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Abstract: The occurrence of opportunistic local infections and improper integration of metallic
implants results in severe health conditions. Protective and tunable coatings represent an attractive
and challenging selection for improving the metallic devices’ biofunctional performances to restore
or replace bone tissue. Composite materials based on hydroxyapatite (HAp), Kanamycin (KAN),
and fibroblast growth factor 2 (FGF2) are herein proposed as multifunctional coatings for hard tissue
implants. The superior cytocompatibility of the obtained composite coatings was evidenced by
performing proliferation and morphological assays on osteoblast cell cultures. The addition of FGF2
proved beneficial concerning the metabolic activity, adhesion, and spreading of cells. The KAN-
embedded coatings exhibited significant inhibitory effects against bacterial biofilm development for
at least two days, the results being superior in the case of Gram-positive pathogens. HAp-based
coatings embedded with KAN and FGF2 protein are proposed as multifunctional materials with
superior osseointegration potential and the ability to reduce device-associated infections.

Keywords: metallic implants; antimicrobial coatings; bioactive materials; improved osseointegration;
multifunctional device

1. Introduction

Titanium (Ti) and its alloys represent suitable candidates for the fabrication of im-
plantable devices intended to restore (plates, screws, nails, and wires) [1–4] and replace
(bone implants, joint prostheses, and dental abutments) [5–7] severely damaged hard
tissues or bone losses. In addition to excellent intrinsic biocompatibility, such materials
possess tunable composition (alloying process guided by the final application) and versa-
tile structure (compact or porous microstructure depending on the final product, such as
fixation elements, cortical bone and trabecular bone replacements, respectively), which are
beneficial for the development of various orthopedic and orthodontic implantable devices.
Superior biomechanical properties (increased fatigue strength, fracture toughness, rigidity,
stiffness, and wear resistance), general stability, favorable thermochemical behavior, and
good corrosion resistance (surface protection ascribed to the native oxide layer) recommend
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Ti-based materials for manufacturing implants used to partially or completely replace the
injured bone tissue [8–12]. However, clinical limitations of Ti and Ti alloys for orthopedic
and orthodontic uses rely on their intrinsic inertness and poor biological activity [13,14].
Modern healthcare practice and research provide attractive approaches towards over-
coming the bioinertness and limited bioactivity of classical metallic biomaterials. Surface
modification and surface coating are versatile strategies to mediate the osseointegration of
Ti-based implantable devices through osteoconductivity, osteoinductivity, and osteogenesis
potential [15,16].

The osseointegration process of metallic implants, centered on forming a direct in-
terface between the implanted device and the host bone tissue, is important for the stabi-
lization and long-term biomechanical and functional performance of most implants. This
complex process consists in (i) early-stage osseointegration (up to one month)—an intimate
mechanical-based connection established between the implant and surrounding tissues,
leading to initial interactions with resident cells and (ii) late-stage osseointegration (up to
six months)—a dynamic molecular and cellular phase resulting in regional bone healing,
new bone formation and bone remodeling [17,18].

To support proper osseointegration, the implantation protocol should be considered
as soon as possible after severe bone tissue damage has occurred, regardless of the type
and nature of the selected replacement. Alternative techniques are available to locally
induce a favorable implantation environment, such as cementation [19–21] and stem cells
therapy [22–24] in the case of orthopedic implants, alveolar ridge augmentation [25–28]
and sinus augmentation [29–32] in the case of orthodontic implants.

Many efforts have been made to enhance metallic implants’ osteogenic activity, such as
alloying or composite development, surface texturing or modification, and surface function-
alization or coating [33,34]. A common route to boost the integration of metallic implants
and to simultaneously overcome their intrinsic bioinertness is to modify their surface with
bioactive layers having osteoconductive or/and osteoinductive capabilities [35,36].

Surface modification of metallic implants by calcium phosphate capping is an appro-
priate choice to enhance implant integration and improve biofunctional performance [37,38].
In particular, synthetic hydroxyapatite (HAp) coatings proved superior effectiveness in sta-
bilizing bone growth around the implant [39,40]. HAp, Ca10(PO4)6(OH)2, represents a well-
known biocompatible and bioactive material used in restorative and regenerative strategies
for hard tissue therapy [41–43]. Thanks to its physicochemical and microstructural resem-
blance to the inorganic phase of natural bone [44], HAp is a preferred replacement for
non-immunogenic and bioavailable-limited autografts [45,46], but also for immunogenic
and bioavailable xenografts [47–50].

In addition, the osseointegration of bioinert and bioactive materials can be further
boosted by coupling or incorporating different growth factors, which encourage repair
mechanisms and functional rebuilding of damaged tissue following fractures and other
skeletal injuries [51]. Fibroblast growth factors (FGFs) are a group of proteins [52] that regu-
late the proliferation and differentiation of various cell types, including osteoblasts [53,54].
FGF2 increases osteoblast proliferation and modulates osteoblast differentiation, represent-
ing one of the most promising options for hard tissue engineering applications.

A bone implant’s success is strongly related to surrounding tissues’ behavior and their
response to the implant’s material. Further, the patient’s health status is of major signifi-
cance, as high-risk patients are more prone to implant-related complications and implant
failure [55–57]. Moreover, when tissues around the implanted device are injured, implants’
microbial contamination and implant-associated infections can occur. All implants are
susceptible, to some degree, to microbial contamination and colonization phenomena.
Implant-associated infections are complications that have a major impact on patient’s life
quality and healthcare systems [58].

The advent of drug-resistant pathogens and their capacity to produce virulence fac-
tors contributed to the pathogenicity and severity of infections related to orthopedic and
orthodontic implants [59–61]. The presence of bacterial biofilms (well-organized commu-
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nities of surface-attached bacteria enclosed into a polymeric matrix) defends embedded
microorganisms from antibiotics action and immune cells surveillance [62,63]. Their resis-
tance to antibiotics in an adherent state and the probability of their perseverance in tissues,
regardless of the implant removal, make the treatment of infection of vital importance.

The avidity with which pathogens colonize implants depends, to some extent, on
the implant’s material. Some of the material features are strongly related to bacterial
contamination and colonization, such as microstructure and topography, surface chemistry,
and chemical composition [64,65].

One effective strategy for preventing opportunistic microbial contamination, circum-
stantial colonization, and biofilm development on implants is the surface modification
with structures that act as local biostatic or biocide systems. In addition to the potenti-
ated osseointegration of implants, HAp-based coatings can also act as ready depots for
adsorption and local release of antibiotics [66], such as Ciprofloxacin and Tetracycline [67],
Gentamicin [68] and Streptomycin [69]. Consequently, the local release of antimicrobial
substances from HAp coatings initiates short-term prophylaxis that reduces microbial
adhesion and avoids post-surgical infections currently associated with implant failure.

Coating deposition techniques, such as plasma spraying, chemical vapor deposition
(CVD), fusion coating, physical vapor deposition (PVD), thermal or diffusion conversion,
radiofrequency magnetron sputtering, sol-gel, and laser-assisted processing methods, have
been utilized for the production of HAp coatings [70–72]. From these techniques, the matrix-
assisted pulsed laser evaporation (MAPLE) method exhibits many advantages, including
the possibility to obtain homogeneous coatings with controlled thickness from a wide vari-
ety of organic molecules, such as polymers, bioactive substances, or biomolecules [73,74].

By gathering the osteoconductive ability of HAp biomaterials and the osteoinduc-
tive potential of specific GFs, promising candidates for bone tissue engineering were
reported, including scaffolds [75,76], hydrogels [77] and complex constructs [78]. The
immobilization/embedding of GFs onto/within coatings does not represent a new strategy
to modulate orthopedic or orthodontic implants’ osseointegration. As they are very suscep-
tible to degradation, a relatively soft approach is preferred in order to modify the surface
of implants with GFs, mainly by means of physical immobilization [79,80] or non-covalent
interactions-guided adsorption [81–84]. Even if MAPLE is an attractive and versatile
technique to transfer biologically active molecules, there is a lack of data regarding its
implications on obtaining GF-loaded coatings.

Therefore, in the current study, we aimed to obtain composite coatings based on
hydroxyapatite, aminoglycoside antibiotic (Kanamycin), and fibroblast growth factor by
MAPLE technique in order to increase the biocompatibility of commercial implant materials
by promoting the cell attachment and growth without toxic effects, and the inhibition of
microbial biofilm formation.

2. Results and Discussions
2.1. Physicochemical Investigation of HAp Powder

Chemical co-precipitation represents a facile method to synthesize tunable HAp-
based biomaterials, starting from calcium and phosphorous precursors and conveniently
adjusting various reaction parameters (temperature range, pH value, nature, and type of
templating agent) [85,86]. Moreover, this versatile approach is suitable for extending the
bioactivity and biofunctionality of HAp by doping with various inorganic ions [87,88] and
by obtaining apatite composites [89,90].

In our case, the white powdery sample resulted after drying the viscous precipitate
obtained by chemical synthesis was subjected to compositional and microstructural anal-
ysis using the XRD method. The corresponding diffractogram is included in Figure 1.
It evidences the presence of broad diffraction peaks, which indicate the powder’s reduced
crystallinity. Specific peaks are identified at 2θ values of 25.9◦, 28.1◦, 28.9◦, 31.8◦, 34◦, 39.8◦,
46.7◦, and 49.5◦. In compliance with PDF Card-01-071-5048 and reported literature [91,92],
these maxima correspond to (0 0 2), (1 0 2), (2 1 0), (2 1 1), (2 0 2), (1 3 0), (2 2 2), and (2 1 3)



Antibiotics 2021, 10, 160 4 of 19

diffraction planes of hydroxyapatite crystals with hexagonal lattice. The XRD analysis
confirms that hexagonal HAp represents the sole crystalline phase of the obtained powder.
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Figure 1. XRD pattern of hydroxyapatite (HAp) powder.

From SEM images in Figure 2a,b can be noticed that the HAp powdery sample con-
sists of sharp polyhedral aggregates constituted by individual needle-shaped nanosized
particles (width and length of tens and hundreds of nanometers, respectively). Similar
morphologies were reported for synthetic hydroxyapatite compared to natural-derived
HAp with preferential granular morphology [93,94]. The energy-dispersive X-ray spec-
troscopy (EDS) spectrum (Figure 2c) confirms the presence of typical elements for HAp:
Ca (~3.8 and ~4 keV), P (~2 keV), and O (~0.4 keV). The TEM micrograph from Figure 2d
provides intimate microstructural aspects of the HAp powder. One can observe that the
previously identified inorganic structures consist in aggregates of individual nanoparticles
with preferential plate and rod morphologies (length below 100 nm and width comprised
between 5 and 25 nm). This outcome is beneficial for hard tissue engineering applications
since the inorganic phase of human bone consists of carbonated apatite nanocrystals with
platelet shape (thickness of 1–2 nm, width of 10–80 nm, and length of 15–200 nm) [95,96].
The formation of hexagonal crystalline HAp was confirmed by the corresponding selected
area electron diffraction (SAED) pattern (data are not shown).

2.2. Physicochemical Investigation of HAp-Based Coatings

Being a laser processing technique, which implies high energy levels for material
transfer, compositional and microstructural studies are often required to experimentally
identify the optimal laser parameters for MAPLE transfer of both inorganic and organic
materials, in terms in functional groups integrity and preserved stoichiometry [97,98]. In
our case, comparative IR studies were performed on dropcast samples (corresponding to
initial materials) and MAPLE coatings obtained at different laser fluences. Complementary
infrared maps (with color variations directly related to absorbance intensity) and infrared
spectra (with values corresponding to different points on specimens) were recorded for
all experimental samples. The IR mapping of all HAp-based materials was performed by
monitoring characteristic stretching vibrations of phosphate function (~1100 cm−1) within
HAp and specific asymmetric and symmetric stretching vibrations of methylene group
(2920–2850 cm−1 wavenumber range) originating from organic compounds. We decided
to perform sequential IR analysis on Kanamycin-embedded HAp coatings (HAp/KAN,
Figure 3) and subsequent FGF2-loaded HAp coatings (HAp/KAN/FGF2, Figure 4).
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In the IR spectra of initial HAp/KAN material (Figure 3a3), absorption maxima
that originate from hydroxyapatite can be identified, such as stretching vibrations from
structural hydroxyl groups (~3530 cm−1), ν3 asymmetric stretching of PO4

3− (~1110, ~1080,
and ~1050 cm−1) and PO4

3− ν1 stretching (~990 and ~880 cm−1) [99–101]. The weaker peak
at ~3500 cm−1 may result from the overlapped stretch of OH− (hydroxyl groups bounded
in HAp and contained in the carboxylic units of KAN) and N–H (from IR doublet of KAN’s
primary amines) [102,103]. C–H group’s small-scaled vibrations, assigned to asymmetric
and symmetric vibrations of –CH2 from the antibiotic, are noticed at ~2920 and ~2850 cm−1.
Other IR maxima that confirm the presence of Kanamycin are identified at the following
wavenumbers: ~1760 cm−1 (strong stretch of carbonyl moiety), ~1520 cm−1 (overlapped
stretch of –COO− and bend of N–H moieties), and ~1450 cm−1 (overlapped stretching
vibrations of C=C and C–N) [104–106]. The phosphate maxima from 1100 to 1000 cm−1

wavenumber may also cover the C-O stretching and HSO4
− vibrations originating from

the antibiotic.
When compared to the initial composite, the lowest laser fluence (200 mJ/cm2) did

not affect the chemical integrity of HAp/KAN material (Figure 3b3). Slightly modified and
reduced IR maxima indicate an insufficient amount of transferred material, as confirmed by
the presence of predominant blue areas in the complimentary infrared maps (Figure 3b1,b2).
An increased transfer of HAp/KAN is noticed for the 400 mJ/cm2 fluence (Figure 3d1,d2).
However, in terms of efficient and uniform transfer of HAp/KAN material (Figure 3c1,c2)
and preserved chemical integrity (Figure 3c3), optimal results are evidenced by using the
middle laser fluence (300 mJ/cm2).
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Figure 3. IR maps assigned to the distribution of methylene (a1,b1,c1,d1) and phosphate (a2,b2,c2,d2) groups and IR spectra
of dropcast (a3) and HAp/KAN (Kanamycin) coatings obtained at 200 (b3), 300 (c3) and 400 (d3) mJ/cm2 laser fluences.

We identified the 300 mJ/cm2 laser fluence as the optimal choice for the MAPLE
transfer of uniform and stoichiometric binary coatings from previously discussed infrared
data. Therefore, we decided to use only this value to obtain ternary HAp/KAN/FGF2
coatings. The convenient use of this particular laser fluence for the successful and efficient
transfer of HAp/KAN/FGF2 composite materials is complementary supported by the IR
mapping (Figure 4b1,b2) and corresponding IR spectra (Figure 4b3).
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Figure 4. IR maps assigned to the distribution of phosphate (a1,b1) and methylene (a2,b2) groups and IR spectra of dropcast
(a3) and HAp/KAN/FGF2 (fibroblast growth factor 2) coatings obtained at 300 mJ/cm2 laser fluence (b3).

The absorbance maxima previously identified for synthetic apatite can also be no-
ticed in the IR spectra of initial and MAPLE processed HAp/KAN/FGF2 materials
(Figure 4a3,b3, respectively). Alongside, the infrared peaks identified in Figure 4b3 at
~3500 cm−1 (which may result from overlapped stretching of hydroxyl from HAp and N–H
from primary amines of organic compounds), ~2950 and ~2850 cm−1 (–CH2 vibrations
originating from KAN) and ~1460 cm−1 (stretching and bending vibrations of carbona-
ceous bonds from organic molecules), confirm the successful transfer of HAp/KAN/FGF2
composite materials.

Taking into account the above discussed IR data, all composite coatings considered
for subsequent SEM analysis, biological and microbiological evaluation were obtained by
using the 300 mJ/cm2 laser fluence during MAPLE processing.

As it can be seen in the SEM micrograph from Figure 5a, the selected laser fluence
enabled the unaltered and uniform distribution of small aggregates of HAp/KAN/FGF2
composite material onto the substrate. The presence of the sole antibiotic and growth factor
did not alter the needle-like morphology of initial HAp particles (data not shown). In
the case of HAp/KAN/FGF2 coatings, a distinctive rod-shaped morphology of particles
can be noticed, but also the presence of a wavy outer layer (derived from used organic
molecules) onto the surface of apatite nanoparticles (Figure 5b).

2.3. Biological Evaluation of HAp-Based Coatings

The biological behavior of medical graded titanium discs modified with HAp-based
coatings by MAPLE (performed at 300 mJ/cm2 laser fluence) was evaluated on MC3T3-E1
pre-osteoblast cells by using quantitative (MTT viability and NO cytotoxicity assays) and
qualitative (fluorescence microscopy) tests.
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In terms of prolonged and superior performance, the beneficial implication of FGF2-
containing biomaterials was reported in many studies [107,108]. For example, anodized
titanium implants coated with FGF-loaded poly(lactide-co-glycolide) nanoparticles ex-
hibited osteoinductive activity and significantly enhanced the integration of metallic im-
plants [109]. Further, multi-layered polylactide nanosheets loaded with FGF2 significantly
accelerated the regeneration process of severe femoral shaft fractures [110]. Moreover,
composite coatings of FGF2–apatite led to an augmented interface strength between bone
tissue and metallic device in external fixation titanium pins [111].

In our case, the MTT assay (Figure 6a) evidences that all proposed composite coatings
are suitable substrates to support the normal growth and proliferation of osteoblastic cells.
The metabolic activity of all HAp-coated samples was comparable with that of control
(uncoated Ti discs), with viability variations below 10%. Furthermore, Figure 6b shows that
the cellular growth on these surfaces did not induce NO release; its level being maintained
close to control values for all tested samples (NO release level of 97%, 102%, and 100% for
HAp/KAN, HAp/FGF2 and HAp/KAN/FGF2, respectively). Those results correlate very
well with previously discussed MTT results.
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The fluorescence micrographs from Figure 7 shows that MC3T3-E1 cells incubated
in the presence of HAp-based coatings for 24 h exhibited good adhesion and uniform
spreading onto the substrate. The cells also displayed normal morphology and charac-
teristic osteoblast-like phenotype (flattened structure, elongated actin filaments, multiple
cytoskeleton extensions, and prominent central nuclei).
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2.4. Microbiological Evaluation of HAp-Based Coatings

In addition to their intrinsic bioactivity, HAp-based coatings possess an impressive
potential for the immobilization or/and encapsulation of antimicrobial substances. En-
hanced anti-pathogenic effects were reported for HAp coatings that incorporate inorganic
structures, such as bismuth [112], cerium [113], copper [114], magnesium [115] ions, silver
ions and nanoparticles [116,117], zinc ions and nanoparticles [118,119]. Nano-textured Ti
surfaces coated with calcium phosphate and functionalized with antimicrobial peptides
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exhibited anti-biofilm and anti-fouling potential against Escherichia coli and Streptococcus
mutans bacteria [120]. HAp-based coatings loaded with Gentamicin showed significant in-
hibitory effects against Staphylococcus aureus [121,122] and Escherichia coli [123]. Composite
coatings of HAp and poly(lactide-co-glycolide) loaded with Ceftriaxone and Cefurox-
ime antibiotics significantly impaired Ti substrates’ contamination and colonization with
Escherichia coli [124].

KAN-embedded coatings’ ability to interfere with monospecific bacterial biofilms’
formation and development was assessed against opportunistic strains of S. aureus and Ps.
aeruginosa (Figure 8). Significant inhibitory effects are evidenced against both pathogens.
However, a more prominent action is noticed against the Gram-positive strain (Figure 8a).
When compared to control samples, the S. aureus biofilm development is reduced with
more than 3 (24 h), respectively 5 (48 h) orders of magnitude (logs). In Ps. aeruginosa
strain, the colony-forming units are reduced with maximum 1.5 logs, regardless of the
testing time (Figure 8b). Interestingly, the inhibitory effects exhibited by HAp/KAN and
HAp/KAN/FGF2 coatings are comparable and more pronounced at 48 h in both situations.
These results demonstrate that the proposed composite coatings are efficient against initial
contamination and biofilm formation, as well as on the maturation phase of microbial
biofilms. Moreover, given that the antimicrobial effect is maintained and even enhanced
after 48 h suggests that the obtained materials are stable and preserve their biological
properties for at least two days. This period of time is very important when investigating
biofilms since after less than 24 h in optimal conditions, biofilms are already mature, and
dispersion starts. Maintaining an excellent antimicrobial activity for at least 48 h could also
limit the dispersal of biofilms.
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Nanostructured coatings present numerous advantages as compared to classical anti-
biofilm approaches. The most important traits refer to the fact that nanomodified surfaces
could offer a prolonged and controlled release of the antimicrobial agent [125], are able
to inhibit initial microbial colonization [126] but also biofilm maturation, and offer a
long-lasting effect [127].

The obtained HAp-based nanocoatings proved prolonged biological activity, great
biocompatibility, and anti-biofilm efficiency, which are maintained for at least two days.
These properties recommend considering the proposed composites as efficient biomed-
ical materials to be used in various applications, such as hard tissue engineering, bone
and joint implants, dental medicine, and biocompatible and antimicrobial diagnosis de-
vices/coatings.

3. Materials and Methods
3.1. Materials

Sigma-Aldrich (Merck Group, Darmstadt, Germany) was the main provider of all
reagents used for the synthesis of composite coatings, such as calcium chloride (CaCl2), dis-
odium phosphate (Na2HPO4·2H2O), sodium hydroxide (NaOH), and dimethyl sulfoxide
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(DMSO). Kanamycin sulfate (KAN) and fibroblast growth factor (FGF2) were purchased
from the same source.

IR transparent silicon (Si) substrates (1 cm2 area), microscope glass slides (1 cm2 area)
and commercial graded 2 titanium discs were provided by a local supplier.

The reagents used for cellular assays, namely Dulbecco’s Modified Eagle’s Medium
(DMEM), Luria-Bertani (LB) medium, fetal bovine serum (FBS), phosphate buffer saline
(PBS), antibiotic mixture, paraformaldehyde (PFA), Triton-X, bovine serum albumin (BSA),
isopropanol, tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), Griess reagent, green-labeled phalloidin-fluorescein isothiocyanate (FITC) dye and
4′,6-diamidino-2-phenylindole (DAPI) stain, were also purchased from Sigma-Aldrich.

MC3T3-E1 mouse-derived osteoblastic cells (ATCC® CRL-2593), but also Staphy-
lococcus aureus (S. aureus, ATCC® 25923) and Pseudomonas aeruginosa (Ps. aeruginosa,
ATCC®27853) strains, were purchased from American Type Culture Collection (ATCC).

3.2. Synthesis Methods
3.2.1. Hydroxyapatite (HAp) Synthesis

A co-precipitation protocol was used to synthesize the HAp powdery sample. Calcium-
containing and phosphorous-containing aqueous solutions were obtained by dissolving
CaCl2 and Na2HPO4·2H2O in ultrapure water, respectively. The P-containing solution
was dropwise added to the Ca-containing solution, under continuous stirring, followed
by alkaline pH adjustment (by NaOH addition). The maturation process (12 h) occurred
overnight. The resulted milky solution was subjected to filtration, triple washing treatment,
and drying process.

3.2.2. HAp-Based Coatings Synthesis

Before surface modification by MAPLE processing, all substrates were subjected to a
triple cleaning treatment in the ultrasonic bath with acetone, ethanol, and deionized water.
The HAp-based materials were transferred on double side polished (1 0 0) Si substrates
for IR studies, and on glass substrates and titanium discs (12 mm diameter and 0.1 mm
thickness) for cellular assays, respectively.

A KrF* excimer laser source (λ = 248 nm, τFWHM = 25 ns), model COMPexPro 205
Lambda Physics from Coherent was employed for MAPLE experiments. For solid target
preparation, suspensions of HAp/KAN, HAp/FGF2, and HAp/KAN/FGF2 in DMSO (2%
concentration) were frozen at liquid nitrogen temperature. During laser processing, several
parameters were maintained constant, including substrate temperature and background
pressure (room temperature and 0.1 Pa, respectively), target to substrate distance (5 cm),
target rotation and laser repetition frequency (0.4 and 20 Hz, respectively), number of
applied laser pulses (90,000). The MAPLE coatings were obtained by irradiating the frozen
targets at different laser fluences, namely 200, 300, and 400 mJ/cm2.

3.3. Physicochemical Investigation
3.3.1. X-ray Diffraction (XRD)

The compositional identification and crystalline structure of the white powdery
sample were performed using an XRD-6000 diffractometer from Shimadzu (Duisburg,
Germany). The analysis was performed using the CuKα radiation (λ = 1.056 Å) of the
equipment, and the data were collected in the 20–50◦ range of 2θ diffraction angle.

3.3.2. Transmission Electron Microscopy (TEM)

The TEM analysis of HAp powder was made with a TecnaiTM G2 F30 S-TWIN high-
resolution transmission electron microscope equipped with a selected area electron diffrac-
tion (SAED) accessory, from FEI (Thermo Fischer Scientific, Waltham, MA, United States).
The instrument operated in the transmission mode (300 kV voltage), with point and line
resolutions of 2 Å and 1 Å, respectively.
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3.3.3. Infrared Microscopy (IRM)

The compositional analysis of HAp-based powder and coatings was performed using
a Nicolet iN10 MX Fourier transform (FT)-IR microscope from Thermo Fischer Scientific.
All scans were recorded in the 4000–600 cm−1 wavenumber range (4 cm−1 resolution), in
the reflection mode. The IR data were processed by using the OmincPicta 8.2 software
(Thermo Fischer Scientific).

3.3.4. Scanning Electron Microscopy (SEM)

SEM investigation was performed on pristine HAp powder, as well as on composite
coatings obtained by MAPLE. Before analysis, all samples were capped with a thin con-
ductive gold layer. The micrographs were recorded using the secondary electron beam
(30 keV) of an electronic microscope equipped with energy-dispersive X-ray spectroscopy
(EDS) accessory from FEI (Thermo Fischer Scientific).

3.4. Biocompatibility Evaluation

Complementary data on the biological behavior of HAp/KAN, HAp/FGF2 and
HAp/KAN/FGF2 coatings were obtained in the presence of MC3T3-E1 murine osteoblast
cultures. Before both quantitative and qualitative assays, the cells were cultured in DMEM
supplemented with 10% FBS and antibiotic mixture, at 37 ◦C, in a humid atmosphere with
5% CO2. All specimens, namely uncoated substrates (control) and substrates modified by
MAPLE processing, were sterilized by UV exposure for one hour before cellular assessment.

3.4.1. MTT Cell Viability Assay

To quantitatively evaluate viable cells, the MTT colorimetric test was used. This
method relies on the enzymatic reduction of the tetrazolium salt to its insoluble formazan,
which only occurs in metabolically active cells. MC3T3-E1 cells were seeded in the presence
of uncoated and MAPLE-coated substrates at 2 × 104 cells/cm2 cellular density. The
cellular density and incubation time used within this work were in agreement with similar
studies previously performed, being the proper choices for this kind of biocompatibility
tests [128–130].

The culture medium was removed after 24 h of standard incubation. It was replaced
with MTT solution (1 mg/mL) and followed by 4 h of incubation in dark conditions. The
water-insoluble formazan crystals were dissolved with isopropanol, and the optical density
of the resulted medium (directly related to the number of metabolically active cells) was
spectrophotometrically measured at 595 nm, using a FlexStation 3 multi-mode microplate
reader from Molecular Devices (California, United States).

3.4.2. Nitric Oxide (NO) Cell Cytotoxicity Assay

An adapted protocol was used to quantify nitric oxide (NO) concentration within the
culture medium previously collected after 24 h of incubation. This assay is based on the
colorimetric detection of an azo dye, which results by mixing culture supernatants with
Griess reagent, a stoichiometric solution (v/v) of 0.1% naphthylethylendiamine dihydrochlo-
ride and 1% sulphanilamide in 5% H3PO4. Being directly connected with inflammation
and apoptosis processes, increased levels of NO are related with cytotoxic effects. The
absorbance of as-obtained solutions was read at 550 nm using the FlexStation 3 multi-mode
microplate reader. The NO concentration was calculated from the NaNO2 standard curve.

3.4.3. Fluorescence Microscopy

Additional information on composite coatings’ biological behavior was provided by
fluorescence microscopy studies, which enable qualitative cellular analysis by simultaneous
visualization of the cytoskeleton (due to phalloidin’s stabilizing action to F-actin filaments)
and nuclei (due to increased affinity of DAPI stain for DNA structure). After standard
incubation for 24 h in the presence of control and coated samples, the culture medium was
removed. The cells were fixed for 20 min with 500 µL of 4% PFA solution (in PBS) and
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permeabilized for one hour with 500 µL of 0.1% Triton-X/1.2% BSA (in PBS). Following the
additional dark incubation of as-treated cells with phalloidin-FITC dye (20 µg/mL) and
DAPI (2 µg/mL), cells were triply washed with PBS and visualized under an Olympus
IX71 fluorescence microscope (Tokyo, Japan).

3.5. Microbiological Evaluation

One Gram-positive (S. aureus ATCC® 25923) and one Gram-negative (Ps. aeruginosa
ATCC® 27853) microbial model species with biomedical impact were used to assess KAN-
embedded composite coatings’ ability to interfere with microbial colonization and develop-
ment of bacterial biofilms. Prior to cellular tests, all samples (uncoated and MAPLE-coated
specimens) were sterilized by UV exposure for 20 min.

The as-treated specimens were individually placed in sterile 6 well plates (Nunc) with
2 mL of LB broth and inoculated with 20 µL of bacterial suspensions of 0.5 McFarland
standard densities (corresponding to 1.5× 108 CFU/mL). Following their incubation under
standard conditions for 24 and 48 h, the specimens were washed with sterile phosphate-
buffered saline (PBS), then transferred in sterile tubes containing 1 mL of fresh PBS, which
were vigorously vortexed for 30 s. The as-resulted bacterial suspensions (containing biofilm-
forming cells) were subjected to ten-fold serial dilution, and 10 µL of each dilution was
seeded in triplicate onto LB agar plates. After 20 h of additional incubation, the viable cell
count assay was performed to estimate the colony-forming units (CFU/mL) values. The
experiments were performed in triplicate and repeated on three separate occasions.

3.6. Statistical Analysis of Data

Biocompatibility and microbiological results were performed in triplicate (n = 3) and
analyzed using GraphPadIn Stat and Prism software by applying One-way Analysis of
Variance (ANOVA) test. Statistically significant data were considered for p < 0.05.

4. Conclusions

This study reports on a multifunctional composite coating based on hydroxyapatite
and bioactive molecules, such as antibiotics and growth factors. HAp/KAN/FGF2 coatings
successfully inhibited biofilm formation in vitro with no harmful effects on murine cells,
but with an excellent cell adherence and spreading on the as-modified surfaces. The
MAPLE processed thin coatings proved to be good candidates for the design of efficient
implants and surfaces, with a significant impact in hard tissue engineering applications.
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Insights on metal based dental implants and their interaction with the surrounding tissues. Curr. Top Med. Chem. 2015, 15,
1614–1621. [CrossRef]

36. Asensio, G.; Vázquez-Lasa, B.; Rojo, L. Achievements in the Topographic Design of Commercial Titanium Dental Implants:
Towards Anti-Peri-Implantitis. J. Clin. Med. 2019, 8, 1982. [CrossRef]

37. Graziani, G.; Boi, M.; Bianchi, M. A review on ionic substitutions in hydroxyapatite thin films: Towards complete biomimetism.
Coatings 2018, 8, 269. [CrossRef]

38. Su, Y.; Cockerill, I.; Zheng, Y.; Tang, L.; Qin, Y.-X.; Zhu, D. Biofunctionalization of metallic implants by calcium phosphate
coatings. Bioact. Mater. 2019, 4, 196–206. [CrossRef] [PubMed]

39. Geesink, R.G.T.; Manley, M.T. (Eds.) Hydroxyapatite Coatings in Orthopaedic Surgery; Raven Press: New York, NY, USA, 1993.
40. Yazdani, J.; Ahmadian, E.; Sharifi, S.; Shahi, S.; Dizaj, S.M. A short view on nanohydroxyapatite as coating of dental implants.

Biomed. Pharmacother. 2018, 105, 553–557. [CrossRef] [PubMed]
41. Dizaj, S.M.; Maleki, A.; Lotfipour, F.; Sharifi, S.; Rezaie, F.; Samiei, M. Porous hydroxyapatite-gelatin nanoscaffolds for bone and

teeth applications. Biointerface Res. Appl. Chem. 2018, 8, 3670–3673.
42. Sharifi, S.; Mokhtarpour, M.; Jahangiri, A.; Dehghanzadeh, S.; Maleki-Dizaj, S.; Shahi, S. Hydroxyapatite nanofibers as beneficial

nanomaterial in dental sciences. Biointerface Res. Appl. Chem. 2018, 8, 3695–3699.
43. Surmenev, R.A.; Surmeneva, M.A. A critical review of decades of research on calcium phosphate–based coatings: How far are we

from their widespread clinical application? Curr. Opin. Biomed. Eng. 2019, 10, 35–44. [CrossRef]
44. Dorozhkin, S.V. Calcium orthophosphates: Occurrence properties biomineralization pathological calcification and biomimetic

applications. Biomatter 2011, 1, 121–164. [CrossRef] [PubMed]
45. de Almeida Pires, L.C.; Capalbo da Silva, R.; Poli, P.P.; Esgalha, F.R.; Hadad, H.; Pitol Palin, L.; Piquera Santos, A.F.; Teixiera

Colombo, L.; Kawamata de Jesus, L.; Farnezi Bassi, A.P.; et al. Evaluation of Osteoconduction of a Synthetic Hydroxyapatite/β-
Tricalcium Phosphate Block Fixed in Rabbit Mandibles. Materials 2020, 13, 4902. [CrossRef]

46. Hofmann, A.; Gorbulev, S.; Guehring, T.; Schulz, A.P.; Schupfner, R.; Raschke, M.; Huber-Wagner, S.; Rommens, P.M. Autologous
Iliac Bone Graft Compared with Biphasic Hydroxyapatite and Calcium Sulfate Cement for the Treatment of Bone Defects in
Tibial Plateau Fractures: A Prospective, Randomized, Open-Label, Multicenter Study. J. Bone Jt. Surg. Am. 2020, 102, 179–193.
[CrossRef] [PubMed]

47. Crespi, R.; Capparé, P.; Romanos, G.E.; Mariani, E.; Benasciutti, E.; Gherlone, E. Corticocancellous porcine bone in the healing of
human extraction sockets: Combining histomorphometry with osteoblast gene expression profiles in vivo. Int. J. Oral Maxillofac.
Implant. 2011, 26, 866–872. [PubMed]

48. Crespi, R.; Capparè, P.; Gherlone, E. Comparison of magnesium-enriched hydroxyapatite and porcine bone in human extraction
socket healing: A histologic and histomorphometric evaluation. Int. J. Oral Maxillofac. Implants 2011, 26, 1057–1062. [PubMed]

49. Nam, J.W.; Khureltogtokh, S.; Choi, H.M.; Lee, A.R.; Park, Y.B.; Kim, H.J. Randomised controlled clinical trial of augmentation of
the alveolar ridge using recombinant human bone morphogenetic protein 2 with hydroxyapatite and bovine-derived xenografts:
Comparison of changes in volume. Br. J. Oral Maxillofac. Surg. 2017, 55, 822–829. [CrossRef]

50. Oh, J.-S.; Seo, Y.-S.; Lee, G.-J.; You, J.-S.; Kim, S.-G. A Comparative Study with Biphasic Calcium Phosphate to Deproteinized
Bovine Bone in Maxillary Sinus Augmentation: A Prospective Randomized and Controlled Clinical Trial. Int. J. Oral Maxillofac.
Implants 2019, 34, 233–242. [CrossRef]

http://doi.org/10.1111/cid.12809
http://doi.org/10.1111/cid.12740
http://www.ncbi.nlm.nih.gov/pubmed/30884111
http://doi.org/10.11607/prd.4116
http://doi.org/10.1111/j.1708-8208.2010.00313.x
http://www.ncbi.nlm.nih.gov/pubmed/20977614
http://www.ncbi.nlm.nih.gov/pubmed/23057028
http://doi.org/10.1111/j.1708-8208.2011.00348.x
http://www.ncbi.nlm.nih.gov/pubmed/21599829
http://doi.org/10.1155/2018/9430989
http://www.ncbi.nlm.nih.gov/pubmed/30050947
http://doi.org/10.1016/j.jallcom.2017.04.231
http://doi.org/10.1016/j.actbio.2019.05.045
http://doi.org/10.2174/1568026615666150414144033
http://doi.org/10.3390/jcm8111982
http://doi.org/10.3390/coatings8080269
http://doi.org/10.1016/j.bioactmat.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31193406
http://doi.org/10.1016/j.biopha.2018.06.013
http://www.ncbi.nlm.nih.gov/pubmed/29886376
http://doi.org/10.1016/j.cobme.2019.02.003
http://doi.org/10.4161/biom.18790
http://www.ncbi.nlm.nih.gov/pubmed/23507744
http://doi.org/10.3390/ma13214902
http://doi.org/10.2106/JBJS.19.00680
http://www.ncbi.nlm.nih.gov/pubmed/31809394
http://www.ncbi.nlm.nih.gov/pubmed/21841997
http://www.ncbi.nlm.nih.gov/pubmed/22010090
http://doi.org/10.1016/j.bjoms.2017.07.017
http://doi.org/10.11607/jomi.7116


Antibiotics 2021, 10, 160 16 of 19

51. Chen, F.-M.; Zhangm, M.; Wu, Z.-F. Toward delivery of multiple growth factors in tissue engineering. Biomaterials 2010, 31,
6279–6308. [CrossRef]

52. Ornitz, D.M.; Marie, P.J. Fibroblast growth factor signaling in skeletal development and disease. Genes Dev. 2015, 29, 1463–1486.
[CrossRef]

53. Coffin, J.D.; Homer-Bouthiette, C.; Hurley, M.M. Fibroblast Growth Factor 2 and Its Receptors in Bone Biology and Disease. J.
Endocr. Soc. 2018, 2, 657–671. [CrossRef]

54. Narayanan, A.; Srinaath, N.; Rohini, M.; Selvamurugan, N. Regulation of Runx2 by MicroRNAs in osteoblast differentiation. Life
Sci. 2019, 232, 116676. [CrossRef]

55. Gherlone, E.F.; Capparé, P.; Tecco, S.; Polizzi, E.; Pantaleo, G.; Gastaldi, G.; Grusovin, M.G. A Prospective Longitudinal Study on
Implant Prosthetic Rehabilitation in Controlled HIV-Positive Patients with 1-Year Follow-Up: The Role of CD4+ Level, Smoking
Habits, and Oral Hygiene. Clin. Implant Dent. Relat. Res. 2016, 18, 955–964. [CrossRef]

56. Gherlone, E.F.; Capparé, P.; Tecco, S.; Polizzi, E.; Pantaleo, G.; Gastaldi, G.; Grusovin, M.G. Implant Prosthetic Rehabilitation in
Controlled HIV-Positive Patients: A Prospective Longitudinal Study with 1-Year Follow-Up. Clin. Implant. Dent. Relat. Res. 2016,
18, 725–734. [CrossRef]

57. Miwa, S.; Shirai, T.; Yamamoto, N.; Hayashi, K.; Takeuchi, A.; Tada, K.; Kajino, Y.; Higuchi, T.; Abe, K.; Aiba, H.; et al. Risk factors
for surgical site infection after malignant bone tumor resection and reconstruction. BMC Cancer 2019, 19, 33. [CrossRef]

58. Arciola, C.R.; Campoccia, D.; Montanaro, L. Implant infections: Adhesion, biofilm formation and immune evasion. Nat. Rev.
Microbiol. 2018, 16, 397–409. [CrossRef]

59. Cheng, M.; Liang, J.; Zhang, Y.; Hu, L.; Gong, P.; Cai, R.; Zhang, L.; Zhang, H.; Ge, J.; Ji, Y.; et al. The bacteriophage EF-P29
efficiently protects against lethal vancomycin-resistant Enterococcus faecalis and alleviates gut microbiota imbalance in a murine
bacteremia model. Front. Microbiol. 2017, 8, 837. [CrossRef] [PubMed]

60. Spriano, S.; Yamaguchi, S.; Baino, F.; Ferraris, S. A critical review of multifunctional titanium surfaces: New frontiers for
improving osseointegration and host response, avoiding bacteria contamination. Acta Biomater. 2018, 79, 1–22. [CrossRef]

61. Podgoreanu, P.; Negrea, S.M.; Buia, R.; Delcaru, C.; Trusca, S.B.; Lazar, V.; Chifiriuc, M.C. Alternative strategies for fighting
multidrug resistant bacterial infections. Biointerface Res. Appl. Chem. 2019, 9, 3834–3841.

62. Bowen, W.H.; Burne, R.A.; Wu, H.; Koo, H. Oral Biofilms: Pathogens, Matrix, and Polymicrobial Interactions in Microenviron-
ments. Trends Microbiol. 2018, 26, 229–242. [CrossRef]

63. Vestby, L.K.; Grønseth, T.; Simm, R.; Nesse, L.L. Bacterial Biofilm and its Role in the Pathogenesis of Disease. Antibiotics 2020,
9, 59. [CrossRef]

64. Khatoon, Z.; McTiernan, C.D.; Suuronen, E.J.; Mah, T.-F.; Alarcona, E.I. Bacterial biofilm formation on implantable devices and
approaches to its treatment and prevention. Heliyon 2018, 4, e01067. [CrossRef]

65. Yuan, Z.; He, Y.; Lin, C.; Liu, P.; Cai, K. Antibacterial surface design of biomedical titanium materials for orthopedic applications.
J. Mater. Sci. Technol. 2021, 78, 51067. [CrossRef]

66. Buranapanitkit, B.; Srinilta, V.; Ingviga, N.; Oungbho, K.; Geater, A.; Ovatlarnporn, C. The efficacy of a hydroxyapatite composite
as a biodegradable antibiotic delivery system. Clin. Orthop. Relat. Res. 2004, 424, 244–252. [CrossRef]

67. Predoi, D.; Popa, C.L.; Chapon, P.; Groza, A.; Iconaru, S.L. Evaluation of the Antimicrobial Activity of Different Antibiotics
Enhanced with Silver-Doped Hydroxyapatite Thin Films. Materials 2016, 9, 778. [CrossRef]

68. Macha, I.J.; Ben-Nissan, B.; Santos, J.; Cazalbou, S.; Milthorpe, B. Hydroxyapatite/PLA biocomposite thin films for slow drug
delivery of antibiotics for the treatment of bone and implant-related infections. Key Eng. Mater. 2016, 696, 271–276. [CrossRef]

69. Zhang, X.; Zhang, Y.; Yates, M.Z. Hydroxyapatite Nanocrystal Deposited Titanium Dioxide Nanotubes Loaded with Antibiotics
for Combining Biocompatibility and Antibacterial Properties. Biomater. Soft Mater. 2018, 3, 1703–1709. [CrossRef]

70. Dorozhkin, S.V. Nanodimensional and nanocrystallineapatites and other calcium orthophosphates in biomedical engineering,
biology and medicine. Materials 2009, 2, 1975–2045. [CrossRef]

71. Choi, A.H.; Ben-Nissan, B. Calcium phosphate nano-coatings and nanocomposites, part I: Recent develop-ments and advance-
ments in tissue engineering and bioimaging. Nanomedicine 2015, 10, 2249–2261. [CrossRef]

72. Ben-Nissan, B.; Choi, A.H. Sol-gel production of bioactive nanocoatings for medical applications: Part I: Anintroduction.
Nanomedicine 2006, 1, 311–319. [CrossRef]

73. Gherasim, O.; Grumezescu, A.M.; Grumezescu, V.; Iordache, F.; Vasile, B.S.; Holban, A.M. Bioactive Surfaces of Polylactide and
Silver Nanoparticles for the Prevention of Microbial Contamination. Materials 2020, 13, 768. [CrossRef]

74. Grumezescu, V.; Negut, I.; Gherasim, O.; Birca, A.C.; Grumezescu, A.M.; Hudita, A.; Galateanu, B.; Costache, M.; Andronescu, E.;
Holban, A.M. Antimicrobial applications of MAPLE processed coatings based on PLGA and lincomycin functionalized magnetite
nanoparticles. Appl. Surf. Sci. 2019, 484, 587–599. [CrossRef]

75. Han, S.H.; Lee, J.; Lee, K.M.; Jin, Y.Z.; Yun, H.-S.; Hyun, G.; Kim, G.H.; Lee, J.H. Enhanced healing of rat calvarial defects with 3D
printed calcium-deficient hydroxyapatite/collagen/bone morphogenetic protein 2 scaffolds. J. Mech. Behav. Biomed. Mater. 2020,
108, 103782. [CrossRef]

76. Lee, D.; Wufuer, M.; Kim, I.; Choi, T.H.; Kim, B.J.; Jung, H.G.; Jeon, B.; Lee, G.; Jeon, O.H.; Chang, H.; et al. Sequential dual-drug
delivery of BMP-2 and alendronate from hydroxyapatite-collagen scaffolds for enhanced bone regeneration. Sci. Rep. 2021,
11, 746. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2010.04.053
http://doi.org/10.1101/gad.266551.115
http://doi.org/10.1210/js.2018-00105
http://doi.org/10.1016/j.lfs.2019.116676
http://doi.org/10.1111/cid.12370
http://doi.org/10.1111/cid.12353
http://doi.org/10.1186/s12885-019-5270-8
http://doi.org/10.1038/s41579-018-0019-y
http://doi.org/10.3389/fmicb.2017.00837
http://www.ncbi.nlm.nih.gov/pubmed/28536572
http://doi.org/10.1016/j.actbio.2018.08.013
http://doi.org/10.1016/j.tim.2017.09.008
http://doi.org/10.3390/antibiotics9020059
http://doi.org/10.1016/j.heliyon.2018.e01067
http://doi.org/10.1016/j.jmst.2020.10.066
http://doi.org/10.1097/01.blo.0000130268.27024.c1
http://doi.org/10.3390/ma9090778
http://doi.org/10.4028/www.scientific.net/KEM.696.271
http://doi.org/10.1557/adv.2018.114
http://doi.org/10.3390/ma2041975
http://doi.org/10.2217/nnm.15.57
http://doi.org/10.2217/17435889.1.3.311
http://doi.org/10.3390/ma13030768
http://doi.org/10.1016/j.apsusc.2019.04.112
http://doi.org/10.1016/j.jmbbm.2020.103782
http://doi.org/10.1038/s41598-020-80608-3


Antibiotics 2021, 10, 160 17 of 19

77. Pan, Y.; Zhao, Y.; Kuang, R.; Liu, H.; Sun, D.; Mao, T.; Jiang, K.; Yang, X.; Watanabe, N.; Mayo, K.H.; et al. Injectable hydrogel-
loaded nano-hydroxyapatite that improves bone regeneration and alveolar ridge promotion. Mater. Sci. Eng. C 2020, 116, 111158.
[CrossRef] [PubMed]

78. Bao, X.; Zhu, L.; Huang, X.; Tang, D.; He, D.; Shi, J.; Xu, G. 3D biomimetic artificial bone scaffolds with dual-cytokines
spatiotemporal delivery for large weight-bearing bone defect repair. Sci. Rep. 2017, 7, 7814. [CrossRef] [PubMed]

79. Mohammad, M.; Alibolandi, M.; Abnous, K.; Salmasi, Z.; Jaafari, M.R.; Ramezani, M. Fabrication of hybrid scaffold based on
hydroxyapatite-biodegradable nanofibers incorporated with liposomal formulation of BMP-2 peptide for bone tissue engineering.
Nanomed. Nanotech. Biol. Med. 2018, 14, 1987–1997. [CrossRef]

80. Godoy-Gallardo, M.; Portolés-Gil, N.; López-Periago, A.M.; Domingo, C.; Hosta-Rigau, L. Immobilization of BMP-2 and VEGF
within Multilayered Polydopamine-Coated Scaffolds and the Resulting Osteogenic and Angiogenic Synergy of Co-Cultured
Human Mesenchymal Stem Cells and Human Endothelial Progenitor Cells. Int. J. Molec. Sci. 2020, 21, 6418. [CrossRef] [PubMed]

81. Zhao, X.; Han, Y.; Li, J.; Cai, B.; Gao, H.; Feng, W.; Li, S.; Liu, J.; Li, D. BMP-2 immobilized PLGA/hydroxyapatite fibrous scaffold
via polydopamine stimulates osteoblast growth. Mater. Sci. Eng. C 2017, 78, 658–666. [CrossRef]

82. Wu, J.; Li, L.; Fu, C.; Yang, F.; Jiao, Z.; Shi, X.; Ito, Y.; Wang, Z.; Liu, Q.; Zhang, P. Micro-porous polyetheretherketone implants
decorated with BMP-2 via phosphorylated gelatin coating for enhancing cell adhesion and osteogenic differentiation. Colloid.
Surf. B 2018, 169, 233–241. [CrossRef]

83. Yun, Y.J.; Kim, H.-J.; Lee, D.-W.; Um, S.; Chun, H.J. Polydopamine-mediated surface modifications of poly l-lactic acid with
hydroxyapatite, heparin and bone morphogenetic protein-2 and their effects on osseointegration. J. Ind. Eng. Chem. 2018, 67,
244–254. [CrossRef]

84. Izquierdo-Barba, I.; Santos-Ruiz, L.; Becerra, J.; Feito, M.J.; Fernández-Villa, D.; Serrano, M.C.; Díaz-Güemes, I.; Fernández-Tomé,
B.; Enciso, S.; Sánchez-Margallo, F.M.; et al. Synergistic effect of Si-hydroxyapatite coating and VEGF adsorption on Ti6Al4V-ELI
scaffolds for bone regeneration in an osteoporotic bone environment. Acta Biomaterialia 2019, 83, 456–466. [CrossRef]
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