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ABSTRACT

This paper describes a promising electrophoretic deposition (EPD) approach for developing
composite coatings based on chitosan with the additional components of hydroxyapatite,
graphene, and gentamicin on titanium substrate. Bioactive properties were investigated
in vitro by immersing the coatings in simulated body fluid (SBF) at 37 °C. The newly formed
biomimetic layer on the top of the deposited chitosan-based coatings on Ti was confirmed
by X-ray diffraction, Fourier transform infrared spectroscopy, field emission scanning
electron microscopy and electrochemical measurements, while coatings' bioactivity was
proved by alkaline phosphatase activity assay in MRC-5 and 1929 tested cell lines. The
biocompatibility towards MRC-5 and L929 cell lines was investigated by dye exclusion test
(DET) implying the non-cytotoxic effect of coatings. Gentamicin release studies were
monitored during 21-day by high-performance liquid chromatography coupled with mass
spectrometry, indicating rapid release of gentamicin (=40%) in the first 48 h and more than
60% after 14 days.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

bone implants, osseointegration ability is the primary
requirement, besides functionality, that needs to be met.
Moreover, bone implant materials are expected to be

Osseointegration can be defined as the formation of a direct

biocompatible and non-toxic, i.e., not to provoke strong im-

structural and functional bond between the bone implant and
the surrounding living tissue, inducing the growth of a new
bone-like layer on the implant surface [1]. When designing

mune reactions, for example, a “foreign-body” response [2].
The latest research papers have been devoted to devising new
approaches for obtaining novel, as well as to the improvement
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of existing bone implant materials [3—6]. For the development
of medical implants aimed for applications such as bone fix-
ation, dental reconstruction surgery, join replacement, stents,
etc., titanium and titanium-based alloys are most often the
materials of choice, thanks to their high strength, excellent
corrosion resistance properties, ductility and toughness [7,8].
On the other side, titanium and its alloys, as inert metals, have
biologically “passive” surface without bioactive or antibacte-
rial properties [9,10].The high risk of bacterial infections dur-
ing or after prosthetic interventions is another major threat,
so it is very important to achieve the desired antibacterial
activity of implanted material.

Various factors, such as infections, inflammation, stress
shielding, can lead to implant failure. As it is reported in the
literature [7], uncoated metal implants could even lead to
rejection of implant due to bacterial colonization. There is a
very large number of scientific papers dealing with the metal
implants' surface modification, proving the efficiency in
reduction of bacterial adhesion, inhibition of biofilm forma-
tion, and improving the bioactivity of the implants [11—-13].

It is crucial for bone implant materials to be bioactive, that
is to induce osteoblast adherence, growth, and proliferation
on implant surface (osteoconductivity) and differentiation of
immature cells ie. osteoprogenitor cells into osteoblasts
(osteoinductivity) and to possess appropriate mechanical
properties. Based on the specified risks, the modification of
the implant surface is necessary, in order to improve its
biomedical application. Implant surface can be modified by
different types of coatings using various techniques such as:
thermal spray method [14], plasma spray technique [15], ion-
beam deposition [16], pulsed-laser deposition [17,18], laser-
induced hydrothermal synthesis [19], RF magnetron sputter-
ing [20], micro-arc oxidation [21], using nanotubular surfaces
[22—-25], sol—gel [26,27], biomimetic process [28], and electro-
phoretic deposition [29—32].

Frequently-used electrophoretic deposition (EPD) tech-
nique represents a promising tool for coating the metal
implant surface i.e. for combining antibacterial, bioactive
properties of different materials with the mechanical stability
of the metal substrate. This approach facilitates the much-
needed biocompatible implant coating, avoiding the harmful
ions release and scar tissue appearance. Moreover, EPD has
stood out as a prospective “green” technique that allows the
fabrication of composite coatings at room temperature,
without the use of toxic chemicals [33].

The mineral phase in natural bones is hydroxyapatite
(HAP), so called “bone apatite”. Synthetic hydroxyapatite,
being biocompatible and bioactive with high osteoinductive
potential is the material of choice for implants' surface
modification with the aim to improve the body acceptance of
implants [34,35].

Considering the adhesive and antibacterial properties, the
addition of natural polymers such as chitosan (CS) emerged as
a promising tool for developing improved composite materials
[36]. Innate antibacterial properties, biodegradability, superior
adhesive properties, high biocompatibility, and promotion of
cell differentiation and growth, classified CS as a valuable
component of different composite biomaterials [37—-39].
Furthermore, CS was shown to be an effective vehicle for the
delivery of drugs and therapeutically active molecules that

improves the antibacterial performance of composite mate-
rials [38,40]. Hydroxyapatite (HAP) is a widely used biomate-
rial, characterized by high biocompatibility and bioactivity but
having poor mechanical, adhesive, and antibacterial proper-
ties, which can be easily supplemented by forming compos-
ites with different materials [35]. Combining the bioactive
nature of HAP with desirable antibacterial and adhesive CS
properties can allow the formation of composite biomaterials
of improved biological performances [41—44]. Graphene
addition to the ceramic/polymer matrix would improve on
composites bioactivity and aid coatings structure to serve as
drug carrier [45]. Recently, Fardi et al. [46] demonstrated that
the addition of as little as 1 wt% graphene oxide to HAP
coating contributed to the improved coating's crack and
corrosion resistance, and immensely improved on adhesion
strength of thus formed composite [46].

The “pressing” issue when load-bearing implants are used
is the bacterial infections treatment and biofilm prevention.
Gentamicin (Gent) is a proven highly-efficient antibiotic in the
treatment of prosthetic infections caused by different bacteria
and was thoroughly investigated as part of bone implant
materials [29,30,47—49].

This study has focused on the in vitro investigation of the
bioactivity of HAP/CS/Gr and HAP/CS/Gr/Gent coatings elec-
trophoretically deposited on the Ti substrate, their cytotox-
icity and gentamicin release study.

2. Experimental
2.1.  Materials

Bare titanium foils (15 mm x 10 mm x 0.25 mm, 99.7%,
Sigma—Aldrich, USA) were used as substrates for the electro-
phoretic deposition process. Starting suspensions for the EPD
bath contained hydroxyapatite powder (particles <200 nm),
chitosan (medium molecular weight 190-310 kDa, 75-85%
deacetylation degree), pure graphene nanopowder (99.2%,
nanoflakes), and gentamicin sulfate solution (50 mg/mL in
dH,0) — all purchased from Sigma—Aldrich, USA. Before EPD
was performed, Ti foils were mechanically polished and ultra-
sonicated for 15 min in acetone followed by 5 min in ethanol. Ti
foils were cut to dimensions 30 mm x 20 mm x 0.25 mm for
electrochemical measurements,and 10 mm x 10 mm x 0.25 mm
for gentamicin release studies. Gentamicin release measure-
ments were performed using solvents that were HPLC grade (J.T.
Baker, USA or Sigma—Aldrich, USA). GenPure ultrapure water
system (TKA, Germany) was utilized for obtaining deionized
from distilled water.

2.2. Electrophoretic deposition

HAP/CS/Gr aqueous suspension was prepared as follows: 1 wt
% HAP powder was added in 0.05 wt% CS previously dissolved
in 1% acetic acid solution, followed by addition of 0.01 wt% Gr
under vigorous stirring; for HAP/CS/Gr/Gent aqueous sus-
pension 0.1 wt% of gentamicin sulfate was added to the pre-
viously prepared HAP/CS/Gr suspension [29]. Both
suspensions' pH values were measured to be 4.4. Electro-
chemical cell for deposition of HAP/CS/Gr and HAP/CS/Gr/
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Gent coatings consisted of Ti foil serving as a working elec-
trode (cathode) placed between two platinum panels (anodes)
at an equal distance of 1.5 cm to ensure obtaining uniform
coating on both sides of Ti plate. EPD was performed at a
constant voltage of 5 V, and for deposition time of 12 min as a
cataphoretic deposition process [29]. Further, deposited coat-
ings were left to dry at room temperature for 24 h. The sample
thicknesses were 3.0 + 1.5 um and 3.2 + 0.9 um for HAP/CS/Gr
and HAP/CS/Gr/Gent coating, respectively.

2.3. FT-IR, XRD and FE-SEM

HAP/CS/Gr and HAP/CS/Gr/Gent coatings were immersed in
the simulated body fluid (SBF) solution at 37 °C and pH = 7.4.
The SBF solution was prepared by dissolving the reagent-
grade salts: NaCl (7.996 g L), NaHCO; (0.350 g L™%), KCl
(0.224 g LY, K,HPO,3H,0 (0.228 g L%, MgCl,-2H,0
(0.305 g L7, CaCl, (0.278 g L™1) and Na,SO, (0.071 g L% in
deionized water and buffered in tris(hydroxymethyl)amino-
methane (6.057 g L™%). pH was adjusted to 7.40 using 1 M hy-
drochloric acid (40 mL), at 37 °C [50].

After exposure to the SBF solution, coatings were taken
out, dried at room temperature, and characterized using
various techniques. Fourier transform infrared spectroscopy
(FTIR), operating in ATR mode with a Nicolet IS-50 spectro-
photometer (Thermo Fisher Scientific, USA, 400—4000 cm™*
range, 4 cm™* spectral resolution) was employed to investigate
the chemical bonding between components in composite
coatings. Powder diffractometer Philips PW 1710 (Philips,
Netherland) was utilized for X-ray diffraction analysis (XRD).
The diffractometer was equipped with Ni-filtered Cu Ka ra-
diation (A = 1.5418 A) and diffraction intensity was recorded at
room temperature, between 4 and 70°, 0.05° step. Phase
analysis was performed by PowderCell software. Field-
emission scanning electron microscopy (FE-SEM) was per-
formed in combined SE-BSE mode using LEO SUPRA 55
equipped with an In-Lens detector (Carl Zeiss AG, Germany)
operating at 10 kV voltage acceleration.

2.4. Electrochemical measurements

Electrochemical characteristics of HAP/CS/Gr and HAP/CS/Gr/
Gent coatings were investigated during a 28-day exposure to
SBF by electrochemical impedance spectroscopy (EIS) and
potentiodynamic sweep (PDS) electrochemical tests at 37 °C
using a three-electrode, custom-made Plexiglas -electro-
chemical cell, and the Reference 600™ potentiostat/galvano-
stat/ZRA (Gamry Instruments Inc., USA). The working electrode
represented the coated Ti plate with a 1 cm? testing surface
area, the counter electrode was a platinum mesh, whereas the
reference was a saturated calomel electrode (SCE). The open
circuit potential, E,,, measurements were run before each
experiment until 0.01 mV s~ stability was achieved. The EIS
data were obtained at the open circuit potential over the fre-
quency range of 100 kHz—10 mHz, with the amplitude of 5 mV.
Polarization curves were collected between +600 mV vs. Eqcp,
with a scan rate of 0.5 mV s™'. Echem Analyst (Gamry In-
struments Inc., USA) was utilized for curve fitting and data
analysis. The measurements were repeated at least twice and
then the representative measurement was chosen as an

“average measurement”. The curves and quantitative data of
these measurements are then reported in the manuscript.

2.5. Cytotoxicity assay

The cytotoxicity assay was carried out by dye exclusion test
(DET) towards human lungfibroblast MRC-5 (ATCC CCL-171) and
mice fibroblast L929 (ATCC CRL-636) cell lines. Cells were
cultured and propagated in the same manner as already pub-
lished in our previous work [30]. Viable cells were seeded on the
HAP/CS/Gr and HAP/CS/Gr/Gent coatings on Ti plates in 12-well
plates (Costar) at concentration of 1 x 10°/mL, whereas the
control wells did not contain samples, only the seeded cells.
Further, the coated samples with seeded cells were incubated at
37 °Cunder air flow with 5% CO,, during the following 48 h. After
the incubation, cells were separated from coated Ti plates by
trypsinization method i.e. by adding 0.1% trypsin solution. The
cell number and viability were further evaluated by the trypan
blue exclusion method. Using a formula: K = (Ng/Ng) x 100%,
where Ny is the total number of cells (control) and Ng is the
number of cells on the tested Ti coated samples, growth inhi-
bition was calculated and expressed as a percent of control.

2.6. Gentamicin release profiles

To estimate the total amount of gentamicin, the HAP/CS/Gr/
Gent coatings were scraped off from the Ti substrate, and the
obtained powders were completely dissolved in acidified
deionized water. Gentamicin release studies were carried out
during 21-day immersion in deionized water, at 37 °C, as a
model system. All the measurements were done in triplicate.
High-performance liquid chromatography (HPLC) (Thermo
Fisher Scientific, USA) was utilized for gentamicin compo-
nents separation and the detection and quantitative analysis
was done in an ion trap mass spectrometer (MS) (LCQ
Advantage, Thermo Fisher Scientific) with an electrospray
ionizer. HPLC was equipped with a reverse-phase column
(4.6 mm x 75 mm x 3.5 um) Zorbax Eclipse® XDB-C18 (Agilent
Technologies, USA), in front of which a precolumn
(46 mm x 125 mm x 5 um) was placed. Methanol (A),
deionized water (B), and 10% acetic acid (C) comprised the
mobile phase. The optimized HPLC and MS operating param-
eters (mobile-phase gradient, analytes' precursor ions, frag-
mentation reactions used for quantification, and optimal
collision energies) for the determination of gentamicin com-
pounds were published in our previous paper [49].

The gentamicin mass spectra were collected in the m/zrange
of 50—1000. As expected, the MS spectrum revealed the three
most abundant ions since gentamicin is composed of three
compounds — gentamicin Cla, C2, and C1. These ions were
further chosen as the precursor ions for each compound. Their
most sensitive transitions were selected for quantification pur-
poses. The presented gentamicin concentrations represent
sums of the three determined gentamicin compounds.

2.7. Alkaline phosphatase activity
Abcam's Alkaline Phosphatase Assay Kit (Colorimetric)

(ab83369) [51] is a simple and highly sensitive colorimetric
assay aimed for the measurement of alkaline phosphatase
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(ALP) activity in serum and biological samples. The detection
kit was used to assess ALP levels in MRC-5 and L929 cells, as to
evaluate the propensity of coated samples to stimulate bio-
mineralization activity in tissues. The method is based on the
dephosphorylation of the p-nitrophenyl phosphate (used as a
phosphatase substrate) and its color change (yellow, Amax-
= 405 nm) by ALP. Alkaline phosphatase assay protocol
included the addition of samples and standards to wells, fol-
lowed by the addition of p-nitrophenyl phosphate solution
only to the sample wells (not to standards) and ALP enzyme
solution to standard wells (not to samples) and 60 min incu-
bated. Absorbance of the tested solutions was measured at
405 nm using a microplate reader (Multiscan MCC340, Lab-
systems, Thermo Fisher Scientific, USA). All the measurements
were done in triplicate to ensure the test reproducibility.

2.8. Statistical analysis

Statistical evaluation was performed for DET and ALP results
using a one-way analysis of variance, followed by a multiple
comparisons posthoc test. If the p-value was lower than 0.05,
the results were considered statistically significant.

3. Results
3.1. In vitro bioactivity

Biomineralization is a naturally occurring process in living
organisms that facilitates and controls the crystallization of
minerals. It is based on the presence of organic matrices (such
as collagen Iin bone structure) and other soluble biomolecules
that control and affect the crystal growth rate and
morphology [52]. In the tissue engineering field this process
serves as the basic criterion for the development and design of
many new biomaterials that are intended to mimic the nat-
ural bone function. Nevertheless, when designing bone
implant materials, one of the first steps in bioactivity evalu-
ation is the assessment of biomaterials' ability to induce any
effect on the living organism, examined through the in vitro
experiments in SBF solution [50]. Although SBF environment
contains only ions without any proteins or cells, some of the
research papers [53,54] have demonstrated the high efficacy in
the prediction of apatite ability formation when later
compared with in vivo results. According to Zadpoor [55], 25/33
research studies results for in vitro and in vivo bioactivity
testing in SBF were in good compliance. Taking into account
the similarity of hydroxyapatite with the structure of the
mineral part of natural bone, HAP-based coatings are ex-
pected to be bioactive and to possess the ability to induce the
growth of a new apatite layer ie. to promote osteoblast
attachment, proliferation, and differentiation enhancing the
biomaterial bioactivity and osseointegration [56,57]. In order
to investigate the bioactivity of HAP/CS/Gr and HAP/CS/Gr/
Gent coatings on titanium, we have performed FT-IR, XRD, FE-
SEM and evaluated their properties via electrochemical mea-
surements (EIS and PDS).

3.1.1. FT-IR

FT-IR spectra for the HAP/CS/Gr and HAP/CS/Gr/Gent coatings
on titanium, before and after immersion in SBF at 37 °C for 7
days, are shown in Fig. 1a and b, respectively.

Differences in FT-IR bands position, for both HAP/CS/Gr
and HAP/CS/Gr/Gent coatings before and after immersion
indicated the new biomimetic HAP layer formation in SBF at
37 °C (Table 1). Bands in the 450—-600 cm™! region represent
the (O—P—O0) bending modes in the phosphate group, while
characteristic bands of the (P—O) stretching vibrations of the
PO} group can be observed in the 900—1200 cm™*
[29,30,49,58,59].

In HAP structure, hydroxyl and/or phosphate ions can be
substituted by carbonate ions, leading to formation A-, B- or
AB type of carbonate-substituted HAP [60]. Based on the po-
sition of carbonate bands in the FT-IR spectra for both HAP/
CS/Gr and HAP/CS/Gr/Gent coatings after immersion in SBF at
37 °C for 7 days (Table 1), vibrational modes of O—-C-O
(878 cm™), and O—C groups (region 1400—1500 cm ™) can be
distinguished [29,30,60]. The position of these carbonate
bands, confirmed that the AB-type substitution in newly-
formed HAP occurred [29,61]. Carbonate-substituted hy-
droxyapatite is well-known for its bioactivity [62]. Bands
assigned to the structural OH™ bending also confirmed HAP
structure [58].

The presence of carbonate-substituted HAP on the top of
the investigated coatings is preferred for numerous reasons.
The fact that carbonate-substituted HAP is already found in
the natural bone and dentine tissue can stand out as the most
important reason [63].

region

3.1.2. XRD

XRD analysis also confirmed the formation of carbonate-
substituted HAP after 7-day immersion in SBF, supporting
the FT-IR results. Fig. 1c and d represents the XRD patterns for
HAP/CS/Gr and HAP/CS/Gr/Gent coatings before and after
soaking in SBF at 37 °C for 7 days, respectively. Diffraction
maxima were identified by standard JCPDS file no. 09-0432 for
HAP and standard JCPDS file no. 89-2762 for titanium (coat-
ings' substrate). As it was reported in our previously published
papers, the crystallite domain size for both as-deposited HAP/
CS/Gr [29] and HAP/CS/Gr/Gent [29,31] coatings was calculated
to be 43.5 and 31.1 nm, respectively. According to the
diffraction maxima broadening, it could be concluded that
newly formed HAP on the top of both HAP/CS/Gr and HAP/CS/
Gr/Gent coatings after soaking in SBF consisted of very fine
crystallites. To confirm this statement, the crystallite domain
size for both newly grown HAP on the top of HAP/CS/Gr and
HAP/CS/Gr/Gent coatings was calculated to be 16.6 and
36.0 nm, respectively [31].

Carbonate ions can substitute OH™ (A-type), PO3~ (B-type),
or both OH™ and PO;~ (AB-type substitution, found in biolog-
ical apatites) [29,30,64—66] ions in HAP lattice, causing the
changes in unit cell parameters and crystallinity [67]. A-type
substitution is known to cause a-axes expansion and c-axes
contraction as opposed to B-type substitution that causes a
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Fig. 1 — FT-IR spectra of (a) HAP/CS/Gr and (b) HAP/CS/Gr/Gent coatings (bands denotation: * PO} ; + CO3; x OH™) in the
region from 450 to 1600 cm ™' and XRD patterns for (c) HAP/CS/Gr and (d) HAP/CS/Gr/Gent coatings, in the region from 20 to

50 20, before and after soaking in SBF at 37 °C for 7 days.

contraction in a-axes and expansion in c-axes [64]. It was
calculated that newly formed HAP on HAP/CS/Gr coating,
obtained after immersion in SBF, exhibited the changes in
both a (9.390 A) and ¢ (6.871 A) axes in respect to the values of a
(9.446 A) and c (6.907 A) for HAP/CS/Gr coating before immer-
sion in SBF [29]. In the case of newly formed HAP on the HAP/

CS/Gr/Gent coating the changes in both unit cell parameters a
(9.451 A) and ¢ (6.912 A) were observed in respect to the HAP/

CS/Gr/Gent coating before immersion (a-9.383 A, ¢-6.863 A
[29]), suggesting the presence of AB-type carbonate substitu-
tion in the newly formed HAP. According to the literature [68],

values of HAP unit cell parameters are as follows: a = 9.418 A,

Table 1 — Characteristic bands positions and vibration assignments of coatings' FTIR spectra before and after immersion in

SBF at 37 °C for 7 days.

Assignments Coating
Before SBF After SBF
HAP/CS/Gr HAP/CS/Gr/Gent Biomimetic HAP on HAP/CS/Gr Biomimetic HAP on HAP/CS/Gr/Gent
Wavenumber, cm~* [29] Wavenumber, cm~* [29,30,49,58—62]
Vibrational 473 474 475 474
modes of PO}~ 563 562 561 562
group 600 600 600 601
952 962 960 961
1020 1024 1001 1012
1085 1085 1087 1088
Vibrational 878 878 878 878
modes of CO%’ 1411 1411 1414 1412
group 1459 1458 1456 1457
Vibrational mode 632 634 628 631

of structural OH™
group
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¢ = 6.884 A (JCPDS 09-0432). The difference between theoret-
ical and experimental values in a- and c-axis is greater in the
case of newly formed HAP on the top of the HAP/CS/Gr/Gent
coating, suggesting that more hydroxyl and phosphate ions
were substituted by carbonate ions, compared to newly grown
HAP on the antibiotic-free coating (HAP/CS/Gr).

The Ca/P ratios according to the energy dispersive spec-
trometry (EDS) analysis (data not shown) were calculated to be
1.61 and 1.36, for HAP/CS/Gr and HAP/CS/Gr/Gent coatings,
before immersion in SBF, respectively. After immersion in
SBF, Ca/P ratio has lower value for both coatings, e.g. 1.52 and
1.24 for HAP/CS/Gr and HAP/CS/Gr/Gent, respectively, con-
firming the formation of new biomimetic HAP layer on the top
of both coatings. Since the value of Ca/P ratio in stoichiometric
HAP is 1.67 [69], the lower obtained values of Ca/P ratio proved
that newly formed HAP on both coatings is carbonate-
substituted [70,71]. Due to the lower Ca/P ratio in the case of
HAP grown on the top of the HAP/CS/Gr/Gent coating (1.24)
with respect to the HAP on the top of the coating without
antibiotic (1.52), the additional confirmation of the greater
carbonate substitution in the HAP crystallite formed on the
top of the coating with antibiotic was achieved.

These results are quite promising as it is known that car-
bonate substituted HAP can improve the biological perfor-
mances of prosthetic implant materials (bioactivity,
osteoconductivity, growth, and differentiation of osteoblast
cells) with respect to the stoichiometric HAP [72,73] due to the
presence of carbonate ions in HAP structure which contribute
to the increased HAP solubility and simultaneously reduced
HAP crystallinity [74].

3.1.3. FE-SEM

It is known that after immersion in SBF, the concentration of
calcium and phosphate ions on the coatings' surface in-
creases, providing conditions for the growth of a new bio-
mimetic HAP layer through the simultaneous dissolution and
precipitation reactions [75]. The dissolution and precipitation
of HAP in SBF are reversible reactions [76—78]. The micro-
graphs of HAP/CS/Gr and HAP/CS/Gr/Gent coatings after im-
mersion in SBF for 7 days, are represented in Fig. 2 with their
corresponding images before SBF given as insets (Fig. 2a and b,
respectively). The presence of newly formed HAP in the form
of characteristic spherical agglomerates on the top of both

EHT=10.00kV

L Signal A= InLens  Contrast= 335% Kyyy
H Mag=10000KX  WD= 7.8mm Date :19 Jun 2017 ‘r&rr.,.yun v

HAP/CS/Gr and HAP/CS/Gr/Gent coating can be clearly
distinguished from Fig. 2.

3.2 Electrochemical characteristics

Electrochemical measurements, i.e. electrochemical imped-
ance spectroscopy (EIS) and potentiodynamic sweep (PDS)
tests were performed on HAP/CS/Gr and HAP/CS/Gr/Gent
coatings as they can provide valuable information about the
new HAP layer appearance after immersion in SBF. Monitoring
the electrochemical parameters over a prolonged period (28
days) in physiological media should predict the possible
behavior of composite coatings in the human body.

3.2.1. EIS

Electrochemical impedance was monitored during the 28-day
exposure to SBF and the resulting Bode modulus graphs for
certain representative periods are shown in Fig. 3. Both HAP/
CS/Gr and HAP/CS/Gr/Gent coatings exhibited increased
impedance values for the duration of the experiment due to
the growth of a new biomimetic HAP layer as explained in
Sections 3.1.1.-3.1.3. (FT-IR, XRD, FE-SEM). The highest
impedance increase that suggested the most intensive growth
of HAP layer was achieved after 4 days. Since biomineraliza-
tion is a complex process consisting of simultaneous coating
dissolution and calcium phosphates precipitation [76], the
dominant reaction in this initial period can be ascribed to the
agglomerates precipitation of the newly formed HAP. This
phenomenon can be explained by the high initial concentra-
tion gradient between the SBF medium and the immersed
coating as well as the solubility of the particles in SBF, leading
to the HAP precipitation. Later on, the increase in impedance
was much slower indicating the slower growth of the new
HAP layer.

To gain a better insight into the electrochemical parame-
ters for the investigated samples, obtained experimental
impedance data were fitted using the equivalent electrical
circuit (EEC) presented in Fig. 4. This type of EEC is generally
used to explain the properties of coated metal samples,
including the bioactive HAP-based coatings on titanium [49].
The elements of the chosen EEC in Fig. 4 are schematically
depicted along with the components of the physical system
they represent, i.e., ohmic resistance of the SBF electrolyte, R,

ot g ¢
EHT=10.00 kv Signal A=InLens Conlrast= 336% Kyung Hee
i Mag=10000KX  WD= 7.8mm Date :19 Jun 2017 %ﬁ

Fig. 2 — FE-SEM micrographs of (a) HAP/CS/Gr and (b) HAP/CS/Gr/Gent coatings after 7-day soaking in SBF at 37 °C (Insets:

corresponding coatings before immersion in SBF).
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Fig. 3 — Bode modulus plots for (a) HAP/CS/Gr and (b) HAP/CS/Gr/Gent coatings during 28-day exposure to SBF at 37 °C.

followed by the parallel circuit consisting of the constant
phase element related to the coating capacitance, CPE., and
the coating pore resistance, R,. The final element represents
the electrical properties of the metal itself, i.e. the double layer
formed on the metal/electrolyte interface, depicted by charge-
transfer resistance, R, and constant phase element related to
the double-layer capacitance, CPEg;.

The impedance of a CPE element (Zcpg) can be expressed
using Eq. (1) [79], where Y is the admittance, w is the angular
frequency, « is a parameter which quantifies the deviation
from an ideal capacitor and i = —1. The capacitance value can
be calculated using Eq. (2), where wmax is the angular fre-
quency at which the imaginary component of the impedance
reaches its maximum [79]. It is obvious that for o values close
to unity, Ccpg = Yo. As in our case « was always higher than 0.8,
Y, values obtained from the fit were used as the coating and
double layer capacitances without further calculations. The
impedance data in the complex plane was well fitted by the
proposed EEC. A suitably low goodness of fit (x?) in the
10~°-10* range and relatively low percentage error related to
each element (less than 10%) were obtained. The acquired
results confirmed the applicability of the proposed model to
the investigated systems.

Zepe =Y, (ir0) ™ O]
Cepe = Yo(0max)™ 2
Rq
SBF
Ry
HAP/CSI/Gr or
I: CPE, HAP/CS/Gr/Gent
Ret CPE, coating

Ti substrate

Fig. 4 — Schematic representation of the HAP/CS/Gr and
HAP/CS/Gr/Gent-coated titanium in SBF, along with the
scheme of the equivalent electrical circuit used for
impedance plots fitting.

The formation and growth of the new apatite layer on the
HAP/CS/Gr and HAP/CS/Gr/Gent coatings surfaces during the
28-day exposure to SBF is directly related to the quantitative
values for coating pore resistance, Ry, and coating capaci-
tance, C., which were obtained by EIS fitting and presented in
Fig. 5.

From Fig. 5, the rapid increase in R, values and rapid
decrease in C. (for both coatings) were observed during the
first couple of days, indicating the coating thickness increase
due to the precipitation and growth of the newly formed HAP
layer. After the first 4 days, the R, increase and C. decrease
became slower, which is in accordance with previously dis-
cussed impedance values (Fig. 3).

3.2.2. PDS

The bioactive nature of HAP/CS/Gr and HAP/CS/Gr/Gent
coatings, when exposed to SBF solution for 28 days, was also
assessed using polarization measurements that gave insight
into valuable corrosion parameters. Fig. 6 represents the po-
larization curves for HAP/CS/Gr and HAP/CS/Gr/Gent coatings
at the very beginning (0 days) and the end (28 days) of expo-
sure to the SBF solution.

The cathodic curves were linear over one decade of current
(Fig. 6), so they were extrapolated in order to determine the
values of the corrosion current density, jcorr, and the cathodic
Tafel slopes, b, were calculated from their slopes. On the
other hand, the anodic parts of the polarization curves did not
exhibit sufficiently linear behavior due to the changing nature
of the anodic reactions, and they could not be used either for
jeorr calculation, nor to obtain the anodic Tafel slope. The
corrosion current density significantly decreased for both
samples after 28-day exposure — ten fold decrease for HAP/CS/
Gr (from 0.17 to 0.016 A cm~2) and HAP/CS/Gr/Gent (from 0.14
to 0.043 pA cm ?) which can be explained by improved
corrosion stability of the newly formed biomimetic HAP layer,
as already indicated by FT-IR, XRD and FE-SEM (Sections
3.1.1.-3.1.3.). The cathodic Tafel slopes, b., did not change
significantly from 0 to 28 days for both coatings; in the case of
HAP/CS/Gr from —220 to —215 mV dec™?, and for HAP/CS/Gr/
Gent from —276 to —264 mV dec™?, meaning that the reaction
mechanism did not change during prolonged exposure to SBF.
Carefully considering all the electrochemical results obtained
from EIS and PDS, i.e. increase in R, and decrease in C. and
jeorr, it can be concluded that both HAP/CS/Gr and HAP/CS/Gy/
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Fig. 5 — Time dependence of (a) coating pore resistance, R, and (b) coating capacitance, C., for HAP/CS/Gr and HAP/CS/Gr/

Gent coatings during a 28-day exposure to SBF at 37 °C.

Gent coatings showed a tendency to promote the growth of
new HAP layer growth after exposure to physiological solute-
ions.

3.3. Biocompatibility

Fig. 7 represents the results of the trypan blue DET test that
was performed on two fibroblast cell lines — human MRC-5
and mouse L929 to estimate the proportion of viable cells in
the presence of HAP/CS/Gr and HAP/CS/Gr/Gent coatings.
Trypan blue DET test is an efficient and simple method that
is based on cell staining after their mixing with the solution of
a dye. The evaluation of cell growth (% K) was expressed as a
percent of control and further estimated based on the ratio of
stained and unstained cells since damaged cells were stained
as opposed to undamaged which were unstained. HAP/CS/Gr
coating provoked the inhibition of growth neither in the case
of MRC-5 (92.2%) nor for L929 (96.4%). After the gentamicin
introduction, the cell growth appeared to decrease slightly for
both MRC-5 (83.1%) and L929 (79.7%) cell lines but still within
acceptable cytotoxicity limits. Slight drop in survival rate was

0.8
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Fig. 6 — Potentiodynamic polarization curves of HAP/CS/Gr
and HAP/CS/Gr/Gent coatings before and after 28-day
immersion in SBF at 37 °C.

attributed to the antibiotic presence, as well documented in a
recent study when high concentrations of therapeutic agent —
gentamicin (250—270 pg/mL) which was reached during the
immersion of the gentamicin containing films affected oste-
oblastic proliferation (MC3T3-E1 cells) when compared to the
control [80].

One-way analysis of variance statistical tests, when
applied to the DET test, pointed out that the differences in the
cell growth for both MRC-5 and L929 cell lines between the two
samples were statistically significant (p < 0.05).

3.4. Gentamicin release studies

Loading the antibacterial agents into composite structures
minimizes the applied doses, reduces the cytotoxicity, and
facilitates the sustained release and drug availability. HPLC-
MS was utilized for the assessment of total (overall) genta-
micin amount transferred into composite coatings by EPD,
and for investigation of gentamicin release under appropriate
conditions that mimic the physiological conditions. The total
amount of gentamicin in the HAP/CS/Gr/Gent coating per
1 cm? was determined by HPLC-MS preceded by scraping off
the coating and dissolving it in slightly acidified dH,0. The
measured amount was 13.9 ug. Further, the release of genta-
micin from the HAP/CS/Gr/Gent coating in deionized water
was studied during the 21-day immersion. The average cu-
mulative release profile is shown in Fig. 8a. The highly desired
effect of the initial burst-release of gentamicin was man-
ifested during the first 7 days, when ~60% was released in such
a short period and may be promising for the initial protection
of implants from bacterial cell adhesion and biofilm forma-
tion. The rapid release of gentamicin was followed by a slower
release rate reaching up to 74% after 21 days. The gentamicin
release profile could clearly be divided into two different
stages. The antibiotic release in the first stage (first 7 days),
where the initial burst effect of gentamicin release was
noticed, was probably a consequence of the surface adsorbed
gentamicin molecules diffusion. The second stage (7—21 days)
was characterized by a controlled and sustained release of
gentamicin which could be associated with the gentamicin
diffusion through the coating pores, i.e. the penetration of the
release medium into the coating pores, dissolving the drug,
and ensuring a slower release rate.
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Fig. 7 — Inhibition of MRC-5 and L929 cell growth (expressed as a percent of control) when exposed to HAP/CS/Gr and HAP/

CS/Gr/Gent coatings.

Experimental data were fitted and compared with the
Korsmeyer—Peppas and early time approximation (ETA) ki-
netic models of release. Korsmeyer—Peppas model [81] (Eq. (3))
is described by the ratio of the current mass of gentamicin (my)
released at time t, and the total initial mass of gentamicin,
Meot, Whereas kgp is the Korsmeyer—Peppas constant, partic-
ular to the investigated coating material, and n is the coeffi-
cient that indicates the diffusion mechanism (n ~ 0.5 — Fickian
and n > 0.5 — non-Fickian). The Korsmeyer—Peppas model was
applied in its linear form, where the data were transformed to
the logarithmic scale (Eq. (4)).

moo

- kgp -t (3)

log ™ _log kep + n-logt (4)
Mot

The obtained Korsmeyer—Peppas graph (Fig. 8b) was used
to calculate the value of exponent n from the slope of the
curve and it was 0.392. This result pointed out that the
gentamicin release process followed the Fick's diffusion law
and that it was therefore affected by the concentration
gradient of gentamicin in the composite matrix.

After the governing mechanism of gentamicin release was
estimated, we employed another kinetic model — early time
approximation (ETA) which describes the active substance
release following Fickian diffusion law from thin polymer/
composite samples. According to Ritger and Peppas [82] this
model is suitable for one-dimensional release from thin films.
This approximation model is valid for the first 60% of release
[82] and represents a useful method for the calculation of the
diffusion coefficient of the gentamicin release process. Since
~60% of gentamicin release was achieved within the first 14

days (64%) the ETA approximation was applied for this period.
ETA is described by Eq. (5) with the following parameters: m, —
the mass of gentamicin released from the coating at the time,
Mor — the total initial gentamicin mass inside the coating, D —
gentamicin diffusion coefficient, t — time, and ¢ — coating
thickness.

m, :4.<D_t2>1/2 o)
Mot )

Fig. 8c shows the ETA model applied to the experimental
release data (in the first 14 days) for HAP/CS/Gr/Gent coating.
The diffusion coefficient, D, was calculated to be
4.5 x 10 " cm? s, indicating a slow gentamicin release from
the coating within the first 14 days. Comparing the obtained
diffusion coefficient for gentamicin release from HAP/CS/Gr/
Gent coating with the previously published coefficient for
HAP/CS/Gent coating (D = 2.4 x 107** cm? s7%) [49] it was
noticeable that HAP/CS/Gr/Gent coating exhibited almost
twice as fast release contrary to HAP/CS/Gent coating. This
conclusion supports the results for the total gentamicin con-
centration in HAP/CS/Gr/Gent coating that exhibited a higher
value (13.9 pg) compared to HAP/CS/Gent coating [49] (9.4 pg),
implying that Gr addition improves the gentamicin loading,
while also causing faster release from the coating. The use of
graphene as a drug carrier is the subject of a lot of research
owing to its high surface area enabling the drug loading on
both sides of the Gr sheet [83—85]. This could be an explana-
tion of a higher rate of gentamicin loading in HAP/CS/Gr/Gent
coating compared to HAP/CS/Gent coating.

Gentamicin mechanism of action relies on aminoglycoside
antibiotic irreversibly binding to a specific subunit proteins
(30S) and 16S rRNA in the bacterial cell that causes t-RNA
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approximation (ETA) applied to the gentamicin-release profile from HAP/CS/Gr/Gent coating.

misreading that prevents the synthesis of vital proteins. More
precisely, gentamicin binds to four 16S rRNA nucleotides and
a protein S12 amino acid, causing interference in the decoding
site. Finally, the misreading of mRNA causes incorrect amino
acids to be inserted into the polypeptide chain [86]. When
analyzing the results of gentamicin release profiles (Fig. 8a)
side by side with our previously published results related to
the antibacterial activity of HAP/CS/Gr/Gent coating, which
was verified as highly efficient against Staphylococcus aureus TL
and Escherichia coli ATCC 25922 judging by wide inhibition
zones in agar-diffusion test as a direct evidence of Gent
leaching into the surrounding medium [29], an interesting
correlation could be observed. HAP/CS/Gr/Gent coating
exhibited a strong antibacterial effect against two tested
bacterial strains, particularly well pronounced against S.
aureus, causing the complete reduction of bacterial cells after
only 3 h of exposure (from 5.66 x 10? to 0 CFU mL™?), while in
the case of E.coli significant reduction (from 1.46 x 10° to
2.53 x 10° CFU mL™?) during the 24-h exposure was noticed.

The rapid and strong antibacterial effect monitored during the
first 24 h coincides with the initial burst effect of gentamicin
observed on the cumulative release profile (Fig. 8a).

3.5. Alkaline phosphatase assay

Alkaline phosphatase activity represents a valuable
biochemical marker and an important sign of osteogenic dif-
ferentiation. ALP is a ubiquitous enzyme that is present in
different tissues of the human body, especially in liver and
bone cells. The ALP level affects the bone mineralization
process, but the precise mechanism is still questionable.
Possible mechanisms involve the hydrolysis of phosphate
esters by ALP and an increase of local concentration of phos-
phate ions at mineralization sites, promoting the calcification.
Another mechanism proposes that ALP affects the calcifica-
tion process by destroying inorganic pyrophosphate that in-
hibits mineral formation [87,88]. When designing the bone
implant materials it is of particular relevance that the
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Fig. 9 — ALP levels in MRC-5 in L929 cell extracts in the presence of HAP/CS/Gr and HAP/CS/Gr/Gent coatings. *p < 0.05 for the

respective cell line.
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proposed material possesses bioactive properties, i.e. the
ability to induce osseointegration. An important step in eval-
uating the osseopromotive properties of deposited HAP/CS/Gr
and HAP/CS/Gr/Gent coatings is the estimation of the ALP
expression potential in osteoblast cells. Since the cytotoxicity
studies were performed on non-specific fibroblast cell lines —
MRC-5 and L929, ALP studies were also conducted on these,
allowing an initial assessment of mineralization. Fig. 9 rep-
resents the results of ALP assay for HAP/CS/Gr and HAP/CS/Gr/
Gent coatings.

When comparing the results of ALP level for HAP/CS/Gr
and HAP/CS/Gr/Gent coatings for investigated cell extracts
(MRC-5 and L929) with control, the statistically significant
(p < 0.05) increase for both samples was noticed. MRC-5
fibroblast cell line exhibited higher ALP values contrary to
the L929 cell line in the presence of both samples. The coating
loaded with antibiotic, HAP/CS/Gr/Gent, expressed higher ALP
potential (2.449 U/mL for MRC-5 and 0.805 U/mL for L929) as
opposed to its counterpart HAP/CS/Gr coating (1.584 U/mL for
MRC-5 and 0.654 U/mL for L929). Based on the presented ALP
data both samples possess high biomineralization potential
even in the case of non-specific fibroblast cell lines. High ALP
levels in cell extracts represent encouraging prospects of the
HAP/CS/Gr and HAP/CS/Gr/Gent coatings for further investi-
gation towards tissue-specific cell lines.

4, Conclusions

Titanium surface was modified by applying new composite,
biocompatible, and bioactive hydroxyapatite/chitosan coat-
ings with and without gentamicin using the electrophoretic
deposition technique (HAP/CS/Gr and HAP/CS/Gr/Gent,
respectively). Bioactive properties of deposited coatings were
confirmed by the biomimetic growth of a new HAP layer of AB-
type substituted on the both coating surfaces after 7-day
exposure to SBF solution at 37 °C, using the XRD, FT-IR, FE-
SEM, electrochemical impedance spectroscopy and potentio-
dynamic sweep measurements. DET test, as well as ALP test,
towards MRC-5 and 1929 cell lines also proved high bioactive
potential of both coatings. The gentamicin-containing coating
exhibited the highest ALP levels when compared with its
counterpart without gentamicin and the control. In vitro
gentamicin release in SBF solution at 37 °C indicated initial
burst-release effect during the first 7 days, when ~60% was
released followed by a slower release process reaching up to
74% after 21 days. According to the early-time approximation
(ETA) model, the gentamicin diffusion coefficient, D, during
the first period was calculated to be 4.5 x 107* cm? s,

Based on all represented results it could be proposed that
both chitosan-based coatings electrodeposited on Ti are
promising biomaterials for further investigation and potential
biomedical application as hard tissue implants.
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