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1 Introduction

Titanium and titanium-based alloys are the materials of
choice for load-bearing implants in clinical dentistry, owing
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to their optimal mechanical properties and corrosion resis-
tance [1] as well as to the remarkable biocompatibility of the
stable oxides that form on their surfaces [2, 3]. Recent studies
disclosed the possibility of fabricating zirconium implants,
similar to titanium as far as their mechanical properties are
concerned, coated with ZrO, in order to combine the
advantages of biocompatibility of the ceramic coating with
the strength and toughness of the bulk metal [4]. However, at
present, titanium-based endosseous implants are the only
ones used in surgical practice. In order to enhance bioactivity
and osteointegration, hydroxyapatite (HA, Ca;o(POy4)s
(OH),) has been widely employed as a coating material for
titanium, due to its chemical similarity with natural bone
tissue and high biocompatibility [1, 2, 5-7]. Several meth-
ods—such as plasma spray, sol-gel, electrophoretic, radio
frequency sputtering and electrochemical deposition—have
been proposed to coat implant surfaces [5, 8]. Among these
methods, electrodeposition is a relatively inexpensive, green
and energy saving process, allowing to obtain controlled
micro- and nanometric structures [2, 9-14]. Biocompatibil-
ity is favoured by the porous structure achieved by electro-
deposition, assuring a better contact with the bone tissue
since it exhibits a notably larger active surface with respect to
the prosthesis substrate, and promoting adhesion and sta-
bility [15-17]. The field of HA electrodeposition on Ti has
been thoroughly reviewed in [18], covering in detail the
following aspects: (i) electrodeposition mechanism and bath
chemistries; (ii) Ti-based substrate pretreatments and coat-
ing post-treatments; (iv) structural and morphological char-
acterisation of the HA films, with special emphasis on
nanostructuring; (v) biocompatibility assays.

The contact of biomaterials with blood triggers multiple
pathophysiological defensive actions (activation of the
coagulation cascade, platelet adhesion, activation of the
complement system, etc.). The reduction of these events is



crucial for the successful performance of a biomedical
device (see e.g. [19]). Thus, improving the blood compati-
bility of a material can lead to effective enhancement of
overall biocompatibility. In particular, enhancing the anti-
coagulant properties of the implant materials by proper
functionalization is necessary to reduce the activation of the
coagulation process itself and/or alter other health states
such as the local tissue destruction due to peri-implantitis,
one of major concerns in implant dentistry today. The blood
compatibility of HA can be improved by incorporation of
heparin into the HA coatings, resulting in e.g. an anti-
thrombogenic biomaterial [20, 21]. In fact, heparin, a
member of a family of polyanionic polysaccharides called
glycosaminoglycans (see e.g. [22, 23]), exhibits among
many others—strong anticoagulant properties, thus repre-
senting one of the major anticoagulant drugs (see e.g. [24—
26], and literature cited therein). Because of its anticoagu-
lant properties, heparin has widely been used for the surface
modification of biomedical implants to improve blood
compatibility [20, 27-29], where it can efficiently be inte-
grated either directly or indirectly via e.g. heparin-binding
peptides (see e.g. [30, 31]).

In this work we propose an innovative electrodeposition
method: the one-pot fabrication of pure HA coatings and
HA-heparin composites on Ti substrates, without need of
post-treatments. HA and HA-heparin coatings have been
characterised from the chemical, morphological and
structural points of view. In addition, the quantity of the
electrodeposited heparin on Ti substrate has been investi-
gated and the effect of the HA and HA-heparin coatings on
cell proliferation/viability has been evaluated.

2 Materials and methods

Commercial pure titanium 20 x 15 x 1 mm® foils (Good-
fellow 99.6 + %) were used as substrates. The specimens
were polished with 1200# abrasive papers, cleaned with
acetone under ultrasound agitation, rinsed with distilled
water and dried in a N, flow. Since the impact of Ti rough-
ness and porosity on osteointegration is well known to be
crucial [32-36], and in typical cases of clinical interest the
impant response is entirely controlled by the mechanical
surface finishing [37-40], we decided to concentrate on the
coating and, in order to single out just its effects, we worked
with Ti substrates exhibiting a well-defined and reproducible
surface finish. The electrolyte used for the electrodeposition
of calcium phosphate coatings was prepared by dissolving
reagent-grade 0.61 mM Ca(NO3), and 0.36 mM NH,H,PO,
in ultrapure water with a resistivity of 18 MQ from a Milli-
pure Milli-Q system, according to the recipe proposed in
[15]. In order to enhance cathodic base formation, 0.1 M
NaNO; was added. The pH of the electrolyte was adjusted

with NaOH at a value of 6.0 so that the electrolyte was sat-
urated with respect to HA [15]. Sodic heparin (Vister) at
three different concentrations, 0.5, 1.7 and 5.0 g L', was
also added to obtain a composite featuring improved he-
mocompatibility [28, 29]. The use of deaerated solutions is
recommended for the growth of HA [2, 9—14]. In the specific
case, as detailed below in the Section dealing with SEM, we
have employed boiling aqueous solutions, that did not
require external deaeration.

Electrochemical measurements (linear sweep voltam-
metry, potentiostatic deposition) were carried out with an
AMEL 5000 potentiostat/galvanostat, employing a three-
electrode electrochemical cell. The counter electrode (CE)
was a platinised Ti expanded mesh electrode exhibiting an
area of ca. 5 cm? and the reference electrode (RE) was an
AMEL Ag/AgCl (KCI 3 M); potential values are reported
versus Ag/AgCl. The surface morphology of the coatings
was examined with a Cambridge Stereoscan scanning elec-
tron microscope (SEM). The crystallographic structure of
the coatings was investigated wusing an X-ray
Ultima + Rigaku diffractometer, equipped with a Bragg—
Brentano goniometer. The thickness of the electrodeposited
coatings was estimated using a UVISEL Spectroscopic El-
lipsometer with polariser and incidence angles of 60°.
Reflectivity in 8 different points of each sample and for
several deposition times has been measured at a wavelength
of 450 nm, where titanium exhibits a high reflectivity [41].

Complementary shear and scratch adhesion testing
methods were employed for the evaluation of the adhesion
resistance of the coatings. Shear adhesion strength of the
electro-deposited HA-coatings was tested following the
ASTM F1044-05 Standard, as recommended in [42, 43].
During the measurements, the titanium sheets were bonded
to both the coated and the uncoated side of each samples
using epoxy glue (model DP410 Scotch-weld, 3 M), whose
measured shear strength was about 36 MPa (£2 MPa).
Tensile tests were carried out on a universal testing machine
(MTS model 45, load cell: 10 kN) with a crosshead speed of
0.8 mm/min. Shear strengths were calculated as peak forces
versus fracture areas. Special care was taken in order to avoid
epoxy resin penetration through coating macropores, since
this phenomenon would result in partial bonding to the
substrate, yielding false adhesion data. Scratch tests were
performed in order to evaluate the coating adhesion as a
function of coating deposition method [44]. Three coated
specimens were scratched using a CSM testing machine,
mod. MCT/SN 50-0223 (preload: 1 N, maximum load 30 N,
load speed of 12.5 N min™") according to the ASTM C1624
standard. Scratch lines were measured by SEM (Cambridge
Stereoscan 360) to determine the critical scratch loads and to
allow the calculation of the coating shear stresses.

Heparin incorporation into the coatings electrodeposited
onto titanium was assessed using qualitative Alcian Blue



staining [45]. Briefly, the samples were stained for 30 min
using a solution of Alcian Blue 8GX (2 % w/v) acetic acid
(3 % v/v). After staining, the samples were washed thor-
oughly with demineralised water for 15 min and observed
using a Nikon AZ100 Multizoom Microscope equipped
with DIC optics. The amount of electrodeposited heparin
was determined using toluidine blue assay [46]. The rect-
angular titanium foils were incubated with 3 ml of a freshly
prepared solution of toluidine blue (0.01 M HCI,
2 mg mL™" NaCl, 0.4 mg/ml toluidine blue O zinc chlo-
ride double salt; TBO assay) for 4 h at room temperature to
form the heparin—toluidine blue complex on the sample
surface. Subsequently, the foils were washed twice (for
5 min) with demineralised water and incubated with 3 ml
of a 1:4 (v/v) mixture of 0.1 M NaOH and ethanol to
solubilise the heparin—toluidine blue complex. After com-
plete dissolution of the complex, bringing about the com-
plete decolourisation of the samples, the absorbance of the
resulting solutions was measured at 530 nm using a
Beckman Coulter DU® 640B spectrophotometer. The
amount of electrodeposited heparin was calculated from a
calibration curve constructed using various concentrations
of heparin.

HeLa cells from human tumoral endometrium were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 % heat-inactivated fetal bovine
serum, 0.1 mg mL ™" streptomycin, 100 U mL ™" penicillin.
Cells were maintained at 37 °C and 5 % CO, in a humidified
incubator. The effects of the surface coatings on prolifera-
tion of Hela cells were investigated by MTT assay. This
method is based on the reduction of 3-[4,5-dimethylthiazol-
2-yl1]-2,5-diphenyl tetrazolium (MTT) salt by mitochondrial
dehydrogenases of viable cells to a purple formazan product
[47]. Briefly, the cells were seeded onto uncoated (control)
or coated (HA or HA-heparin) Ti surface at a density of
2 x 10 cells cm™? and incubated for 48 h. MTT was added
at a final concentration of 0.5 mg mL™" 4 h before termi-
nation of the incubation. The purple formazan formed by
viable cells was extracted with acidified isopropanol and the
absorbance of the dye was measured spectrophotometrically
at 570 nm. The measured optical density was used to cal-
culate cell viability, expressed as the percentage with
respect to the control sample (uncoated Ti surface). For the
statistical analysis of the data the Bonferroni post hoc test
was used and a P value <0.05 was considered significant.
All the results are the mean of three experiments. The
morphology of HeLa cells was examined using acridine
orange (AO) staining. Cells were cultured for 48 h on the
surface of uncoated Ti (control) foils and on HA and HA-
heparin coated Ti foils. Then, the cells were washed twice
with phosphate buffered saline (PBS), fixed with freshly
prepared 2 % paraformaldehyde for 30 min at room tem-
perature, washed twice with PBS and finally stained with

10 ug mL~" AO for 15 min. After staining, the cells were
washed with water and observed with a fluorescence
microscope (Nikon AZ100 Multizoom) equipped with blue
excitation filter (B-2A).

3 Results and discussion

3.1 Electrochemical processing conditions
and electrokinetics

Process optimisation, based on the morphological, structural
and growth rate results detailed in the corresponding Sec-
tions of this paper, yielded the following deposition condi-
tions: potentiostatic deposition of 2 h at —1.4 V versus Ag/
AgCl, boiling solution, heparin concentration is 1.7 g L™".
The specific reasons why these conditions were identified as
optimal will be discussed where relevant. Essentially, the
choice of temperature and lower-heparin concentration
range is dictated by the impact of the processing conditions
on nanowire formation—described in the Section com-
menting the SEM results—and the selection of the particular
concentration of 1.7 g L™ is motivated by the fact that it
yields the maximum heparin incorporation into the com-
posite—as expoundended in the Section reporting the
staining measurements. The growth rate has been evaluated
by the spectroellipsometric method [48], in correspondence
of several deposition times, in 8 different points of the
samples, chosen in order to offset possible current density
distribution effects. Calibration of the optical response with
respect to thickness was performed by means of a Talystep
line profilometer. The experimental optical parameters
derived from optically thick HA ad HA-heparin samples and
clean Ti substrates were implemented in an two-layer
optical model—including an HA or HA-heparin layer on Ti
substrate, solved numerically with the Deltapsi II program
(for details, see [49]), incorporating roughness effects [50],
for the accurate estimation of the sample thickness. The
model results were cross-checked with simulations per-
formed with literature optical data for HA onto Ti [41, 51—
54] and found to match accurately. The thickness of HA and
HA-heparin coatings as a function of deposition time is
reported in Fig. 1. Slightly thicker coatings have been
obtained in the presence of heparin at the highest investi-
gated electrodeposition times, coherently with literature
results reporting an enhancement of deposition rate brought
about by the addition of heparin in cognate systems [21].
In order to assess the electrokinetic contribution of each
bath constituent to the base generation process, we mea-
sured cathodic linear sweep voltammograms (LSVs,
Fig. 2) at a scan rate of 1 mV s™' at Ti electrodes in
contact with the following solutions at pH 6.0 adjusted with
HCI, each in the presence and in the absence of heparin:
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Fig. 1 Thickness of the coatings electrodeposited on titanium at
—1.4 'V versus Ag/AgCl from the solution containing Ca(NOj),,
NH4H,PO, and NaNO;, with and without 1.7 g L~ of heparin.
Thickness data correspond to the mean +1 standard deviation (SD) of
data measured in eight points of the samples, schematically indicated
in the inset. The lines are guides for the eye
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Fig. 2 Linear sweep voltammetries for Ti electrodes in contact with the
following solutions: (@) = 0.1 M NaCl; (b) = 0.61 M Ca(NOs), and
0.1 M NaNOs; (¢) = 0.61 mM Ca(NOs),, 0.1 M NaNOs and 0.36 mM
NH4H,PO,4; (d) = solution (a) + 1.7 g L! heparin; (e) = solution
(b) + 1.7 g L™ heparin; () = solution (c) + 1.7 g L™ heparin. Scan
rate 1 mV s~

(1) 0.1 M NaCl; (ii) 0.1 M NaNOj and (iii) the full, calcium
phosphate-containing solutions. The curve obtained from
the NaCl solution shows that water reduction takes place at
ca. —1.15 V. In the presence of NO3~, the shift of Tafel-
type current density at less cathodic potentials indicates the
combined effect of the reduction of water and nitrates.
Instead, the addition of phosphates reveals the precipitation
of HA, resulting in electrode passivation. The heparin
added to the systems containing only NaCl or NO;z™
undergoes an electrochemical reaction, giving rise to an
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Fig. 3 X-ray diffractograms of HA coatings electrodeposited on
titanium for 2 h at 1.4 V versus Ag/AgCl, at 100 °C from the solution
containing 0.61 mM Ca(NOs3),, 0.1 M NaNO; and 0.36 mM NH,.
H,PO,, in the absence and in the presence of 1.7 g L™ heparin

increase of the current density. This effect however is not
observed in the calcium phosphate electrodeposition bath:
in fact the curves recorded in the presence and in the
absence of heparin essentially overlap, indicating that
heparin is readily isolated from electrochemically active
sites of the electrode by the growing HA film.

3.2 Characterisation of the coatings
3.2.1 Crystallographic structure

Figure 3 shows X-ray diffractogram of the HA coatings
electrodeposited on titanium under the optimal plating
conditions in the absence and in the presence of heparin.
The diffraction peaks can be readily indexed as standard
HA patterns on titanium [2, 20, 21, 55, 56]. No other
phases have been found to form by lowering the deposition
temperature to 85 °C with N, bubbling and by varying the
heparin concentration in the range 0/5 g L™". It is worth
noting that our electrodeposition process is notably robust
with respect to HA formation, at variance with the litera-
ture that reports the formation of HA only in a strictly
controlled range of operating conditions [10, 13-15, 56].

3.2.2 Morphology

In Fig. 4 we report SEM micrographs of: (a) the pristine Ti
surface; (b) HA electrodeposits grown for 2 h at —1.4 V at
85 °C from a bath deaerated by N, bubbling as well as
(c) with the boiling solution and of HA-heparin complexes
electrodeposited from boiling baths with different heparin



Fig. 4 SEM images of Ti surface before (a) and after HA electrodeposition at —1.4 V versus Ag/AgCl at 85 °C (b) and 100 °C (¢) without
heparin and at —1.4 V versus Ag/AgCl at 100 °C in the presence of different quantities of heparin: 0.5 (d), 1.7 (e) and 5.0 g L™! (f)

concentrations: 0.5 (d), 1.7 (e) and 5.0 g L! (f). Panel
(c) shows a nanostructure, that is desirable for bone min-
eralization [14]. Addition of heparin to the electrodeposition
bath in the range 0.5/1.7 g L™' (Panels d, e), leads to the
formation of nanowires, that tend to assemble in globular
structures as the heparin concentration increases. Optimal
growth morphologies are thus obtained by using a boiling
solution with heparin concentrations between 0.5 and
1.7 g L™". In fact, at the highest investigated heparin con-
centrations, a plate-like morphology develops, that is not
suitable for the relevant applications (Panel f) since it lar-
gely diverges from the structural-functional organization of
the natural bone (among others see e.g. [57-60], and liter-
ature cited therein). We also studied the electrode mor-
phology resulting from the cathodic polarisation of Ti
surfaces in the presence of heparin, but without HA pre-
cursors. Electrodeposition from a solution containing 0.1 M
NaCl and 1.7 g L™' heparin under otherwise identical
conditions gives rise to the formation of a discontinuous film
(Fig. 5).

3.2.3 Adhesion testing

Three replicates from each HA-coating were tested: the
mean values and standard deviations are compiled in
Table 1. Even though the shear test results on different
coatings both without and with heparin are comparable, it is
worth noting that, by increasing heparin content, the adhe-
sion strength increases. The adhesion of HA-coatings was

estimated by scratch tests: critical scratch loads for the
tested experimental conditions are listed in Table 2. All
samples exhibit ductile failure mechanisms and the obtained
data are in close relationship with shear strength resistance
(Fig. 6). The coating obtained from the bath with 1.7 g L™"
heparin is characterised by a series of nearly-circular micro-
cracks, resulting from the tendency of the coating to con-
form to the scratch groove shape (Fig. 6, Panel b), thus
resulting in the lowest level of critical scratch load. Micro-
cracks depart from the scratch direction, according to the
“conformal cracking” pattern defined by ASTM C 1624.

3.2.4 Qualitative and quantitative characterization
of electrodeposited heparin

In order to confirm electrodeposition of a heparin-containing
HA layer on Ti, samples grown in the optimal conditions
were stained with Alcian Blue, a cationic dye that can be used
for selective staining of glycosaminoglycans, such as hepa-
rin [45]. Alcian Blue staining was performed directly on a
single titanium foil whose surface had been divided into
three different areas by suitable masking: (i) uncoated, (ii)
HA coated and (iii)) HA-heparin coated (Fig. 7, Panel a).
Light microscopy images of the stained titanium foils are
shown in Fig. 7 Panels b, c¢. Only the HA-heparin coated
surface binds the Alcian blue (Fig. 7, Panels a, b). Moreover,
the staining is uniform (Fig. 7, Panel c), indicating effective
and homogeneous coating of heparin all over the surface.
The quantitative characterization of heparin on titanium



Fig. 5 SEM images of Ti surface after HA electrodeposition at —1.4 V versus Ag/AgCl and 100 °C from a solution containing 0.1 M NaCl and

1.7 g L™ heparin

Table 1 Adhesion shear strengths of HA-coated Ti samples

Sample Mean shear Standard
(substate + coating) strength (MPa)  deviation
(MPa)
Ti + HA (85 °C) 12.8 1.1
Ti + HA (100 °C) 16.3 0.8
Ti + HA 0.5 g L™ heparin (100 °C)  10.4 1.6
Ti + HA 1.7 g L™ heparin (100 °C)  11.9 2.1
Ti + HA 5 g L™" heparin (100 °C) 17.5 1.9

Table 2 Critical scratch loads of HA-coated Ti samples

Sample Mean critical scratch ~ Standard
(substate + coating) load (N) deviation (N)
Ti + HA (85 °C) 7.67 0.58
Ti + HA (100 °C) 11.33 1.53
Ti +HA 05 gL™! 8.67 1.15
heparin (100 °C)
Ti+HA 1.7 gL™! 5.67 0.58
heparin (100 °C)
Ti + HA 5 g L' heparin  11.67 1.53

(100 °C)

surface as a function of the heparin concentration used in the
electrodeposition bath (0.2/5 g L") was determined by the
TBO assay (Fig. 7, Panel d). The amount of electrodeposited
heparin was maximal using heparin concentration of
1.7 g L™" in the electrodeposition bath (10.2 pg cm™2).
Overall, these results indicated the successful electrode-
position of heparin on Ti surface.

3.2.5 Cell proliferation and morphology

In order to assess cell proliferation/viability on the various
surfaces, HeLa cell line was employed as cellular model.

Cells were cultured on uncoated (control), HA coated and
HA-heparin coated titanium surfaces for 48 h and prolif-
eration was examined with the MTT assay (Fig. 8, Panel
a). Cell viability was significantly higher on all the coated
surfaces than on the control (pristine Ti) sample. Fluores-
cence microscopy images of the attached cells show uni-
form distribution and comparable morphology of the HeLa
cells in the control sample (Fig. 8, Panel b) and HA (Fig. 8,
Panel c¢) and HA-heparin (Fig. 8, Panel d) coated
specimens.

4 Conclusions

In this investigation we have developed an electrochemical
procedure for the direct potentiostatic electrodeposition of
micrometer-thick HA-heparin composites as an improved
osteointegration coating for Ti dental implants, with anti-
coagulant functionality. The bath chemistry has been
optimised by singling out the electrochemical role of the
individual components on the basis of linear sweep vol-
tammetry measurements. By XRD we have demonstrated
that single-phase HA can be reliably grown without special
process-control requirements, both in the absence and in
the presence of a wide range of heparin contents. SEM
microscopy revealed that HA-heparin composites tend to
grow in the form of nanowire structure: the morphology of
choice for promoting bone ingrowth and osteointegration
since e.g. it enhances the bioactivity for cell/tissue
attachment, reinforces the osteoconductive properties of
the scaffold and guides tissue growth (among others see
e.g. [57-60], and literature cited therein). As the heparin
concentration in the bath is increased, globular nanowire
tangles develop, eventually merging into suboptimal plate-
like structures for excessive heparin contents. Heparin
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Fig. 8 a Viability of HeLa cells
after 48 h of incubation on
uncoated Ti surface (control)
and the HA and HA heparin
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distribution in the composite coatings was assessed using
Alcian Blue staining and found to be homogeneous. Hep-
arin incorporation isotherms were measured by the TBO
assay and an optimal concentration for the bath (1.7 g L™")
was determined. The activity of the HA and HA-heparin
coatings on Ti with respect to the proliferation/viability and
morphology of HeLa cells were studied by MTT assay and
fluorescence microscopy. Cell viability was found to be
significantly lower on the bare Ti surface in comparison
with HA and HA-heparin coatings: the latter material
yielding a comparatively better performance, while cell
morphology was unaltered.
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