was the first study to report on compositional modifications of natural origin materials used to
tailor the relative concentrations of elements. The obtained results indicated that, by using a simple
and effective valorization technique, the conversion of this by-product into a viable compound for
biomedical applications can be attained.

In Table 4, the details for HA powder preparation using fish resources are summarized.
For more information on BioHA extraction methods from fish sources, the reader can consult

additional information contained in references from Table 4.

4.0.3. Extraction of HA from Biogenic Sources

Every year, impressive quantities of biogenic resources such as eggshells, sea shells, and other
calcite materials are disposed of as waste by restaurants, hatcheries, bakeries, or homes [2]. Due to
the fact that they are very cheap and accessible, eggshells represent an important source of calcium
precursor required for the synthesis of HA.

In general, the preparation procedure to extract CaO from shells consists first in washing them
with boiling water or steam to completely remove all impurities. In the next step, the shells are crushed
to fine powders, which is followed by heating at elevated temperatures. The resulting CaO reacts with
phosphorous precursors to prepare HA by following a protocol detailed in Reference [93].

Starting from eggshells, Elizondo-Villarreal et al. [94] synthesized HA using a simple hydrothermal
approach. The obtained product was a mixture of HA and CaHPO4 in a 3:1 ratio, with HA morphology
in the form of whiskers. It was concluded that the obtained physical-chemical characteristics of HA
should advance this type of material for dental prosthesis applications.

HA was prepared by Chaudhuri et al. [95] from eggshells and a solvent such as dipotassium
phosphate. An appropriate amount of eggshells-derived CaO was immersed in K2HPO4 solution,
for different soaking times, to obtain nanocrystalline HA. Both grain size and pH indicated a slight
decreasing tendency with increasing soaking time. The lattice strain also showed similar behavior with
increasing soaking time. The proposed procedure for the low-temperature synthesis of large-scale HA
is rather simple, low cost, and eco-friendly.

Tamasan et al. [96] reported on the preparation and characterization of powders consisting of
the different phases of CaPs obtained from marine-origin raw materials of sea-shells (Sputnik sea
urchins and Trochidae I. concavus) in reaction with H3PO4. In the developing CaP powders, hot-plate,
and ultrasound methods were used. In the Sputnik sea urchins samples, brushite was found to be
predominant, while calcite was shown to exist as a small secondary phase. For the second analyzed
material, monetite and HA phases were identified. A thermal treatment performed at 850 ◦C resulted
in flat-plate whitlockite crystals (β-MgTCP) for both samples, regardless of the fabrication method.

Gunduz et al. prepared biphasic bioceramic nano-powders of HA and β-TCP [97] from shells
of a sea snail, by using a novel mechano-chemical method. When compared to the conventional
hydrothermal method, this chemical method is simple and economic, due to inexpensive and
safe equipment. The characteristics of the as-produced powders, along with their biological
origin, should advance these materials for further consideration and experimentation to fabricate
nanoceramic biomaterials.
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In Table 5, the details for HA powder preparation using biogenic resources are summarized.

Table 5. Preparation of HA powders derived from biogenic sources, presented in the order of the
calcination temperature.

Source Material Pre-Treatment
Calcination

Reference
[◦C] Time [min]

Shell of sea snail

Cleaning thoroughly from sand particles and other
foreign materials, drying, solution of H3PO4, hot-plate
stirring at 80 ◦C for 8 h, filtration, and drying at 100 ◦C
overnight in an incubator.

400–800 240 [97]

Sputnik Sea urchin and sea
snail shells Heating on a hotplate at 80 ◦C for 15 min 450–850 240 [96]

Chicken eggshells Cleaning with distilled water and keeping into 1 M
H2O2 solution for a week, drying at 90 ◦C 700 300 [94]

Egg shell Cleaning and washing with flowing distilled water,
drying at 300 ◦C for 1 h 850–900 180 [95]

Eggshells Cleaning in boiling water 900 120 [98]

Hen eggshell Stripping the membrane off the eggshell, rinsing with
water, drying 1000 180 [99]

For more information on BioHA extraction methods from biogenic sources, the reader can consult
additional information contained in references from Table 5.

5. Pulsed Laser Deposition Method

5.1. Method Overview

To the difference of wet synthesis methods, plasma-assisted techniques offer important advantages,
such as: (i) a much faster process for surface deposition, (ii) industrial scaling, (iii) a stoichiometric
transfer of the target composition in the synthesized structures, (iv) a better uniformity in terms of
morphology and composition, (v) a lower porosity, and (vi) a decreased tendency of the deposited
structures to crack or delaminate [100,101]. In the biomedical domain, for the fabrication of CaP
coatings for bone implant applications, the most applied plasma-assisted techniques are radio-frequency
magnetron sputtering and PLD [102].

PLD is a thin films synthesis technique consisting of the ablation by a focused, high power, pulsed
laser beam of a solid target in a vacuum environment and the condensation of the resulting vapor
phase on a deposition substrate placed parallel to the holder [19]. The most basic set-up consists of a
vacuum chamber, a laser source, a focusing lens, a target holder rotated by a motor, and a substrate
usually placed on a heater with the role to increase film adherence and promote crystallinity.

The wavelengths of choice for the laser sources used for ablation are in the UV range due to the
higher penetration depth of this type of beam in the target material as compared to visible or IR laser
sources and higher photon energy that allows for a more efficient vaporization of the target [103].
Popular laser sources used in PLD experiments are excimer lasers such as ArF [104], KrF [105], or
XeCl [106] emitting at 193, 248, or 308 nm, respectively, or a solid-state laser such as a Nd:YAG [107],
which emits at 266 nm.

To increase the amount of evaporated target material to the detriment of expulsed liquid or solid
phases, lasers emitting in a pulsed regime, with pulse durations in the nanoseconds-picoseconds range,
are generally used [108]. In these regimes, the absorption process occurs on a much shorter time-scale
as compared to the thermal diffusion process. The surface layers of the target reach temperatures of
tens of thousands of K and are instantly vaporized. A plasma plume consisting of atoms, ions, electrons,
molecules, free radicals, and condensed particles expands at supersonic speed and is accelerated toward
the substrate (on a direction perpendicular on the target), where the deposition takes place [109].

If a solid collector is placed in front of the target at a distance approximately equal to the plasma
plume’s length, the material condenses and, pulse-by-pulse, a thin film is grown [110]. If the placement
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of the substrate is closer to the target than the plasma plume’s length, the material will be deposited and,
subsequently, washed by the plasma plume, with the deposition being inefficient and uncontrollable.
Similarly, if the distance is larger than the plume’s length, the deposition will also be inefficient,
since the film thickness is inversely proportional to the square of the target–to–substrate distance.
Femtosecond laser sources are not considered optimal for thin film synthesis. Due to the high energy
of the ablated species, the growing film is heavily bombarded by high speed particles, which makes the
process inefficient and results in films with defects, vacancies, or made of small solid particles ripped
from the target surface [111].

Due to the high temperatures generated on the target surface, any type of material can be ablated
and, therefore, a wide variety of targets can be used for thin film deposition.

The technique is versatile in terms of process output. By independent control of the deposition
temperature, background pressure, and substrate positioning, one can change the film’s crystallinity,
composition, adherence, surface roughness, and/or thickness [18]. The use of multiple targets irradiated
subsequently allows for the deposition of multi-layered structures [112].

Moreover, the PLD technique can be easily adapted to increase the range of applications: by
limiting the number of pulses, one can deposit nanoparticles instead of thin films [113]. Two targets of
different materials can be irradiated simultaneously and the intermixing plasma plumes can create
a compositional library on a substrate [114]. By irradiating a frozen target made from an organic
compound dissolved into a matrix material, an organic thin film can be laser deposited without
degradation of the target material in a variation of the method, denominated MAPLE, i.e. Matrix
Assisted Pulsed Laser Evaporation [115].

The film growth by PLD also offers different types of advantages over other deposition techniques,
such as:

• The irradiation source is situated outside the deposition chamber, which offers a high degree of
flexibility in using the material, set-up, and adjustment of deposition parameters;

• most solid materials can be laser ablated and deposited as films;
• due to the laser operating in a pulsed regime, the film growth rate can be controlled with a highly

precise degree (10−2 –10−1 nm/pulse);
• in optimal conditions, the stoichiometry of the deposited layer coincides with the one of the

targets, even for very complex materials with a high degree of instability;
• the high energy of ablated species determines the synthesis of extremely adherent layers;
• one can obtain species with electronic states different from the equilibrium ones and new,

metastable phases of the material;
• even though their thickness might have very low values, the films uniformly cover the substrate

and prevent the release of ions from the implant into the body;
• when reducing the thickness, the risk of delamination decreases.

Like all the other synthesis techniques, PLD presents some disadvantages too, such as a low
deposition rate, an applicability domain limited to compounds that are not sensible to thermal
decomposition and degradation that appears during processing by prolonged exposure to UV laser
radiation, the presence of droplets (of a different composition and dimensions), and a low deposition
area (no bigger than a few cm2). The last two drawbacks can be diminished or even eliminated by
additional set-ups [18,116].

5.2. BioHA Targets Preparation

The powders obtained following the protocols mentioned in Section 4 are generally pressed and
the resulting pellets are heat-treated in a furnace, to reach compactness by eliminating air bubbles and
water vapors. The as-sintered pellets are compact and tough (Figure 1) and can be used as targets in
the PLD experiments [11,25,53,54,60,80].
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The Importance of Thermal Treatments in the Case of Targets

Even though CaP bio-ceramics possess excellent biomedical characteristics, their poor mechanical
behavior determined focused research to find viable solutions to this important drawback.

The properties, efficiency, phase purity, and size distribution of HA extracted from natural
resources, especially from bones, depend upon factors like the extraction technique, the calcination
temperature, and the nature of bones [2]. HA derived from natural resources (such as animal bones) is
available in unlimited supply and can be produced by calcination methods [27,117]. Ozyegin et al. [117]
reported that sintered BHA is safe from potentially transmitted diseases such as bovine spongiform
encephalopathy (“mad cow disease”). The manufacturing of these powders is easy to carry out and
economically viable [2,117]. Prions, which are the smallest proteinaceous infectious particles, can resist
inactivation by procedures that modify nucleic acids and are able to transmit alone an infectious disease,
which causes harm to the host tissue [118]. Thus, the temperature generally applied for calcination is
around 850 ◦C and it was demonstrated that no disease transmission pathogens (including prions) can
survive to such high temperatures [2,27,117]. However, a special calcination regime has to be carefully
selected in order to remove all organic matter and enhance the crystallinity of HA, while avoiding
thermal decomposition of the final product, HA [2].

5.3. Substrates Used as Pulsed Laser Deposition Collectors

In general, for the fabrication of bio-implants and bio–devices, there are five classes of materials
used: (i) metallic materials, (ii) polymers, (iii) ceramics, (iv) composites, and (v) natural materials.

The most commonly used metals and alloys for medical device applications include stainless
steels, cobalt-based alloys, and commercially-pure titanium and its alloys [119]. The last ones are
generally preferred for bone-replacement applications mainly due to their intrinsic resistance. These
materials have been widely used as endosseous implant materials in dentistry and orthopedics due
to their high strength, good corrosion resistance, no allergic problems, low density, and excellent
biocompatibility [120]. Moreover, the thin oxide layer, which is naturally formed on their surface, is
acting as a protective barrier, which confers its well-known resistance among metals to corrosion in
physiological conditions. However, it is far from being an ideal material from a medical point of view
because of its insufficient bioactivity when implanted in the human body [121].
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Polymers represent the largest class of biomaterials, which have gained greater attention due to
some important advantages such as (i) ease of fabrication to various complex shapes and structures,
(ii) wide range of bulk compositions and physical properties, and (iii) easy tailoring of surface
properties [119].

Ceramics are inorganic compounds of metallic or non-metallic materials. When used for skeletal
or hard tissue repairing, they are referred to as bio-ceramics. These bio-ceramics can be classified as
bioinert (e.g. alumina, zirconia), bioresorbable (e.g. TCP), bioactive (e.g. HA, bioactive glasses, glass
ceramics), and porous (e.g. HA coatings on metallic substrates for tissue in-growth).

A composite consists of two or more materials, characterized by a combination of the best physical
and chemical characteristics of each component materials. In the biomedical field, composite materials
are generally designed for superior mechanical and biological properties. They can be classified as
a function of the (i) matrix material and (ii) bioactivity of the composite. In the first case, there are
three types of composite materials: (i) polymer matrix composites, (ii) metal matrix composites, and
(iii) ceramic matrix composites. For the second case, there are: (i) bioinert composites, (ii) bioactive
composites, and (iii) bioresorbable composites.

Collagen and glycosaminoglycans are the most commonly used natural materials for clinical
applications [122] due to a series of important advantages, such as: (i) easy recognition by the biological
environment due to their similarity with the macromolecular substances, (ii) possibility to by-pass
toxicity-related issues, chronic inflammation, or lack of recognition by cells (which generally occurs
when dealing with synthetic materials), and (iii) biodegradable nature of the materials, which permits
their use for focused applications, where a specific function is needed for a limited period of time [123].

In general, prior to the coating process and immediately after it, special attention needs to be
paid to the surface preparation of various types of used substrates. In this respect, different substrate
preparation techniques have been reported, from simple to complex ones, with their own peculiarities.
Thus, simple substrate preparation procedures include cleaning or degreasing to remove any remnant
surface contamination because of manufacturing conditions or improper storage. Solvents like acetone,
ethylic alcohol, and/or distilled water might be used in this case, always keeping in mind the nature
and properties of the used substrates. By contrast, more complex substrate preparation techniques
include (i) mechanical modification of the surface, by sand-blasting [124], grit-blasting [125,126],
polishing [127,128], or grinding [129], and (ii) chemical treatments, modifications, or functionalization,
using chemical activation [130], alkaline treatments [131], anodization [124,125], acid-etching [124–126],
oxidizing [132], and many other actions [124,133]. Additional physical treatments, resulting in various
types of surface modifications, were briefly discussed in Reference [133]. After CaP synthesis, the
applied post-deposition treatments are intended to (i) provide crystallization/recrystallization of
various phases, (ii) improve their fixation to the substrate, and (iii) evaporate traces of solvent(s) that
might remain trapped within the deposited structures.

5.4. Pulsed Laser Deposition Experimental Set-Up

A PLD experimental set-up is typically composed of a UV laser source, a vacuum stainless-steel
deposition chamber (Figure 2), equipped with a rotating target, a fixed substrate holder, and pumping
systems. Following target irradiation, a plasma cloud expands, either in vacuum or in different
gas atmospheres, and the vapors are collected on substrates (generally placed parallel to the targets
and heated up to a temperature in the range of 350–600 ◦C), in the form of thin, adherent films [18].
In this respect, amorphous or crystalline, extremely adherent, stoichiometric, and dense or porous
structures from various complex materials can be synthesized, even at relatively low deposition
temperatures, by varying the experimental parameters that are mainly related to the (i) laser (fluence,
wavelength, pulse-duration, and repetition rate), and (ii) deposition conditions (target-to-substrate
distance, substrate temperature, nature, and pressure of the environment) [19,134,135].
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Figure 2. Schematic of an experimental set-up used for PLD synthesis of animal-origin HA coatings.

Due to the possibility to independently vary a large number of parameters (such as the wavelength,
fluence, pulse repetition frequency, energy, target preparation, target–to–substrate distance, substrate
temperature, area of the laser spot, deposition geometry, nature, and pressure of the gas in the deposition
chamber), PLD represents a versatile technique to produce films with a high diversity of morphological
and structural characteristics, which are superior to the ones appertaining to conventional deposition
techniques (fast processing, safety in functioning, and low production costs) [18,19,116,136].

The substrate temperature during film synthesis by PLD is usually situated in the range of 350
to 600 ◦C. This way, one can assure the fabrication of highly crystalline and phase-pure films [137].
Moreover, lower or higher values for substrate temperature can be chosen to obtain layers with
fine textures or different roughness, with improved adherence to the substrate, depending on the
intended applications.

Various experimental conditions used for PLD synthesis of BioHA coatings have been reported
in the literature. They are summarized in Table 6. The results from these papers will be thoroughly
analyzed and discussed in Section 6.

Table 6. Different experimental conditions used for PLD synthesis of BioHA coatings.

HA Source
Material/Used

Substrate

Type of Laser
Used

Target-to-Substrate
Separation

Distance [cm]

Energy
[mJ]

Temperature
during

Deposition [◦C]

Water Vapor
Atmosphere

[mbar]

Pulse
Frequency

[Hz]

Number of
Applied Laser

Pulses
Reference

Enameloid
of shark teeth/Ti6Al4V
disc

ArF*
(193 nm) – 320 460 0.15–0.45 10 – [89]

Ovine and bovine
bone/Ti disc and Si
wafer

KrF* (248 nm) 5

330

500 0.50 10 15,000

[53]

Human dentine,
ovine, and bovine
bones/Ti disc and Si
wafer 350

[80]

Bovine bone/Ti disc
and Si wafer [54]

Sheep dentine/Ti disc
and Si wafer 330 [25]

Bovine bone/Ti disc
and Si wafer 360

[60]

Bovine bone/Ti disc [11]
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5.5. Thermal Treatments Applied to Pulsed Laser Deposited Coatings

BioHA coatings are generally amorphous when deposited by PLD. HA loses (OH)− molecules
and on the deposition substrate a mix of CaPs is formed. The most prominent of them are tricalcium
phosphate (TCP) and octacalcium phosphate. The process is reversible and a post-deposition thermal
treatment around 500 ◦C in water vapors leads to conversion of the deposited amorphous and
non-apatite phases into more stable compounds, like HA. In addition, their crystallinity and corrosion
resistance increase, and the residual stress is considerably reduced [138–141]. It is also important to
note that, the presence of water during the post-deposition heat treatment also plays an important role
in this conversion [142,143].

Dinda et al. [144] have reported that a post-deposition thermal treatment at 300 ◦C can produce
pure, adherent, and crystalline HA coatings, which will not dissolve in simulated body fluids.

Post-deposition thermal treatments, generally performed in air or enriched water-vapor
atmospheres, are of key importance. Their role is, on one hand, to restore the stoichiometry of
the synthesized compounds and, on the other hand, to improve the overall crystalline status of the
coatings [53].

The sintering temperature and atmosphere are considered as important parameters able to
tailor the strength and toughness of HA [145]. For example, sintering at elevated temperatures has
the tendency to eliminate the functional group OH in the HA matrix and this would result in the
decomposition of the HA phase to form α-TCP, β-TCP, and tetra-calcium phosphate [145].

6. Characterization of Pulsed Laser Deposited Coatings of Undoped and Doped Animal-Origin
Hydroxyapatite

The purpose of CaP coatings that cover metallic medical prostheses is to ensure biomimetism,
i.e. to “mislead” the human body that the newly implanted device is very similar to its bones and,
thus, start osteoblasts proliferation and osseous matrix synthesis. There is no perfect coating technique
and the existence of shortcomings for each of them determined the implementation of others, among
which PLD is worth mentioning due to its advantages such as stoichiometric transfer and precise
thickness control.

For characterization of the PLD synthesized coatings, the most common investigation techniques
are: Scanning Electron Microscopy (SEM) for surface morphology and cross-sectional investigations,
Energy-dispersive X-ray spectroscopy (EDS) for Ca/P ratio determinations, profilometry or Atomic
Force Microscopy (AFM) for surface parameters valuation, X-ray diffraction (XRD) for crystalline status,
stress, crystallites size, and orientation investigations, Fourier Transform InfraRed (FTIR) spectroscopy
for identification of chemical bonds, pull-out bonding strength or scratch tests for assessment of
films’ adherence to the substrate, and in vitro and in vivo tests. Therefore, we will concentrate in the
following sections on these techniques for comparing the morphological, structural, and functional
properties of PLD coatings synthesized from targets made of CaPs obtained from animal sources.

6.1. Morphological and Compositional Analyses

PLD coatings have general surfaces covered by round particles, which are further denominated
as “droplets.” Their presence on the surface can be explained like this: following target surface laser
irradiation, the surface top layers are instantly vaporized. Part of the pulse energy is transformed into
heat, which is concentrated in a subsurface layer. Therefore, due to heat accumulation, a mix of liquid
and gaseous phases is generated. A bubble is formed, which expands until the top solid layer breaks
and a plasma plume is released. The shockwave of the plume splashes the liquid phase on the target
surface and liquid droplets are released with supersonic speeds reaching the substrate. Their number
and diameter depend on the type of deposited material as well as pressure in the deposition chamber
and on the laser parameters [18]. Droplets can be trapped using ingenious particle captors or off-axis
geometries in order to obtain particle-free films. However, in the case of biological applications, a
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rough morphology could be beneficial for osteoblast proliferation and droplet-containing films are
considered acceptable.

Sheep derived HA (SHA) coatings synthesized by PLD using a KrF* excimer laser source [25]
also had an irregular morphology composed of spherical particles whose distribution could be
approximated by a Gaussian fitting centered around a mean diameter of 1 µm. The particles size varied
between 0.35 to 3.5 µm. An interesting observation was made for SHA doped with Ti (SHA:Ti, 1.5
wt.%) coatings. The particle number on the surface almost doubled as compared to undoped material,
which produced rougher surfaces. When depositing coatings with the same number of laser pulses
from SHA and SHA:Ti targets, Duta et al. [25] obtained thicker SHA coatings as compared to SHA:Ti
ones (1.8 vs. 1.2 µm, respectively).

In Reference [53], Duta et al. conducted a comparison between film morphology in the case of
SHA and BHA doped with Li2O or a commercial inert glass. In all cases, the coatings displayed the
morphology with round micronic droplets covering the surface. There were no big differences between
particles diameter. However, a variation in the number of particles/cm2 was statistically significant.
Table 7 summarizes these differences.

Table 7. Droplets density in the case of synthetic HA and different BioHA coatings synthesized by PLD,
using the same experimental conditions.

Sample Material Density (Particles/cm2)

SHA (5.5 ± 0.8) × 107

BHA:Li (11.2 ± 0.7) × 107

BHA:CIG (13.3 ± 1.1) × 107

HAsyn (1.4 ± 0.5) × 107

The coatings’ thickness decreased in the following order: HAsyn, BHA:Li, SHA, BHA:CIG (3.71 ±
0.15 µm→ 3.52 ± 0.16 µm→ 2.95 ± 0.21 µm→ 2.79 ± 0.02 µm). The roughness of the films decreased
in the same order with values of 0.76 ± 0.1 for HAsyn, 0.71 ± 0.06 for BHA: Li, 0.61 ± 0.05 for SHA and
0.77 ± 0.03 µm for BHA:CIG, respectively [53].

To the difference, Mihailescu et al. [54] obtained smooth surfaces of BHA coatings on which a low
number of spherical droplets appeared as sputtered. Their diameter ranged from 1.6 to 2.5 µm. The
beginning of an organization of some droplets into clusters could be assumed from the SEM images.
For BHA doped with MgF2 and MgO, deposited in the same experimental conditions, a clear increase
of the droplets’ density was observed. They tend to accumulate in a majority in clusters of particles,
with only a few isolated particles being identified. BHA doped with MgO (BHA:MgO) displayed the
largest area of film surface covered by particle clusters. Apparently, the mean size of the droplets was
very similar between undoped and doped materials.

In the case of BHA doped with Li2CO3 and Li3PO4 structures (further denoted as BHA:LiC and
BHA:LiP) [60], the films’ surface was flat, with isolated round droplets, sputtered on the surface. Most
droplets were more than half embedded in the film mass, which is an indicative for their high velocity
at the moment of impact with the surface. The droplets’ number quantification was performed on four
randomly chosen SEM fields and the obtained values were of (2.2 ± 0.2) × 104 particulates/mm2 (for
BHA), (2.8 ± 0.2) × 104 particulates/mm2 (for BHA:LiC) and (1.5 ± 0.1) × 104 particulates/mm2 (for
BHA:LiP) [60].

From the cross-sectional SEM images, thicknesses of ~8.5, ~7.2, and ~6 µm, respectively, were
inferred for BHA, BHA:LiC, and BHA:LiP coatings [60].

Comparative SEM micrographies showing different surface morphologies, which correspond
to titanium and various types of BioHA coatings synthesized by PLD, using the same deposition
conditions, are presented in Figure 3.
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Thickness of the PLD synthesized coatings can play an important role on their morphology,
especially in the case of rough substrates. In Reference [89], films deposited in a water-vapor
atmosphere onto Ti substrates were significantly thinner as compared to the ones deposited in vacuum.
The calculated deposition rates were 3.5 nm/min for depositions conducted in water vapors, and
18.1 nm/min for depositions performed in vacuum. Therefore, films deposited in water vapors were
thin and mimicked the Ti surface morphology. For deposition times under 30 min, surface features
were not evident. For deposition times between 30 and 120 min, surface features became prominent.
Aggregates of globular shape became visible at magnifications of 5000×, while at 20,000×, the droplets
appeared to be made of elongated acicular crystalline structures of < 1 µm in length.

In general, the EDS quantitative measurements are performed during SEM investigations to
determine the elemental distribution in the synthesized films and to estimate the Ca/P ratio.

A cross-sectional SEM image and its corresponding EDS spectra in the case of a BHA:CIG coating
synthesized by PLD is presented in Figure 4. A compact structure of the coating can be observed.
Moreover, the presence of trace elements (Na, Mg, Si, etc.) is also emphasized. A quasi-stoichiometric
target-to-substrate transfer is reported in which the inferred Ca/P molar ratio is ~1.70. This value is
typical to natural bone due to multiple doping with trace elements and functional groups.
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6.2. Structural Investigations

GIXRD patterns of post-deposition treated BioHA coatings synthesized by PLD should display
the characteristic peaks of HA [hexagonal, P63/m (176) space group, ICDD: 00-009-0432] [25]. It is quite
possible that the GIXRD patterns contain, besides the HA peaks, some pronounced humps (centered at
2θ ≈ 30◦), which are proof of an amorphous phase in the deposited films. Duta et al. [25] reported for
SHA films deposited by PLD a crystallinity degree of ∼35%. The starting powders for PLD targets
displayed in the XRD patterns some peaks that could be associated to MgCO3 (ICDD: 01-086-2345)
and CaMg2 (ICDD: 00-013-0450) phases. However, after the deposition, these crystalline peaks were
not present in the GIXRD patterns [25].

Some typical XRD patterns of HAsyn and BioHA coatings undoped or doped with Li2O (further
denoted as BHA:Li) synthesized by PLD are presented comparatively in Figure 5. One can observe that
the most intensive peaks of the patterns in Figure 5 appertain to the Ti peaks of the substrate (ICDD:
44-1294). The fabricated coatings consisted of an HA phase with different degrees of crystallinity, as
observed from the diffracted intensity variation and the mean crystallite sizes estimated from the
FWHM of (002) and (300) XRD lines [53]. It is visible in Figure 5 that a more pronounced crystallinity
corresponds to BHA:Li films. In addition, several weak lines were also identified whose origin might
be due to a small percent of oxygen-deficient titanium oxides. Their formation might be due to the
substrate oxidation during the post-deposition treatments [53].
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Figure 5. Comparative XRD patterns of synthetic and BioHA coatings synthesized by PLD onto titanium
substrates (�, HA; ∆, TiO, and Ti2O sub-oxides). Reprinted from Reference [53], with permission
from Elsevier.

Another way to identify BioHA is by means of characteristic functional groups that can be detected
by FTIR. Besides the characteristic HA bands of ν3 asymmetric stretching mode of (PO4)3− groups
(1010–982, 1063–1023, and 1091–1090 cm−1, respectively), the ν1 symmetric stretching mode of (PO4)3−

groups (961–945 cm−1), ν4 bending mode of (PO4)3− groups (558–553 and 600–594 cm−1, respectively),
and the peak at ∼630 cm−1 characteristic to (OH)− groups, in the case of BioHA, which is a band
centered at 874–870 cm−1, could be present in the spectra, assigned to (HPO4)2− groups.

In the case of BHA targets and films, Duta et al. [53] identified small traces of hydrogen phosphorus
fluoride hydrate (ICDD:77-0136) and brushite in the PLD targets [CaPO3(OH)·2H2O, ICDD:11-0293].
These traces were not present in the films obtained from irradiating these targets. Both targets and
films displayed low amounts of fluorine besides the main HA phase. Popescu et al. [60] identified in
BHA targets and films only FTIR bands corresponding to carbonate groups besides the characteristic
orthophosphate bands of HA.

In the case of HA obtained from shark teeth, Hidalgo-Robatto et al. [89] reported on depositions
conducted in water vapors. Depending on the pressure, different degrees of crystallinity were obtained.
Under 0.25 mbar, spectra revealed a singular broad peak centered at ~31◦, while, for a pressure of 0.45
mbar, the characteristic peaks for apatites located at 29.4, 32.1, and 33.4◦, respectively, were present. In
the FTIR spectra, besides the characteristic groups of CaPs, a peak associated with carbonate groups
was present at 870 cm−1. Depending on the deposition conditions, the importance of this peak varied.
As the vapor pressure increased, the intensity of carbonate bands also increased. The CO3

2−/PO4
3−

ratio was 30% higher in the BioHA coating deposited at 0.45 mbar H2O vapors as compared to the case
of depositions conducted without water vapors. F1s transition peaks were also shown by XPS in the
PLD targets and in deposited films. Based on FTIR, XRD, and XPS results, one could conclude that
films deposited by PLD from shark-derived HA contained a hydrated and fluorinated carbonated HA.

6.3. Bonding Strength Tests

The bonding strength at the bio-functional coating–substrate interface is considered a critical
parameter for the fabrication, successful implantation, and long-term stability of implant-type structures,
since it governs both the initial stability and long-term functioning of the medical devices [16,146].
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The bounding strength values inferred for Ti, BHA, and doped BHA coatings synthesized by PLD
are presented in Figure 6. The raw data of the obtained results reported in References [25,53,54,60,80]
were plotted together for comparison reasons only.
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First, in order to verify the quality of the bonding adhesive, control tests are carried out on
bare Ti substrates. The adherence values determined at the stainless-steel dolly/Ti substrate interface
were of ∼60 MPa. We note that this value is in accordance with the specifications provided by the
manufacturer [147].

Duta et al. [53] recorded for the case of HAsyn coatings, adherence values generally similar to the
ones reported in literature for HA films synthesized by PLD [148,149]. Significantly higher values
were measured in the case of SHA and BHA:Li coatings. The decreased value of adherence registered
for the BHA:CIG structure was attributed to the intrinsic friability of the glassy doping phase under
mechanical stress [53].

Duta et al. [25] performed comparative pull-out adherence tests between SHA and SHA:Ti
structures. The values recorded for SHA coatings were of ~55 MPa, while, for the doped ones,
the values were of ~64 MPa. The increase in bonding strength of SHA:Ti coatings was due to
the presence of the Ti-Ca segregation at the interface with the substrate. One notes that, during
post-deposition annealing treatments, atomic inter-diffusion processes are known to take place at
the coating–Ti substrate interface [150–152]. In general, this leads to the strengthening of the films’
adherence by smoothing the interface between the two different materials. Therefore, the existence
at the interfacial region of a segregated Ti-Ca inter-layer could accommodate an easier and more
homogeneous inter-diffusion during the progress of the heat-treatments [25].

Mihailescu et al. [54] investigated the bonding strength for BHA and doped BHA structures.
Compared to BHA coatings, the addition of MgF2 and MgO seemed to result in an improvement
of the films’ adherence to the Ti substrate with mean bonding strength values of ~49 and ~56 MPa,
respectively, being measured [54].

Popescu et al. [60] reported on similar coating adherence values of (42–46) MPa, in the case of
BHA and BHA:LiC coatings. These values are in agreement with the ones inferred by Duta et al. [80].
A decrease of the bonding strength down to ~33 MPa was recorded in the case of BHA:LiP structures,
which was attributed to the existence of a larger content of the amorphous counterpart [60].
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It is important to emphasize that the bonding strength response measured for all coatings
synthesized by PLD (Figure 6) was superior to the minimum mandatory value of 15 MPa
imposed by international standard 13779-2 [153] in the case of implant-type coatings used for
load-bearing applications.

6.4. In vitro Biological Observations

6.4.1. Bioactivity Effect

The most common method to qualitatively assess BioHA coatings’ biocompatibility and
cells’ proliferation is the MTS assay, while cells’ toxicity can be determined by using a lactate
dehydrogenase (LDH) activity test. The MTS assay is based on the use of a tetrazolium compound
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt – MTS) that is chemically reduced by viable cells into formazan, which is soluble in tissue culture
medium. Since the production of formazan is proportional to the number of living cells, the intensity
of the produced color can be used as an indicator of cell proliferation.

LDH (or LD) is an enzyme involved in energy production that is found in almost all of the body’s
cells. Elevated levels of LD usually indicate some type of cell damage. LD levels will typically peak as
the cellular destruction begins. Thus, if a substrate is cytotoxic, the detected LD levels will be high. In
Reference [25], tests were conducted according to the ISO standard 10993-5 [154].

In literature, the biocompatibility of synthesized coatings was assessed by the MTS tests, by
applying different protocols. In this respect, human mesenchymal stem cells (hMSC) were seeded on
Ti and various BioHA surfaces and the obtained results are plotted in Figure 7a,b and reported in
References [25,60].
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Figure 7. Proliferation of human mesenchymal stem cells assessed by MTS assay in the case of (a)
bovine hydroxyapatite (BHA) and doped BHA coatings and (b) Ti, sheep hydroxyapatite (SHA), and
doped SHA coatings synthesized by PLD. Reprinted from References [25,60], with permission from
Elsevier. Slight modifications of the acronyms from the original figures were done to be in agreement
with the sample codes used in this review.

In Figure 7a, one can observe that the cells’ proliferation was better in the case of doped BHA
coatings with respect to undoped ones. The proliferation increase was demonstrated to be in a direct
relation with the augmentation of the polar component of the surface-free energy. Therefore, the
beneficial effect of Li2CO3-doping could be emphasized [60].

After 24 and 48 h, the proliferation capacity of cells grown on the surface of SHA and SHA:Ti
coatings was improved as compared to Ti surfaces for the same time intervals (Figure 7b). In addition,
cell death at 24 h of growth was tested by using the LDH method [25].
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Lithium is a trace metal in organisms. In pharmacy, it is used in composition of various drugs
for the treatment of bipolar affective disorder and depression [155]. Lithium was also administered
in drugs for treating osteoporosis in the last 20 years [156,157] due to its proven ability to enhance
osteogenesis [158]. Despite its proven efficacy [159], there are reports when lithium administration
determined side effects such as thirst and excessive urination, nausea, diarrhea, tremor, weight gain,
sexual dysfunction, dermatological effects, and long-term effects on the thyroid gland, kidneys, and
parathyroid glands [160]. However, recent studies challenge this negative perception of lithium
administration, stating that intoxication occurs only when the concentration is higher than 1.5 mmol/L,
and its main adverse effects can be properly monitored and managed [11,161–163].

Hidalgo-Robatto et al. [89] tested BioHA coatings (obtained from shark teeth) synthesized by PLD
using a pre-osteoblastic cell line MC3T3-E1. The BioHA was compared to synthetic HA and a control of
tissue culture polystyrene. Cell morphology was similar in the case of synthetic HA and BioHA. Both
coatings were able to promote healthy morphology on the cells. MC3T3-E1 cells made contact with
neighboring cells and covered the entire surface of their respective coatings. The MTT assay showed
after seven days from seeding, an intense proliferation of cells on the biological apatite coatings, which
is significantly higher than the proliferation on the synthetic HA coatings or the control by the MTS
assay. After 21 days, all tested materials had higher values of cell proliferation than on day 7 and
displayed similar absorbance values. Alkaline phosphatase (ALP) activity was tested as a measure of
osteoblastic activity and bone formation. Statistically significant higher ALP activity was quantified on
the BioHA coatings compared to both the synthetic HA and TCP, which presented lower values in the
same range. After 21 days of incubation, both types of apatite coatings apparently manifested higher
levels of ALP activity as compared to TCP values. Overall, BioHA seemed to accelerate osteogenic
activity as compared to synthetic HA due to its fluoride content and its trace elements such as Na
and Mg.

Doping of BioHA with various elements can drastically increase the cellular response toward PLD
synthesized coatings. In such a study, the surfaces of medical-grade Ti, SHA, and SHA:Ti coatings
(the precursor material for PLD targets was a mix of SHA powder and 1.5 wt.% Ti powder) were
seeded with human mesenchymal stem cells (hMSC) [25]. On all types of samples, cells displayed
the same typical morphology: small dimensions, well-spread, and having a polygonal shape. They
have established liaisons with neighbouring cells by thin cellular extensions. The lowest proliferation
value was reached for the SHA coatings, with respect to both SHA:Ti ones and controls (bare Ti and
polycarbonate) [25]. The experiments also showed an important cell number growth (of ∼60%) in the
case of SHA:Ti coated samples. The proliferation increase of SHA:Ti vs. SHA was found statistically
significant (p < 0.05). The LDH results showed that both SHA and SHA:Ti coatings fostered a good
cells’ cytocompatibility. However, the amount of cells that underwent apoptosis and death was lower
in the case of the polycarbonate control and SHA:Ti coatings. SHA structures presented almost double
cell apoptosis death as compared to SHA:Ti ones. The dead cells’ index (percent of dead cells from
the total number of cells) was lower than 4.5% for all cases, which constitutes another proof of the
good cytocompatibility of the PLD coatings. The beneficial effect of Ti doping in HA has not been
yet completely elucidated. Duta et al. [25] advanced its lower degree of crystallinity as a possible
explanation for the superior biocompatibility of SHA:Ti, which generated the premises for a better
interaction with the organic component of the mesenchymal cell culture media. Ca2+ ions released
by dissolution may act as binders for organic moieties from culture media with roles in the healthy
development of cells. A similar interpretation of enhanced protein binding by HA:Ti has been advanced
by Kandori et al. [164] and Wei et al. [165], respectively.

In Reference [60], the influence of lithium doping of BHA on the biological response of the same
type of cells was tested. The cells were stained with calcein/EthD-1 in order to evaluate the viable
ones and the morphology of hMSC was observed three days after seeding on the surface of undoped
and doped coatings. BHA:LiC and BHA:LiP samples produced a decrease in cell spreading without
significantly modifying cell viability. Cells were adherent on the tested materials and exhibited typical
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fibroblast-like characteristics, with dendrites and prominent nuclei. There was no visible difference
between lithium-doped BHA coatings and control materials (bare Ti and undoped BHA samples), as
shown in Figure 8.
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The in vitro cellular viability of hMSC grown for 72 h on Ti, BHA, and doped BHA coatings was
assessed using the calcein AM/EthD-1 [60] method and the results are presented in Figure 8.

Based on relative intensity of calcein and EthD-1 signals on resulting scatter-grams, positive
from negative cell populations could be distinguished. Compared to BHA samples, lithium-doped
and MgF2-doped surfaces led to a slight improved growth of hMSC cells, whilst, for BHA:CIG and
BHA:MgO surfaces, a reduced cellular viability was inferred (Figure 8).

The high biocompatibility of BHA:LiC coatings was assumed to be favored by the highest
wettability and overall surface energy, as well as by an augmented contribution of the polar component
of the surface energy. Other studies report in favor of this hypothesis that, in order to enhance the
cellular response (including here adhesion, spreading, and cytoskeletal organization), an optimal
window for the contact angle in the range of 60◦ to 80◦ between surface and water molecules should
exist [166–168]. In this case, the cell proliferation results are in good agreement with this rationale,
with the best results being obtained for coatings to elicit a water contact angle of ~72◦ and the highest
polar component.

Dos Santos et al. [169] and Redey et al. [170] reported that the higher polar component of
carbonated HA and natural calcium carbonated surfaces induced an increased osteoblast and osteoclast
adhesion, respectively. Furthermore, Zhao et al. [171] indicated that a higher surface free energy is
connected with the increased production of bone ALP and osteocalcin, in the case of MG63 osteoblastic
cells grown on hydroxylated Ti surfaces.

6.4.2. Antibacterial Effect

Mihailescu et al. [54] tested BHA and BHA:MgF or BHA:MgO against gram-positive Micrococcus
sp. and gram-negative Enterobacter sp. for 72 h. The BHA coatings and Ti substrate used as controls had
no antibacterial effect. When BHA was doped with MgF2, and pulsed laser deposited on a substrate, it
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exhibited a slight anti-biofilm activity (1 log reduction of viable cell counts as compared to bare Ti)
toward Enterobacter sp. The highest anti-biofilm activity was observed for the BHA:MgO coatings,
which inhibited the Enterobacter sp. biofilm in all development stages, Micrococcus sp. biofilm at 24 and
72 h, and C. albicans biofilm at 48 h.

In Reference [172], it was shown that MgO exhibits stronger bactericidal activity as compared
to TiO2. Two hypotheses explaining the decrease of the number of biofilm-embedded cells could be
considered, i.e. (i) the surface coatings prevent the microbial/bacteria adhesion and (ii) the coatings
exhibit a microbicidal activity, which kills the cells before or after contact with the coated surfaces. The
second hypothesis is supported by the results of the minimal inhibitory concentration assay showing an
increased microbicidal activity of BHA:MgO and BHA:MgF coatings as compared to BHA against the
tested strains. No cytotoxic activity of deposited coatings against human cells was revealed during tests
on Hep2 cells. It has been reported in literature that pure Mg is highly effective against Staphylococcus
aureus (S. aureus) [173]. Numerous studies tested the antibacterial efficiency of MgO against bacteria.
Sawai et al. [174] demonstrated the efficiency of MgO powders against S. aureus and Escherichia coli,
while Gayathri et al. [175] created a doped HA containing Mg in the form of nanoparticles that had
antibacterial efficiency, but also insecticide action, which killed the larvae of three mosquito species.
Photoluminescence studies conducted by Sawai et al. [174] showed that MgO slurries generate active
oxygen species such as O2- and this seems to be the most probable cause for bacterial apoptosis. These
oxygen species form in wet media hydroxyl radicals and hydrogen peroxide. Hydroxyl radical is
the most reactive oxygen radical, able to interact with almost every type of molecule of the living
cells of bacteria and fungi, which causes irreversible damage to cellular components and, eventually,
apoptosis [176].

Mg is not toxic for the human organism in a dose of 200 to 400 mg per day. The Food and Nutrition
Board of the Institute of Medicine in the United States has set an upper tolerable limit of 350 mg per
day for supplemental magnesium. In larger doses, it can induce nausea and vomiting, muscle pain
and weakness, confusion, and cardiac arrhythmias [177].

BHA and BHA doped with lithium compounds such as carbonate and phosphate (i.e., BHA:LiC
or BHA:LiP coatings) proved antibacterial and antifungal activity against S. aureus and C. albicans
strains [11], which was an unexpected discovery. After 24 h, all tested coatings manifested inhibitory
activity for S. aureus colonies. After 48 and 72 h from inoculation, the antibacterial effect was much
more visible. Therefore, a drastic decrease in the number of CFU/mL of 2 to 4 logs at these two-time
intervals was recorded (Figure 9).
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Figure 9. Graphic representation of the logarithmic values of S. aureus biofilm cells developed on the
surfaces of Ti, bovine hydroxyapatite (BHA), and doped BHA coatings, at different time intervals (1–72
h) [11]. Slight modifications of the acronyms from the original figure were done for uniformization
with the sample codes used in this review.

Representative SEM images of S. aureus biofilm developed on the surface of Ti and BHA:Li
structures are given in Figure 10, at a magnification of 10,000×. One can observe that the density of S.
aureus cells was significantly more reduced on BHA:Li surfaces as compared to Ti ones, which is in
good agreement with the quantitative results presented in Figure 9.
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Figure 10. SEM images corresponding to S. aureus biofilm after 72 h of development on the surfaces of
Ti and bovine hydroxyapatite doped with Li2O coatings.

BHA:LiC coatings exhibited a slightly increased antimicrobial activity against S. aureus biofilm, as
compared to BHA and BHA:LiP ones. In the case of C. albicans, the antifungal activity started to be
pronounced after 12 h of incubation and with a drastic decrease of the fungal biofilm after 48 and 72 h,
respectively (Figure 11).
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Figure 11. Graphic representation of the logarithmic values of C. albicans biofilm cells developed on the
surfaces of Ti, bovine hydroxyapatite (BHA), and doped BHA coatings, at different time intervals (1–72
h) [11]. Slight modifications of the acronyms from the original figure were done for uniformization
with the sample codes used in this review.

Again, the order of efficiency in reducing colonies was BHA:LiC > BHA:LiP > BHA. SEM images
revealed that, when grown on the surface of Ti, C. albicans produced biofilms, with interconnected cells
through filaments, while, when seeded on the surface of the synthesized BHA or doped BHA coatings,
the cells were ovoid and adhered in isolated unicellular forms, with completely absent filaments
(Figure 12).
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Representative SEM images of C. albicans biofilm developed on the surfaces of Ti and BHA:Li
structures are given in Figure 12, at a magnification of 10,000×. While bare Ti samples were completely
covered by a continuous layer of cells, the number of yeast cells developed on the surface of BHA:Li
coatings was significantly decreased. They adhered exclusively in isolated, unicellular form, without
interconnecting filaments. Duta et al. [11] assessed the antibacterial and antifungal activity of
BioHA coatings to one of the following factors: (i) difference in polarity between negative-coated
surfaces (associated with the presence of hydroxyl hydrophilic functional groups) and S. aureus/C.
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albicans biofilms matrix, which is also negatively charged, due to its main component, represented by
self-produced exopolysaccharides, (ii) coatings will facilitate the formation of a highly alkaline medium,
which consequently leads to the destruction of lipids that are the main component of microbial cell
membrane, or (iii) the smooth surfaces of the films, which reduce the contact area between material
surface and bacterial cells, or (iv) metal accumulation inside bacterial cells, followed by the cellular
wall disruption, and, eventually, cellular lysis.

6.5. In Vivo Tests

In vitro tests were demonstrated to play a key role in the biological assessment of biomaterials
by offering in-sight information on their possible behavior in a biological environment. On the other
hand, to understand the complex processes that might occur in a living system and to provide accurate
data to completely validate the performances of a given biomaterial designed for clinical trials, in vivo
tests are extremely important and should, therefore, follow in vitro ones.

In the literature, there are many in vivo reports on CaPs, but, to the best of our knowledge, there
are few works only on HA coatings synthesized by PLD, and, unfortunately, no studies at all on BioHA
coatings synthesized by PLD. However, the authors of this review are confident that future in vivo
studies of BioHA coatings should deliver interesting results, since BioHA materials proved many times
to possess important advantages over synthetic HA. In the following paragraphs, a selection of the
papers dealing with PLD of synthetic HA will be considered and the obtained results will be reviewed.

The main purpose of CaP coatings is to stimulate and accelerate new bone formation around an
implant [178], and most of the reported research studies revealed positive and favorable effects in this
direction [179]. In general, the spectrum of animals used for testing CaP coatings synthesized by PLD
is reduced, and this includes rats, rabbits, mini-pigs, dogs, goats, or sheep [14]. The advantages and
disadvantages of different animal models used were discussed in Reference [139].

Chen et al. [180] synthesized using PLD fluoridated synthetic HA (HA:F) structures onto Ti
implants and inserted them into rat femurs. By using microcomputed tomography, histology, and
sequential polychromatic fluorescent investigations, their osteo-inductive and osseointegration activity
in comparison with that of uncoated Ti implants was assessed. The results of their study demonstrated
that HA:F-coated implants were characterized by superior osteogenesis and osseointegration properties
(1.5 times more new bone at one week and more than four times more new bone at 4 and 8 weeks,
respectively) as compared to bare (uncoated) Ti specimens, which can advance them as viable candidates
for future applications in dentistry.

Mroz et al. [181] reported on Mg-doped HA coatings fabricated by PLD onto porous Ti implants,
which were introduced in rabbit femoral bones for six months. The evaluation of bone–implant
interaction and bone volume in the region of interest were performed. Histopathological investigations
showed that all implants integrated well with the surrounding bone with ingrowth of newly formed
bone into the pores of the implants. No inflammatory or foreign body reaction were noticed at the
implant site. They note that, a significant increase in bone volume for Mg-doped HA implants, as
compared to uncoated implants, was detected.

Peraire et al. [182] conducted a comparative study of the biological stability and the
osteo-conductivity of HA coatings produced by PLD and plasma spraying. The functionalized
grit-blasted titanium rods were implanted in the proximal tibia of mature New Zealand White rabbits.
The obtained data suggested superior bone growth (percentage of bone contact) in the case of HA–PLD
coatings (86%) as compared to the HA–PS coatings (67%) or the uncoated grit-blasted titanium (69%),
after a period of 24 weeks implantation. Taking into consideration these results, the initiation of clinical
evaluation of this coating method for medical applications was encouraged.

Mihailescu et al. [183] reported on synthetic HA, Mn2+-doped carbonated HA and octacalcium
phosphate (OCP) coatings fabricated by PLD onto Ti implants for insertion in the tibia bones of
New Zealand White female rabbits. The bone–implants bonding was assessed by a tensile (pull-out)
test. The measured value of the pull-out force was found to be more than double in the case of
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CaP-functionalized Ti implants, as compared to the control (uncoated) ones. In addition, the pull-out
force increased by 25% for the Mn2+-doped carbonated HA and 10% in OCP-coated implants, in
comparison with the synthetic HA-coated implants. Mihailescu et al. concluded that nanostructured
CaP depositions manifested a significant potential for improving the performance of functionalized Ti
implants in bone, and the composition and structure of the CaP coating have a significant influence on
their biological effect.

Dostalova et al. [184] functionalized by PLD the surface of Ti6Al4V dental implants with HA
coatings. Coated and uncoated implants were inserted into the lower jaw of mini-pigs. The evaluation
of implants’ osseointegration degree was assessed by polarized and fluorescent light microscopy with
computer image processing. The results of the study proved that the osseointegration of the coated
layer was superior for HA coatings (~77.2%) than the integration of uncoated Ti implants (~65.2%).
With the owned advantage of delivering an inert and osseoconductive ceramic coating, the same team
concluded that the PLD could be a viable method for coating metallic implants.

7. Conclusions and Perspectives

When animal-origin calcium phosphates (CaPs) are tackled, pulsed laser deposition (PLD) could
be one of the most interesting choices for coating synthesis. If synthetic hydroxyapatite (HA) has a
complex molecule with a large number of atoms and functional groups difficult to transfer in form of
thin films by physical deposition techniques, natural apatites become even more complicated to transfer
because of new functional groups and substitution ions, which further complicate the molecule. PLD
is renowned for the ability to transfer stoichiometrically very complex molecules and this advantage
should make it one of the premiere candidates for the transfer of such complex materials.

The most common sources for obtaining animal-origin HA for PLD targets are swine, ovine, and
bovine teeth or bones. They are immersed in alkali solutions and further calcinated at ~800 ◦C to
remove the organic parts. The powder resulting after grinding and milling can be pressed into targets
or mixed with various doping agents to change mechanical or biocompatibility properties.

Coatings’ morphology depends on the thickness, the origin of the natural apatite, and on the
doping agents. In general, films are covered by round droplets that originate from the expulsion of the
liquid phase during target irradiation. Their number and size can drastically differ depending on the
experimental conditions. Usually, films in the range of hundreds of nanometers mimic the substrate
morphology (especially if it is rough), with surface features that are not evident. Thickness seems to be
dependent on the experimental conditions (number of pulses, laser fluence, and gas pressure), but also
on the type of apatite. Studies on coatings synthesized in the same experimental conditions on sheep,
cow, and cow-HA and bio-glass revealed different thicknesses for different types of materials.

Structural differences between synthetic HA and animal-origin apatites or between different types
of animal origin-apatites cannot be shown by X-ray diffraction only. All these materials display the
same crystalline peaks in the diffraction patterns. Differences appear in Fourier transform infrared
spectroscopy that contain, in the case of animal-origin HA, bands corresponding to (HPO4)2− or
(CO3)2− groups.

In terms of adherence to the substrate, PLD synthesized coatings from doped or undoped
animal-origin HA could easily surpass the mandatory value of 15 MPa of bonding strength established
by international standards for biocompatible coatings to be used in implantology.

Biocompatibility of animal-origin HA was consistently being reported as surpassing that of
synthetic HA both in cells morphology, cells proliferation, and bioactivity. Moreover, when doped
with Ti or Li2CO3, the effect was a boost in cell proliferation.

Animal-origin HA could be, therefore, a reliable, promising, safe, and, most importantly, low-cost
source for coatings that reach biomimetism. For PLD, the field is still in his incipient development,
with numerous possibilities to expand in terms of natural-HA sources, doping agents, or morphology
and structural control of the obtained coatings. The transfer from PLD, which is essentially a laboratory
technique to an industrial coating technique also belongs to the future.
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Besides their often-increased bioactivity as compared to synthetic HA, BioHA coatings can display
antibacterial and antifungal properties, which are not present in the case of synthetic HA. Undoped
or BioHA doped with MgO, or carbonates and phosphates of lithium, were active against various
microorganisms. Possible explanations for this property could be the presence of dopants, which have
antibacterial and antifungal properties by themselves, the smoother surfaces of PLD deposited BioHA
films, which reduce the contact area between coating and bacteria, and the metal ions accumulation
inside microorganisms followed by the membrane disruption and cell apoptosis.

The authors of this review express their confidence that the future of biomimetic coatings belongs
to the natural-origin CaPs source materials and their perfect transfer and delicate tuning in terms of
thickness, crystallinity, and functional groups can be optimally studied using PLD as deposition method.
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