Surface & Coatings Technology 381 (2020) 125138

Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

Versatile bioactive and antibacterial coating system based on silica, R
gentamicin, and chitosan: Improving early stage performance of titanium  [%&
implants

J. Ballarre™"*, T. Aydemir”, L. Liverani®, J.A. Roether’, W.H. Goldmann, A.R. Boccaccini®**

Institute of Biomaterials, University Erlangen-Nuremberg, Cauerstrasse 6, 91058 Erlangen, Germany

Y Material's Science and Technology Research Institute (INTEMA), UNMdP-CONICET, Av. Colén 10850, Mar del Plata 7600, Argentina
¢ Institute of Polymer Materials, University Erlangen-Nuremberg, 91058 Erlangen, Germany

9 Department of Physics, Biophysics Group, University Erlangen-Nuremberg, 91052 Erlangen, Germany

ARTICLE INFO ABSTRACT

Keywords: The aim of this work is to develop and characterize a multifunctional and dual surface coating system for
Bioactive glass titanium orthopedic implants by applying two different cost-effective, scalable, and non-complex coating
Titanium

technologies (spray and electrophoretic deposition). The first deposit is formed by a sprayed hybrid sol-gel layer
combined with bioactive glass particles (45S5, BG), and the outer part of the dual coating consists of a chitosan-
gelatin/silica (Si) - antibiotic (gentamicin, Ge) composite layer applied by electrophoretic deposition. The ap-
plication of sol-gel enclosed BG drops onto the surface was done to enhance the bioactivity of the double-layered
surface coating system. After the BG is dissolved, thus generating a calcium-silicon rich medium, the re-de-
position of hydroxyl-carbonate apatite occurs. Regarding the antibacterial inhibition properties, antibacterial
activity to both strains used (S. aureus and E. coli) was obtained for the chitosan/gelatin/Si—Ge nanoparticle
coatings on titanium substrates, showing a large inhibition area around the samples. Both the bare Ti samples
and the coatings with chitosan/gelatin matrix did not successfully inhibit bacterial growth. As expected, the
presence of silica-based glasses and coatings based on amorphous silica enhanced cell viability. The deposition of
BG was done with the aim of extending the bioactive effect of the system, considering the presence of a porous
degradable organic layer deposited on top, which was shown to be partially degraded after 7 days. The sol gel
sprayed BG layer combined with chitosan/gelatin biopolymers filled with Si—Ge nanoparticles presents a sui-
table technology to generate bioactive and antibacterial surfaces to enhance Ti implant performance.

Silica-gentamicin nanoparticles
Electrophoretic deposition
Bioactivity

Antibacterial effect

1. Introduction implant-associated infections, which cannot be completely avoided or

prevented [4-6]. Such impairments lead to serious health con-

Stainless steel, titanium alloys, and cobalt-chrome alloys are the
preferred metals for permanent implants in orthopedic surgery since
they have excellent characteristics such as corrosion resistance, me-
chanical stability, fracture toughness as well as biocompatibility [1,2].
However, with the current innovations in medical technology and the
resulting increased life expectancy, there is a high demand for research
on alternative multi-functional biomaterials for implants [3]. The main
goal and the most important challenges of current research are to ex-
tend the lifetime of implants and eliminate problems that may limit
their life time, for example severe complications such as loosening or

sequences, e.g. subsequent surgical operations for the removal and/or
the revision of implants, which can in turn lead to new problems and
seriously compromise the quality of life of the patients representing an
unsatisfactory and expensive situation with negative socio-economic
impact.

Compared to stainless steel 316L, titanium alloys generally proved a
better tolerance for stress loading and fatigue [6]. As a reactive metal,
titanium is able to form a dense and stable oxide layer on its surface,
which provides biocompatibility and high resistance against corrosion.
Further, titanium is generally characterized by low thermal expansion
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and low weight [7]. In contrast to stainless steel 316L, the Young's
modulus of titanium (100-115 GPa) is more comparable with the one of
native bone, which reduces stress shielding effects [8,9].

Cemented and cementless prostheses are used in orthopedic surgery
and their relative advantages and drawbacks have been discussed based
on their relative cost, complexity of the surgical procedure, and post-
operative quality of life among others [10,11]. In this context, a second
challenge appears: the need to modify the implant surface to enhance
the osseointegration process when cement-less implants are used,
which should ultimately improve bone fixation and stabilization. Sig-
nificant research efforts have been made to optimize the bone implant
interface to accelerate bone healing and to improve bone anchorage;
coating of metallic implants by bioactive layers represents one of the
proposed approaches [12,13].

Organic-inorganic hybrid sol-gel-based materials have attracted the
attention from researchers in academy and industry due to the unusual
and favorable combination of their chemical and physical properties
[14,15]. Hybrids with the greatest potential for industrial applications
are derived from hydrolytic condensation products of functionalized
alkoxysilanes, pure or enriched with tetraethoxysilane (TEOS) [16,17].
For example, the final hybrid material consists of a slightly modified Si-
O-Si network with methyl- or ethyl-organic groups.

The spray-coating technology is a widely used method for several
surface deposition processes [18]. Generally, the process is based on
aerodynamics and speed impact dynamics. Sprayed particles are ac-
celerated at high velocity by a gas flow, reaching the substrate surface
and forming a coating due to impact deformations. This technique is
utilized, for example, for wear or fatigue resistance coatings, aesthetic
coatings, barrier or protective coatings, and sealing coatings [19,20].
Moreover, spray deposition is also used for biomedical surface mod-
ifications by the addition of various functionalizing materials [21,22].
In addition, it has several advantageous features, such as enabling
control over coating thickness, providing a homogeneous, continuous,
and crack-free layer, allowing an easy application on large areas, even
on complex geometries.

Even though a hybrid sol-gel coating can improve corrosive beha-
vior of metallic substrates, osseointegration cannot take place on sur-
faces, which are not bioactive (i.e. exhibiting bone bonding ability), and
therefore another strategy is required to induce strong bonding to bone
tissue. Biomaterials, and specially bioceramics, have been developed
and modified from being inert to bioactive [23]. Silicate glasses
(bioactive glasses) as materials for bone bonding were presented for the
first time by Hench in the late 1960s [24]. The first composition that
was confirmed to establish strong bonds to bone was labeled as 45S5
due to its silica content (45% wt.) [25]. As bioactive glasses (or glass-
ceramics) have the ability to bond with living tissues forming an apatite
layer, they represent an attractive group of materials for the develop-
ment of coatings on metallic implants for dental and orthopedic ap-
plications [26].

To avoid bacterial colonization, the use of several antibacterial
agents incorporated to coatings has been studied widely [27-32]. A
commonly used antibiotic is gentamicin, suitable to prevent implant-
related infections in a short time after surgery. The use of antibiotics is
controversial, since concentrations below the minimum inhibitory
concentration (MIC) for each species could generate antibiotic re-
sistance [33].

Since silica-based nanomaterials and their synthesis processes are
biocompatible, cost effective, easily to handle as well as scalable for
industrial purposes, they are good candidates for developing functional
coatings [34]. Depending on size and dose, they are also catalogued as
hydrophilic and non-toxic [35]. A further feature is that the degrada-
tion product (silicic acid) beneficially supports the formation of con-
nective tissues [32]. In the typical nanoparticle shape (spherical), silica
is investigated as a promising carrier system for drug delivery [36]. One
suggested use of this drug delivery system was presented by Wang et al.
[32], who reported the incorporation of gentamicin sulfate during the
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silica nanoparticle preparation for the development of an antibacterial
carrier for preventing infections in bone or dental implants.

Electrophoretic deposition (EPD) is a versatile processing method
suitable to produce coatings at room temperature, allowing the pro-
cessing of a broad spectrum of materials [37]. Fine powder or colloidal
suspensions of different materials including metals, polymers, ceramics,
glasses, and their composites can be deposited by EPD. By combining
electrophoresis and deposition, this technique offers many advantages,
being favorable for diverse bioactive coating systems [38,39]. EPD fa-
cilitates producing uniform, stable, mechanically resistant coatings of
variable thickness on different shaped substrates as well as on three-
dimensional complex and porous structures [40-42]. Many substances
and materials can be used for electrophoretic deposition of coatings for
orthopedic applications. Most of them include chitosan and/or gelatin
coating matrices, which were modified or enhanced differently to ob-
tain various coating features [39,43-47]. Chitosan, which is mainly
obtained by alkaline N-deacetylation of shrimp and crab shell chitin on
an industrial scale, is chemically stable, biocompatible, has good me-
chanical properties, promotes cell adhesion, and has good film-forming
properties [48]. Another important natural biopolymer is gelatin,
which finds application in a wide range of fields, for example, in the
medical, pharmaceutical, as well as food industry.

The aim of this work is to develop and characterize a multi-
functional and dual surface coating system for titanium orthopedic
implants by applying two different cost-effective, scalable, and non-
complex coating technologies, namely spray deposition and electro-
phoretic deposition. In this coating system, the first deposition layer
represents a sprayed hybrid sol-gel layer combined with bioactive glass
particles (45S5 BG), whereas the outer part of the dual coating consists
of a biopolymer/silica-antibiotic (gentamicin) composite layer applied
by EPD.

2. Materials and methods
2.1. Substrate and sprayed first coating

Rectangular specimens of 0.3 mm (thickness) X 25 mm X 15 mm of
commercially pure titanium (cpTi grade 2, ANKURO, Germany) were
used. The samples were polished with 600, 1000, and 1200 grit paper
and washed with isopropyl alcohol (VWR, Germany).

A first coating was applied to bare surfaces by the spray technique.
A sol-gel silica-based coating (TM) with 10% in weight of commercially
available BG particles (45s5 composition, Vitryxx®, Schott) of 4 um
mean particle size, was applied to create bioactive anchorage points on
the surface. The hybrid organic-inorganic sol to produce the TM coating
was prepared with tetraethoxysilane (TEOS, 99% Sigma Aldrich), and
methyltriethoxysilane (MTES, 98% Sigma Aldrich). The molar ratio of
the alkoxide was kept constant (TEOS/MTES = 40/60). The final silica
concentration was 180 g/L, and the amount of water was kept at a
stoichiometric ratio. The synthesis was performed by acidic catalysis
with nitric acid (65% w/w, Sigma). The suspension of the particles was
generated by vigorous stirring and immersion in an ultrasonic bath for
20 min.

The first layer of the dual surface coating system was realized by
using a double-action-trigger-type spray gun (Iwata neo TRN 2, ANEST
IWATA). For the deposition, the spray gun was connected to a com-
pressed air source at a pressure of 3 bar through the nozzle; the sub-
strates were fixed at a height of 23 cm and their distance to the spray
gun nozzle was 20 cm. While the flow rate (V) of the bioactive mixture
was determined as 19.5 ”?1, a double spray pass along the lateral
movement axis was chosen. With the impact of the sol-encased BG
particles on the substrate surface, a dropwise spread deposit was de-
veloped. Finally, the coatings were sintered at a temperature of 450 °C
for 30 min.

Further, commercial titanium screws (grade 2, Carper Mecanizados,
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Tandil SA, Argentina) of 15 mm length and 2 mm diameter were coated.
While the substrate was fixed centrically on the rotation element at a
height of 20 cm, its rotating speed was determined as 0.028%. With a

flow rate V of 19.5%, the screw was sprinkled with the bioactive mix-
ture (hybrid sol/Bioglass® composite) during 7 rotation cycles at 3 bar
operation pressure. The distance between the gun's nozzle and target
was set as 20 cm.

2.2. Synthesis of Silica-Gentamicin (Si—Ge) nanoparticles

The synthesis of gentamicin-loaded silica nanoparticles is based on
the Stober method. According to Wang et al. [32], 75 mL ethanol (VWR
International, 96%, Germany) was used together with 3.4 mL ammonia
solution (EMPROVE® Merck KGaA, 25%, Germany) for dissolving
20 mg gentamicin sulfate powder (Sigma Aldrich) under magnetic
stirring. Subsequently, 0.2 mL of tetraethoxysilane (TEOS, Sigma Al-
drich® 99%, Germany) was dropped into the solution during vigorous
stirring. After 1h, the stirring rate was lowered, and the mixture was
stirred at room temperature for another 24 h. Afterwards, the solution
was washed with distilled water four times, and centrifuged (6000 rpm,
at room temperature for 10 min). The supernatant was removed after
centrifugation. The powder product was finally obtained by freeze-
drying (Freeze Dryer Alpha 2-4 LSC plus, Christ, Germany). This con-
trolled experimental process enabled the incorporation of drug mole-
cules into silica nanoparticles during their growth [36].

2.3. Chitosan/gelatin/Si—Ge nanoparticles coatings by electrophoretic
deposition (EPD)

For EPD processes, a colloidal polyelectrolyte complex of chitosan
and gelatin was synthetized. Medium molecular weight chitosan (dea-
cetylation degree of 75-85%, Sigma Aldrich, Germany) was used. The
complete dissolution of 0.05g of chitosan in 20 mL de-ionised water
and 1 mL acetic acid (PROLABO® VWR International, 99-100%) was
achieved by magnetic stirring after 30 min. Then, to reduce adverse
hydrogen formation during EPD, which affects the homogeneity of the
coating [49], ethanol (EMSURE® Merck KGaA, 99% purity) was added
to reach a final concentration of 79% (v/v) and stirred at room tem-
perature for 24 h. The final chitosan solution (pH = 4) was stored in the
fridge at 4 °C. To obtain a gelatin solution, 0.1 g of gelatin type B (Sigma
Aldrich, Germany) was mixed into 20 mL of de-ionised water and 1 mL
of acetic acid at 45 °C for 1 h. After cooling down to room temperature,
79 mL of ethanol was added to the mixture. The completed suspension
(pH = 4) was stirred for another 20 min and then placed at 4 °C for
storage.

The separately prepared solutions of the biopolymers (chitosan and
gelatin) were mixed in equal amounts (1:1 ratio) using magnetic stir-
ring for 10 min. This resulted in a composition of 33 wt% chitosan and
67 wt% gelatin. After the mixture was completed, 2 g/L of gentamicin
loaded-silica nanoparticles (Si—Ge nanoparticles) were added to the
solution.

All EPD coatings were obtained by applying a direct current (DC)
with an EX735M Multi-Mode PSU 75V/150V 300W power supply
(Thurlby Thandar Instruments Ld., Germany). As the deposition sub-
strate, spray-coated Ti sheets were used. Planar sheets of AISI 316L
stainless steel plates (ThyssenKrupp AG, Germany) were used as
counter electrodes. Prior to the deposition process, the electrodes were
cleaned with isopropylic alcohol in an ultrasonic bath for 10 min. The
electrodes were installed vertically in parallel configuration and the
distance adjusted by 10 mm. The volume of the EPD cells was 40 mL.
The deposition process was conducted by applying a constant voltage of
15V for 3min at room temperature. After the coating process, the
samples were air-dried and stored in desiccators.

For coating the screw samples, they were positioned in the center of
a cylindrical 316L stainless steel counter electrode with a diameter of
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1.4mm (formed out of a 0.3 X 15 mm coil ISO 9445-1, ThyssenKrupp
AG). A conductive copper wire was used for the correct height adjust-
ment of the cathode by wrapping it around the screw shaft. It also
enabled the ongoing flow of electricity and induced the coatings pro-
cess. The distance between electrodes was 0.6 cm and the voltage ap-
plied was 15V for 3 min.

2.4. In vitro bioactivity characterization

Before the in vitro characterization tests of the coated samples were
performed, the adhesion of the systems was measured by the ASTM
D3359- B method. Therefore, on each coating surface down to the
substrate, a lattice pattern with two orthogonal cuts was made by using
a cross-hatch cutter (Model Elcometer 107). After the application of an
adhesive tape, it was peeled off manually at an angle of 60° to the
substrate surface. For assessment of the detachment's level a compar-
ison with the standard ASTM chart was accomplished. The visual results
were recorded by utilizing the M50 microscope (Leica).

The coated samples were analyzed in vitro by immersion in a solu-
tion that simulates the inorganic concentration of ions in human blood
plasma. The objective is to detect the possible formation of hydro-
xyapatite and to evaluate the degradation of the coatings [50]. Simu-
lated body fluid (SBF) solution was used as electrolyte in all the ex-
periments. SBF was prepared with the following chemical composition
[51,52]: NaCl (8.053 gL~ 1), KClI (0.224¢gL™ 1), CaCl, (0.278 gL~ 1),
MgCl,.6H,0  (0.305gL™%), K,HPO, (0.174gL™'), NaHCO;
(0.353g:L.™1), and (CH,OH); CNH, (6.057 gL.”1). 1 M HCl was added
to adjust the pH to 7.25 = 0.05. The samples were immersed in SBF for
1, 3, and 7 days, and sealed at 37 °C in a sterilized shaking incubator for
the determined time period.

In order to analyze in vitro bioactivity, Fourier Transformed Infrared
spectroscopy (FTIR) and X Ray Diffraction (XRD) tests were conducted
on previously immersed samples in SBF. FTIR (Shimadzu IRAffinity-1S,
Shimadzu Corp.) was used in order to analyze the chemical structure
and bonding of coatings. All data were obtained in transmittance mode
using 32 scans at a wavenumber in the range of 400-4000 cm ™' and a
resolution of 4 cm ™', For identifying crystallographic structures, an X-
Ray diffractometer (MiniFlex 600, Rigaku) was used with Cu-Ka ra-
diation at 40 kV and 15 mA. To eliminate the metal background, a XRD
pattern was obtained for each coating by scratching off. Measurements
were performed at standard conditions, applying a 2theta range from
20° to 50°, a step size of 0.02°, and a count rate of 4° per minute.
Scanning Electron Microscopy (Auriga ZEISS SNr. 4570, Cal Zeiss
Microscopy) with 1 keV electric beam power was used to investigate the
surface of the coated samples before and after SBF tests.

2.5. In vitro gentamicin release

The release of gentamicin from multi-component depositions for
both coating systems was defined and analyzed using an UV-VIS
Spectrometer (Specord40 by Analytik Jena). Employing the software
WIiInASPECT 2.5.8.0, the characteristic absorption peak for gentamicin
was detected at a wavelength of 400 nm. The UV/VIS spectrum of all
samples was measured between 300 and 700 nm in disposable cuvettes.
Every 0.5 nm, a measuring point was recorded at a speed of 102.

Gentamicin capability to absorb visible/ultraviolet light is limited.
In order to develop a notable peak of gentamicin, ninhydrin was used in
this experimental part as a derivatizing agent. Ninhydrin is a reagent,
which is usually utilized for qualitative identification of drugs con-
taining amino groups [53]. To prepare the ninhydrin stock-solution,
10 mg of solid ninhydrin (Sigma Aldrich™, Germany) was dissolved in
5 mL phosphate buffered saline (PBS) solution. The measurement was
carried out against a PBS-ninhydrin mixture as reference.

A calibration curve was created for calculating the individually re-
leased concentrations from each sample. For the measurement of the
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drug release, each coating condition was carried out in triplicate in
5mL of PBS (Sigma Aldrich™) and was incubated at 37 °C for 30 min,
1h, 2h, 4h, 8h, 24h, 48h, 5days, 8days, 14 days, and 21 days. At
each time-point, 1 mL of the sample solution was removed for analysis,
while the same amount was replaced by fresh PBS. 0.3 mL of a ninhy-
drin stock-solution was added to the aliquot and heated up to 95 °C in a
water bath for 15 min. After cooling down, the spectrometric scan was
performed. The samples were done in triplicate.

2.6. Antibacterial tests

Gram-positive Staphylococcus aureus and Gram-negative Escherichia
coli were used. The stock suspension of bacteria was prepared by sus-
pending a certain amount of known bacteria in 10 mL of sterile LB
medium (Luria/Miller medium, Carl Roth, Germany) and growing the
bacteria overnight in a shaker at 37 °C. The suspension was used and
diluted for each experiment to reach a concentration of bacteria of
0.015 at OD 600 nm (OD, optical density) measured in a spectro-
photometer Biophotometer Plus, (Eppendorf AG).

2.6.1. Halo inhibition tests

Antibacterial agar diffusion assays were carried out as follows: 20 uL
of the prepared suspension was deposited and spread homogenously
onto an agar (LB Agar (Lennox) Lab M Ltd.) petri dish. The samples
were placed onto the surface of the agar plates, and the culture was
incubated for 24 h at 37 °C. After the incubation time, the inhibition
zone around each sample was documented by a digital camera.

2.6.2. Turbidity measurements or antibacterial suspension effect

For turbidity measurements, each sample was analyzed in triplicate.
The sterilized samples (1 h under UV light) were placed in 24 multi-well
plates and filled with 2mL of LB-medium and the corresponding
amount of bacteria required reaching 0.015 OD 600 nm in each well
plate as explained above. The samples with the bacteria were incubated
at 37 °C. At given time-points (3, 6, 8, 24, 30, and 48 h) aliquots of
bacterial suspension of each well plate were withdrawn, and the var-
iation in optical density was measured.

2.7. Cell attachment and proliferation

Bone marrow-derived murine stromal cells (ST-2 cell line) (Leibniz-
Institute DSMZ — German Collection of Microorganisms and Cell
Cultures GmbH, Germany) were used to assess cell viability and mor-
phology on the substrate. All samples were placed in sterile 12 multi-
well plates and exposed to UV light for 1 h.

ST-2 cells were cultured in RPMI 1640 medium (Thermo Fisher
Scientific), supplemented with 10% fetal bovine serum (Lonza) and 1%
penicillin/streptomycin (Lonza) and incubated at 37 °C and 5% CO,.
The seeding on the substrate was performed by adding a drop of 100 pL
of cell suspension at an inoculum ratio of 1.5 x 10° cells/mL in the
center of the substrate, to avoid cell adhesion below the samples. The
samples were put in the incubator for 15 min after the deposition of the
drop, then 2 mL of RPMI medium was added to each well. To assess cell
viability, after 1day and 7 days of seeding, the WST-8 assay ((2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt), Sigma Aldrich, Germany) was per-
formed.

Fluorescence microscopy and SEM analysis were used to investigate
the morphology of the adherent cells on the substrate. The dyes, rho-
damine phalloidin and DAPI, (ThermoFisher Scientific) were used for
the staining of actin filaments and cell nuclei, respectively. The protocol
for staining contains an initial step of immersion of the samples in a
fixation solution containing 1,4-piperazinediethanesulfonic acid buffer,
ethylene glycol tetra-acetic acid, polyethylene glycol, paraformalde-
hyde, PBS, and sodium hydroxide (Sigma) and permeabilization buffer,
containing triton X-100, sucrose and PBS (Sigma Aldrich).
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Subsequently, rhodamine phalloidin and DAPI were added at con-
centrations of 8puL/mL and 1pL/mL to each well, respectively.
Fluorescence microscopy (Axio Scope Al, Zeiss) was used for the ana-
lysis. For SEM analysis, the samples were fixed using fixation solutions
containing glutaraldehyde, paraformaldehyde, sucrose, and sodium
cacodylate trihydrate (Sigma Aldrich, Germany); after the graded
ethanol series, the samples were sputtered with gold (Sputter Coater
Q150T, Quorum Technologies) and analyzed by SEM (Auriga ZEISS
SNr. 4570, Cal Zeiss Microscopy).

3. Results and discussion
3.1. Coating morphology

The spray coating technique is a versatile one that can be used for
non-conductive suspensions and substrates, but it has some dis-
advantages as the viscosity of the flow, the fillers of the solution, and
the difficulties to adapt the coating procedure to really complex figures.
EPD, in contrast, is a suitable technique for coating complex shapes due
to the applied electric field acting between the suspension and the
target. In a suspension of charged colloidal particles and with a con-
ductive substrate as deposition electrode, the current lines are homo-
geneous, and the colloids are attracted to the surface where they de-
posit. The aim to use both techniques is to obtain well-dispersed and
attached bioactive points (BG-sol gel sprayed first layer) and then to
cover the complete surface of the sample with a bioactive and anti-
bacterial layer, obtained by EPD.

As illustrated in Fig. 1, the sprayed, commercially pure titanium
substrates (from now on named as Ti) display a dropwise randomly
spread deposit of the sol-gel/BG solution (from now on named Ti-BG).
The area covered by bioactive glass particles was 5% (calculated by the
software Image J) [54]. The rest of the non-coated surfaces of the Ti
samples provides thus adequate electric conductivity for the subsequent
EPD coating step.

The coatings with chitosan and gelatin without Si—Ge nanoparticles
(from now on named Ti-BG-EPD) presented a relatively smooth and
uniform structure. From Fig. 2, the “nano” characteristic of the Si—Ge
particles are visible, which exhibit an average diameter of 200 nm.
When the composite coating is applied, the obtained surface shows
many differently shaped particles that are distributed over the entire
surface. At high magnifications, the chitosan and gelatin film with
Si—Ge nanoparticles (from now on Ti-BG-EPD SiGe) denotes agglom-
eration in some areas; but it can be observed that nanoparticles are
distributed over the complete surface of the coating (Fig. 2).

Through intermolecular interactions between the polyelectrolyte
complex of chitosan and gelatin (PEC) and the particles, a stable col-
loidal complex is formed. Silica nanoparticles in colloidal solutions are
negatively charged at the pH value of 4 [55]. Both, repulsive and at-
tractive interactions between molecules and charges of chitosan and
gelatine cannot be avoided [37,55-57]. According to Patel et al. [46],
these kinds of interactions between negatively charged components and
the chitosan/gelatin PEC are strong enough to allow particles to be
carried along with the PEC during the deposition procedure, because of
their high mobility. Agglomeration within a colloidal suspension leads
to particle sedimentation and provides instability. Moreover, high
viscosity prevents particle mobility due to strong interactions and im-
pairs as a result the suspension stability as well [58].

The estimated thickness measurement of the dual coatings was
performed by Scanning Electron Microscopy (SEM), see Fig. 2 (right).
The chitosan and gelatin EPD coatings on CP-Ti substrate possess a
thickness of 5.0 + 0.7 um and with the addition of silica-gentamicin
nanoparticles the thickness increased to 12 * 4 um.

The surface roughness is one of the crucial features of biomaterials
because it influences cell attachment and proliferation. The mean
roughness was measured for all coatings in different conditions. Since
titanium substrates were polished in a pre-treatment procedure, the
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Fig. 1. SEM micrographs of CP-Ti spray-coated samples with 400 X magnification and insert with 12,500 X .

effect of parallel polishing lines on roughness was also examined em-
ploying transversal measurements. Table 1 shows the typical roughness
parameters measured for the coatings and the bare CP-Ti substrate.
Since the substrate has been polished, the direction of the roughness
measurement could affect the results.

In both coating systems, the determined roughness values (R, and
R,) correlate positively with the addition of synthesized silica particles.
In comparison with bare substrates, a rapid increase of roughness va-
lues is clearly notable. Agglomerations of particles, already observed in
morphological examinations, possibly promoted this increase of un-
evenness. The smooth and uniform chitosan/gelatin film was char-
acterized by low roughness values. Indeed, the measured R, and R,
variables for the double layer coating are even lower than those for the
bare titanium substrate. These results indicate that the high roughness
of bare titanium, which is caused by polishing, is significantly

decreased via covering with the biopolymer film, and a more uniform
surface was provided.

The adhesion of the generated coatings was found to be almost
perfect, between 4B and 5B following the ASTM standards. Fig. 3 shows
the qualitative adhesion of the coatings after the test.

3.2. Wettability behavior

The wettability or contact angle of different biomaterials highly
affects protein and cell attachment. On the one hand, according to
Menzies and Jones [59], contact angles in the range 35°-80° are ben-
eficial for the adhesion of osteoblasts. On the other hand, a contact
angle of 55° is reported to provide optimal conditions for cell attach-
ment and its growth [60]. Furthermore, Bumgardner et al. [61] re-
ported that coatings based on chitosan are favorable for adhesion and

Fig. 2. Images of CP-Ti spray and EPD (chitosan/gelatin/SiGe) coated samples, generated by Scanning Electron Microscopy: (left) surface morphology; and (right)

estimation of coatings thickness.
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Table 1
Roughness results from double-layer titanium substrates.
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CP-titanium grade 2

Coating type Layer number Layer components Direction of measurement Ra [um] Rz [pum]
Bare substrate 0 - 0.42 = 0.01 23+ 0.1
Spray deposition 1 Bioactive sol 0.38 = 0.0 2.04 = 0.0
transversal 0.45 + 0.01 2.4 + 0.1
Spray deposition + EPD 2 Bioactive sol+ chitosan/gelatin 0.37 = 0.02 1.5 = 0.1
transversal 0.32 = 0.01 1.9 £ 0.2
Spray deposition + EPD 2 Bioactive sol + chitosan/gelatin/SGN 2.2 *+ 0.4 91
transversal 1.7 £ 0.8 6 1

Fig. 3. Images of adhesion tape test following the ASTM 3359-B method with 5 x magnification (A) EPD chitosan and gelatin coating and (B) EPD of chitosan, gelatin

and SiGe nanoparticles on cpTi- sol-gel drop BG substrates,

proliferation of osteoblasts, if the contact angle is around 60°.
Considering the results for the analyzed samples (Fig. 4), an increase
in the measured angle of the different coatings is evident. Since bare
titanium has a protective oxide layer on its surface, it is able to interact
effectively with water molecules (hydrogen bridge bonding) and im-
parts a hydrophilic character to the surface. The sprayed layer consists
of a sol containing bioactive particles, which is rich in silanols and
induces hydrophilic properties. However, the total amount of the spray-
deposited material (hybrid sol-gel and BG particles) is not enough to
further enhance the hydrophilicity of the samples to a higher extent,
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Fig. 4. Contact angle measurements with water drop test of the analyzed
samples: bare Ti, Ti with sol-gel BG drops, EPD chitosan and gelatin coating and
EPD chitosan/gelatin coating with SiGe nanoparticles.

Chit/gel

compared to the bare substrate. The highest calculated contact angle for
this coating system was found to be for the chitosan/gelatin/Si—Ge
nanoparticle coatings and could be explained with the orientation of
hydrophobic chain groups of both biopolymers on the surface: the in-
corporation of Si—Ge nanoparticles in the chitosan/gelatin matrix de-
creased the wettability of both coating systems. Nevertheless, the
contact angles are within the desired range for optimal cell attachment
and bone regeneration, reported to be around 55° as mentioned pre-
viously [60].

3.3. Coating bioactivity

The in vitro bioactive behavior of the coating systems was evaluated
after immersion in SBF solution for different periods of time. SEM in-
vestigation carried out after treatment in SBF indicated an apparent
slight degradation of the chitosan/gelatin matrix after 14 days of im-
mersion. This result is acceptable, since gelatin is known for its fast
degradation behavior at physiological temperature of 37 °C [62]. Fur-
thermore, in all coatings, needle-shaped apatite-like deposits were de-
tected after 7 days of immersion. From these deposits, globular nuclei of
“cauliflower-like” structure developed after 14 days of immersion in
SBF (Fig. 5). The application of sol-gel enclosed BG drops onto the
surface was done to enhance the bioactivity for the double-layered
surface coating system of titanium. After the BG is dissolved, thus
generating a calcium-silicon rich medium, the re-deposition of hydroxyl
carbonate apatite (HCAp) occurs. However, a largely bare titanium
surface area is present in the sprayed samples after immersion. Due to
Ti-OH groups, the titanium surface becomes (at a physiological pH
value of 7.4) negatively charged, which then leads to the attraction of
Ca®”" ions from the SBF solution. Subsequently, the nucleation for
apatite deposition is likely initiated by formed calcium titanates [63].
The present results show that, after the dissolution of the outer coating
part, the lower layer may provide a prolonged bioactivity to the tita-
nium substrates.
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Fig. 5. (Left) FTIR spectra of dual coatings with titanium substrates before and after the SBF immersion for 14 days. (Right) SEM Images of CP-Ti sprayed EPD
(chitosan/gelatin/SiGe NPs) coated samples after 14 days of immersion in SBF (a), 10,000 X ; (b), 22,600 X.

The degradation of the coatings and the presence of apatite-related
compounds were analyzed with FTIR, and results are also shown in
Fig. 5 (left). It is noticeable that the typical peaks of the main compo-
nents (gelatin, chitosan, BG), as reported in literature, are present
[64-66]. However, a minor shift to higher wavelength values can be
observed in the range of amine and carbonyl groups of the chitosan/
gelatin complex, which indicates the formation of new bonds or the
adsorption of water [67]. Since silica is abundant in all coating types,
the formation of calcium-phosphates is facilitated. The P—O stretching
peak is present at 1030 cm ™!, and the P—O bending vibration is visible
at 562 cm ™ !. Furthermore, C—O bending and stretching peaks were
detected at 852cm ™! and 1410 cm ™! [68]. Therefore, it can be con-
cluded that for this system the formation of HCAp has occurred after
14 days in SBF.

To confirm the presence of HCAp, XRD measurements were also
performed. The results are referred to the immersion period of 14 days,
and they are shown in Fig. 6. To eliminate the influence of the metal
background, XRD patterns were obtained for each coating by detaching
them from the substrate. Since the diffractogram was recorded for an
interval of 260 = 20° to 50°, chitosan and gelatin are not detected, since
their peaks appear approximately at 20 = 10° and 20 = 20° [69]. In the
analyzed coatings, characteristic peaks for HCAp around 260 = 23° and
20 = 32.2°, 26 = 33.3° and 26 = 26.4° were observed. By the measured
XRD patterns, it is apparent that all coatings show a high affinity to
form HCAp upon immersion in SBF. Although degradation of the
coatings was observed after 7 days of immersion, the residual coating
areas are sufficiently large to induce the formation of HCAp at longer
incubation times. This might be explained by the fact that the dual-
coated system possess the first sprayed layer, which provides a pro-
longed bioactivity.

3.4. Antibacterial effect

As carriers for the antibacterial agent, silica nanoparticles were
selected. Such nanoparticles are suitable to promote a controlled drug

release simultaneously to their decomposition [36]. Therefore, the
system maintains the release of antibiotics at the target area over a
certain period of time, which correlates with the period of decay of the
carrier. In this way, possible bacterial infections could be prevented.
The drug release kinetics was studied using gentamicin as a model drug.
The cumulative gentamicin release curve obtained for the antibacterial
coating is reported in Fig. 7.

As reported by Zhang et al. [47], the drug release of nanohybrids is
driven by a diffusion-controlled mechanism, in which the radial gen-
tamicin concentration inside the particle causes a gradient and hence
becomes the driving force for its own release. Subsequently, the release
is affected by the decay of the SiO, carrier. In the context of the de-
veloped coatings in this project, the discharge of the antibacterial agent
(which is incorporated in SiO, carriers) is considered to proceed in
three steps. Accordingly, an initial burst release within the first day
should be followed by a slower release rate in the next days. Then, the
limit of overall drug release should be attained with the total de-
gradation of the coating [41,67]. During the initial 24 h, the drug re-
lease follows a diffusion mechanism, which is based on a direct pro-
portionality to the concentration gradient of gentamicin that is
incorporated in the silica carriers. The kinetics of release is supported
by a combination of progressive degradation/decomposition (referring
to both the coating and silica particle) and diffusion mechanisms
[36,41,67]. Therefore, almost 75% of drug release was achieved for
both coating systems after eight days. Finally, after this time point, a
very slow drug release is observable, which relates to the already ex-
tensive degradation of the chitosan/gelatin matrix.

By direct contact to agar medium, the inhibition capability of the
produced coatings to different gram-bacteria was investigated (Fig. 8).
The zones of antibacterial activity against gram-positive (Staphylococcus
aureus) and gram-negative (Escherichia coli) bacteria were determined
by using the image processing software ImageJ. The following results
showed that the bacterial activity of both strains is counteracted by the
chitosan/gelatin/Si—Ge nanoparticle coatings on titanium substrates.
In comparison with the large inhibition area created for gram (+) and
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Fig. 6. XRD spectra of dual coatings after SBF immersion for 14 days. The relevant peaks are discussed in the text.

for gram (—) bacteria (8.13 cm? and 13.67 cm?, respectively), both the
bare Ti samples and the coatings with chitosan/gelatin matrix did not
successfully inhibit of bacterial growth, even if, as reported in the lit-
erature, chitosan might possess antibacterial properties [40,70]. The
low concentration (0.5 g/L) of chitosan in the coatings might play a role
in the results.

Turbidity measurements were carried out as an indirect method to
analyze the antibacterial effect of the fabricated coatings. Due to the
release of gentamicin and its counteraction capability in a bacterial
suspension, changes in optical density of the bacteria suspension occur,
which were determined at different time points (Fig. 9).

Starting at a bacteria concentration of 0.015 ODggonm, the bacterial
growth of both strains was impaired, which is likely through the release
of gentamicin from the coated samples. Such coatings are effective
against gram-negative (E.coli) as well as against gram-positive (S.
aureus) bacteria. The measured concentration of Staphylococcus aureus
in the chitosan/gelatin/Si—Ge nanoparticles coating sample was nearly
constant during the period of 25h, slightly different from Escherichia

120

cumulative Release (%]

coli concentration, which was constant for 8 h of incubation.

For gram-negative bacteria, there is also an increase in bacterial
growth after 10 h of incubation, but this is later followed by a decrease
of growth. In general, the results of the turbidity test support and
confirm that the coated system exhibits antibacterial properties at the
early stages of bacterial growth. Since the incubation of all samples was
over a period of one day, these results are also in agreement with the
results of the drug release tests and support the spectrometrically de-
termined initial release of around 40% of gentamicin within 24 h.

3.5. Cell biology characterization

The cell viability was measured by using the WST-8 assay after
1 day and 7 days for all coatings. It is noticeable that the four groups of
analyzed samples (bare CP-Ti, sol-gel BG drops on CP-Ti, chitosan/ge-
latin coated CP-Ti and chitosan/gelatin/Si—Ge nanoparticles coated CP-
Ti) support the proliferation of bone marrow-derived murine stromal
cells (ST-2 cells) (Fig. 10) after 7 days of incubation. As expected, the

150 200 250

Time [h]

Fig. 7. Cumulative release plot vs time for the dual coatings of titanium substrates after immersion in PBS. The tests were done in triplicate.
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Fig. 8. Antibacterial inhibition halo tests for Ti (A), Ti-EPD coating (B) and Ti EPD coating with SiGe samples (C). (Left) gram (—), (Right) gram (+) bacteria.
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Fig. 9. Optical density wit SD of bacteria measured vs time for the EPD-SiGe
(called TiGe) coatings and the bare Ti (called control), both gram (—) and (+)
bacteria. The tests were performed three times for each condition and each
time-point.

presence of silica-based glasses and coatings with amorphous silica on
their compositions enhanced cell viability [71-73]. In addition to the
spray-deposited BG on CP-Ti samples, the bare CP-Ti seems to promote
growth and proliferation of cells for the two time periods measured. It is
known that the oxide-layer on titanium has a beneficial influence on
cell adhesion [74], what is thought to occur in the bare titanium
samples studied here. Also the topography created by polishing the
surface generates and promotes cell adhesion and later proliferation
[75]. The deposition of BG was done with the aim of extending the
bioactive effect of the system for longer periods of time, considering the
porous degradable organic layer deposited on top, which was shown to
be partially degraded after 7 days.

The results regarding surface roughness showed that the highly
rough samples (bare and sprayed titanium) could enable the same rate
of cell activity on the first day, which was provided by the chitosan/
gelatin matrix on titanium only after seven days. The smooth and even
surface topology of chitosan/gelatin films without SiGe nanoparticles
might have affected cell adhesion and proliferation at both times ana-
lyzed. In fact, both polymers are known for their beneficial properties
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Fig. 10. Cell viability after 1day (blue) and 7 days (green) for CP-Ti coated
samples. Cells seeded in the well without sample were used as control. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

regarding cell attachment. In particular, gelatin contains distinct amino
acids such as glycine, which can modulate cell adhesion [76]. Since the
mobility of chitosan is higher than that of the gelatin during the de-
position, the amount of deposited gelatin might be lower or covered by
chitosan, so that amino acids, which should promote cell adhesion, are
only partially available [77]. The degradation behavior of the coating
might also be a reason for this low proliferation rate of cells.

Unlike the WST-8 assay, fluorescence microscopy images of the cell
attachment and proliferation (Fig. 11) show that cells were well at-
tached to the chitosan/gelatin films and could proliferate in the given
incubation period of 7 days, as shown by Ma et al. [78] and Jiang et al.
[77]. The distribution of the adherent cells on the coatings could be
evaluated by fluorescence microscopy, which showed that the cell nu-
clei, stained in blue, were homogenously dispersed, as reported in
Fig. 11. Additionally, the SEM images of the same samples illustrate the
wide-spread and proliferated ST-2 cells on the coated substrates
(Fig. 12). Based on the fluorescence microscopy observations, it can be
stated that cell attachment and proliferation on the coating surfaces
occurred in a period of 7 days, possibly without hindrance. On the first
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day of attachment, more elongated cells are frequent, following the
polished roughness of the substrate [79], as also observed in Fig. 12(a),
(c) and (e). Once settled on the rough surface, the cells grew during
7 days by wide spreading over large areas. As the morphological,
physical, and chemical properties of the implant surfaces play a deci-
sive role in cell adhesion and proliferation, all these features have to be
taken into account when bioactivity of an implant is analyzed [80]. In
this case, the surface roughness of CP-Ti samples, BG and silica coatings
bioactivity, chitosan-gelatin chemistry and the generated hydrophilicity
of the EPD coatings, are a suitable environment for cellular activity.
The use of silica-loaded nanoparticles in health care applications is
becoming increasingly popular [81] due to their versatility and
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Fig. 11. Fluorescence microscopy images of the CP-
Ti samples after 1 and 7 days of cell culture with SP-2
cells. (a) bare CP-Ti, 1 day; (b) bare CP-Ti, 7 days; (c)
CP-Ti sprayed BG, 1day; (d) CP-Ti sprayed BG,
7 days; (e) CP-Ti dual spray EPD coating with SiGe
NPs, 1day; (f) CP-Ti dual-spray EPD coating with
SiGe NPs, 7 days. Blue is the nucleus (DAPI staining);
red the actin cytoskeleton (Phalloidin). (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)

100 pm

potential benefits. Pishbin et al. [67] reported the non-toxicity effect of
gentamicin towards osteoblast-like human osteosarcoma cells (MG-63),
and Mosselhy et al. [82] reported recently that the mortality rate of
Zebra fish embryos exposed to silica-gentamicin nanohybrids did not
increase. The present results show that no toxicity is generated by the
Ti-coated samples, with and without Si—Ge nanoparticles; there is even
an enhancement of cell response in terms of attachment and pro-
liferation in the samples with chitosan/gelatin and SiGe nanoparticles,
compared with the coatings containing only chitosan and gelatin.
Nevertheless, more investigations are needed to evaluate potential ad-
verse effects related to long-term gentamicin release on cell adhesion
and proliferation, and to assess silica-gentamicin nanoparticle

Fig. 12. Scanning Electron Microscopy images of the CP-Ti coated samples after 7 days of cell culture with SP-2 cells. (a) CP-Ti sprayed BG; (b) CP-Ti dual spray EPD

coating with SiGe NPs.
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Fig. 13. Scanning Electron Microscopy images of the CP-Ti screws coated with the bilayer system: sol-gel BG spray drops and EPD chitosan/gelatin/SiGe nano-

particles. (a) 138 x and (b) 1000 X magnification.

migration over longer periods of time, as well as the mechanism of drug
release and silica release.

To illustrate the simple and versatile approach introduced in this
study, surgical dental screws were functionalized with the bilayer
system. Fig. 13 shows 14 mm length titanium dental screws coated with
silica-based sol-gel and BG particles incorporating a chitosan/gelatin/
SiGe nanoparticle second layer by EPD. The same coating techniques
were applied to obtain a uniform system, noticing the homogeneous
distribution of SiGe nanoparticles over the surface.

4. Conclusions

This work presented a new coating approach for the prevention of
implant-associated infections involving a biodegradable drug-delivery
nanoparticulate system combined with high bioactivity components to
induce osseointegration. The simple and versatile coating technique is
based on two cost-effective and scalable coating procedures (spraying
and electrophoretic deposition) that can be applied to planar and non-
symmetric geometries (e.g surgical screws). The sol-gel sprayed BG
layer combined with electrophoretic deposited chitosan/gelatin/SiGe
nanoparticles presents a suitable approach to generate bioactive and
antibacterial surfaces. Further investigations are needed to evaluate
potential adverse long-term effects related to gentamicin release on cell
adhesion and proliferation.
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