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Abstract Currently, a number of strategies to create either
biologically active or antimicrobial surfaces of biomaterials
are being developed and commercially applied. However,
for metallic implants in contact with bone, both osteomyeli-
tis and a fast and stable long-term fixation of implants are
challenges to be overcome, especially in the case of bad
bone quality. Therefore, the present work aims to develop
compound coatings of calcium phosphate phases (CPP) and
chlorhexidine (CHD) that combine bioactive properties with
a strategy to prevent initial bacterial adhesion and thus of-
fer a possible solution to the two major problems of implant
surgery mentioned above. Using electrochemically assisted
deposition of CPP on samples of Ti6Al4V together with the
pH-dependent solubility of CHD, the preparation of coatings
with a wide range of CHD concentrations (150 ng/cm? to
65 j1g/cm?) from electrolytes with CHD concentrations be-
tween 50 and 200 uM was possible, thus allowing the adap-
tation of implant surface properties to different surgical and
patient situations. Detailed SEM and FTIR analysis showed
that coatings are formed by a co-deposition process of both
phases and that CHD interacts with the deposition and trans-
formation of CPP in the coating. For high CHD contents,
coatings consist of CHD crystals coated by nano-crystalline
hydroxyapatite.

Introduction

For implant surfaces in contact with bone, two property pro-
files are of special interest for clinical application. Firstly,
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implant associated infections caused by staphylococci often
result in acute and chronic osteomyelitis that can be difficult
to treat and thus should be avoided by antimicrobial prop-
erties of implant surfaces. Secondly, for fast and adequate
bone response to implant surfaces together with appropriate
long-term behaviour, implant surfaces should be bioactive
with respect to bone formation, e.g. due to surface coatings
of calcium phosphate phases (CPP).

In the area of anti-infective treatments, thanks to its an-
tibacterial properties (against a wide variety of gram-negative
and gram-positive organisms, facultative anaerobes, aerobes,
and yeast), chlorhexidine (CHD) (1,1/-Hexamethylenbis[5-
(4-chlorophenyl)-biguanid]) is widely used in a number
of dental applications to reduce inflammation as well as
swelling of gums and gum bleeding [1-3]. In addition to
such external applications, besides the use of antibiotics [4],
a number of attempts have been made to apply CHD in the
preparation of antibacterial implant surfaces [5-9].

While Dennison et al. [9] applied CHD in a simple way
by treating implant surfaces with cotton pellets soaked with
a 0.12% solution to test the effectivity of different cleaning
treatments, Darauiche et al. [7] prepared antiseptic coatings
of CHD on titanium cylinders together with chloroxylenol
resulting in an inhibition effect against different staphylo-
cocci for up to 8 weeks after incubation. In a recent paper
of Richards and his group [6], a number of different coat-
ings systems providing up to 2 mg CHD per sample were
tested with respect to the adhesion of fibroblasts and staphy-
lococcal strains. With no intact fibroblasts observed on CHD
impregnated surfaces, fewer bacteria were detected both in
the surrounding media and on these surfaces compared to sur-
faces without CHD. Based on the release behaviour, PDLLA
and PTF coatings are favoured for further investigations.
Delong et al. [8] directly combined HA and CHD by us-
ing a lipid-stabilized coating on external fixator pins in a

@ Springer



392

J Mater Sci: Mater Med (2007) 18:391-397

goat model. While infection developed in 100% of uncoated
pins, coated pins demonstrated an infection rate of only 4.2%,
while 12.5% showed colonization and the remaining 83.3%
no growth.

To provide osteoconductive properties to implant surfaces
in contact with bone, besides current research in the field of
matrix engineering using components of the extracellular ma-
trix [10-17] and compounds derived thereof [18-23], coat-
ings from CPP are well established. Of the different methods
used for preparation of coatings from CPP [24-26] in recent
years the electrochemically assisted deposition (ECAD) has
grown in importance because of the advantageous properties
of the resulting coatings and the favourable results from ani-
mal experiments [27-30] and clinical studies [31-33]. Thus,
ECAD allows preparation of very thin coatings form brushite
[34—39], amorphous calcium phosphate (ACP) [40, 41], octa-
calciumphosphate [42—46], and a number of different apatite
stoichiometries [39—41, 43]. Using appropriate processing
conditions, compound coatings with proteins [20, 47-49]
and other organic components like chitosan [50-52] have
also been prepared and characterized.

To combine bioactivity provided by CPP with the antimi-
crobial properties of CHD hence, the aim of this project was
to develop a method for the preparation of coatings on metal-
lic implants for contact with bone that (i) are based on a
co-deposition of CHD with CPP allowing the integration of
defined amounts of CHD into the coatings, (ii) are expected
to improve healing behaviour of antimicrobial coatings by
using CPP as biologically active compounds, and (iii) allow
their release behaviour to be modified. To overcome these
challenges we have developed a co-deposition process for
CPP and CHD by electrochemically assisted deposition from
aqueous solutions at body temperature.

Materials and methods

The preparation of the samples as well as the deposition
of the CPP layers was performed as previously described
[40, 41]. All chemicals used were analytical grade.

In brief, the surfaces of samples from Ti6Al4V (diameter
10 mm, height 2 mm) were prepared by grinding and polish-
ing, using a titanium oxide suspension (anatase, particle size
20 nm) as the final step. Before use, ultrasonic cleaning was
performed using 1% Triton X-100, acetone and ethanol for
15 min each.

A combined potentiostat/galvanostat unit (model 273A,
EG&G, USA) coupled with a double-walled electrochemi-
cal cell that ensured constant temperature during polarisation
was used in the experiments. A platinum net served as counter
electrode. Cathodic polarisation was performed in the gal-
vanostatic mode with current densities of 5 and 7.5 mA/cm?
used for 10 and 60 minutes respectively at 36°C. The elec-
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trolyte used for CPP deposition was prepared from 0.0333 M
CaCl, and 0.02 M NH4H, PO, (Fluka, Neu-Ulm, Germany)
by diluting equal volumes at a ratio of 1: 20 in distilled
water. The final pH of the electrolyte was adjusted to 6.4
with ammonium hydroxide solution (Merck, Darmstadt,
Germany). Chlorhexidine (molecular weight 505.5 g/Mol,
Sigma-Aldrich, Germany) was added to the electrolyte for the
CPP deposition with concentrations of 50, 100, and 200 uM
respectively. Coatings were rinsed with distilled water and
allowed to dry in air.

Deposited coatings have been investigated using scanning
electron microscopy (SEM) (DSM 982 Gemini, Carl Zeiss,
Oberkochen, Germany) with 1 keV acceleration voltage and
FT-IR spectroscopy (Perkin Elmer FTS 2000 equipped with
an Autoimage Microscope, Boston, USA). The CHD con-
tent of the coatings was determined by UV-VIS spectrome-
try (Spectrometer Lamda 10, Perkin Elmer, Boston, USA) at
270 nm after dissolution of the coatings in 0.01 M nitric acid
using quartz cuvettes of 1 cm optical path length.

Results
CHD content

Co-deposition of CHD and CPP has been performed from
electrolytes with variable concentrations of CHD using two
current densities and deposition times. The amount of CHD
as detected from the dissolution of CHD containing CPP lay-
ers in this parameter field is given in Fig. 1. For short deposi-
tion times (10 min) the deposited amount of CHD (between
0.15 and 0.5 ug/cm?) is nearly independent of the CHD con-
centration in the electrolyte, with the applied current density
having only a weak effect on the deposited amount of CHD.
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Fig.1 Amount of CHD deposited during cathodic polarisation as func-
tion of the CHD concentration of the electrolyte, the current density
applied, and the deposition time
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Whereas for 200 uM no differences in the CHD masses are
detected, the current density of 7.5 mA/cm? results in approx-
imately twofold higher CHD masses in the layers compared
to 5 mA/cm? for electrolyte concentrations of 50 and 100 M
CHD.

For a deposition time of 60 min a (weak) influence of
the current density on the deposited amount of CHD is
only detected for electrolyte 100 uM in CHD. However
for this deposition time the deposited amount of CHD
is strongly influenced by the CHD concentration of the
electrolyte with an increase in the CHD concentration of the
electrolyte by a factor of two (50 to 100 uM) resulting in
at least 20-fold higher CHD masses in the coatings (from
about 0.8 ug/cm? to 20-50 pg/cm?). Doubling the CHD
concentration of the electrolyte again (100 to 200 pM)
yields only a slight further increase of the deposited mass of
CHD. In general, depending on the current density during
the electrochemically assisted deposition, the polarisation
time, and the CHD concentration in the electrolyte, the CHD
content of the coatings varied over nearly three orders of
magnitude between 150 ng/cm? and 65 j1g/cm?.

Whereas CHD amounts in the ng/cm? range could not be
detected in the layers by microscopic techniques, coatings
containing CHD in the pg/cm? range show needles with a
length of up to 100 um and a diameter of about 300 nm that
are almost completely coated by nano-crystalline hydroxya-
patite (HA) (Figs. 2 and 3). On more detailed examination of
Fig. 2, the different CHD masses of 22 and 50 pg/cm? for the
coatings deposited with a current density of 5 mA/cm? for
60 min from electrolytes containing 100 and 200 uM CHD
respectively (see Fig. 1) are clearly reflected by the appear-
ance of the coatings. Whereas for the coating with 22 z1g/cm?
CHD (Fig. 2 (a)) only a few agglomerates from CHD needles
are present, the sample with 50 pg/cm? is fully covered with
agglomerated CHD needles forming a partially interlocking
network.

CPP phase composition of layers

The type of the deposited CPP as a function of the param-
eters CHD concentration, current density, and deposition
time has been followed by SEM and FT-IR spectroscopy.
Independently of the electrolyte composition and the current
conditions, amorphous calcium phosphate (ACP) as iden-
tified by FT-IR and in comparison to former experiments
[40] is present for a deposition time of 10 min. However
the size of the globular ACP spheres increases in the pres-
ence of CHD and with increasing CHD concentration. Thus,
spheres prepared in the presence of 200 uM CHD are on
average larger in diameter by a factor of about 4 compared to
those precipitated from electrolytes without CHD as shown in
Fig. 4. Interestingly, the large spheres grown in the presence

24 mA, 60 min, m. CHD (100uM) 1kV, 200x, 4dmm

(@)

— 100 pm —

i

24 mA, 60 min, m. CHD (200uh)

1KV, 200x, 4mm
(b)
Fig. 2 SEM images of CPP/CHD coatings deposited with 5 mA/cm?

for 60 min: (a) from 100 uM CHD electrolyte; (b) from 200 uM CHD
electrolyte

of CHD are clearly structured and seem to be composed of
sub-spheres.

Figure 5 reflects a second effect of the presence of CHD on
the precipitation of CPP. Whereas for the electrolyte without
CHD, for a polarisation time of 60 min, the coating already
consists nearly completely of HA, in the presence of 50 uM
CHD in the coating, still, mainly ACP is present. This be-
haviour is observed only for the lowest CHD concentration
and the current density of 5 mA/cm?, for higher CHD con-
centrations and/or for the current density of 7.5 mA/cm? the
coatings consist mostly of HA, showing only a few ACP
spheres for the parameter sets [50 uM & 7.5 mA/cm?] and
[100 uM & 5 mA/cm?].

Figure 6 gives FT-IR spectra for coatings prepared for 10
and 60 min respectively with a current density of 5 mA/cm?
in an electrolyte 200 M in CHD, thus corresponding to Figs.
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36 mA, 60 min, m. CHD (200pM)  1kV, 10000x, 4m ——— 3 pm ———
Fig. 3 Detailed SEM image of CHD crystals embedded in a hydrox-

yapatite coating; deposition parameters 7.5 mA/cm? for 60 min from
200 M CHD electrolyte

4(a) and 2(b). Whereas the phosphate peak around 1050 cm ™!
shows no sub-structure for the short deposition time because
of the ACP coating, it is clearly split into a maximum at
1030 cm~! and a shoulder at 1110 cm~! for the deposition
time of 60 min indicating the presence of hydroxyapatite. The
spectrum for the longer deposition time additionally contains
anumber of maxima around 800, at 1250, and between 1350
and 1600 cm ™!, which can be assigned to CHD and reflect the
higher CHD content of this coating. For the short deposition
time CHD can hardly be detected in the FT-IR spectrum.

Discussion

Coatings on implant surfaces for contact with bone have
to fulfil several tasks. Besides preventing bacterial adhesion
they should have an osteoconductive or even —inductive po-
tential. To combine these properties in one coating, a co-
deposition method for the preparation of CHD/CPP com-
pound coatings with a wide variation in the CHD content
has been developed. The basic principle of the method is the
electrochemical assisted deposition of CPP, i.e. a cathodic
polarization of the substrate in aqueous solutions containing
Ca and phosphate ions. This polarization raises the pH on the
surface und thus induces the deposition of CPP due to their
pH-dependent solubility.

By changing the electrochemical parameters and the de-
position time of the coatings from electrolytes whose CHD
concentrations differed by a factor of four (50 to 200 uM),
coatings varying in the amount of CHD by a factor of over
400 (150 ng/cm? to 65 pg/cm?) could be deposited. For coat-
ings with CHD contents in the pug range, needle-like CHD
crystals with alength of up to 100 wm and a diameter of about
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Fig. 4 Coatings from ACP prepared with i = 5 mA/cm? and ¢ =
10 min: (a) with 200 uM CHD; (b) without CHD

300 nm, which are almost completely coated by nanocrys-
talline hydroxyapatite, are present in the compound layers.
The morphology of this HA is not significantly changed when
compared to that deposited from similar electrolytes without
CHD [40, 41, 53, 54].

Both the increase of the CHD content of the coatings,
which is disproportionally large in comparison to the in-
crease in electrolyte concentrations of CHD (>400 to 4),
and the presence of CHD crystals on the surfaces for suffi-
cient polarization time indicate that the incorporation of CHD
into the coatings is positively influenced by cathodic polar-
ization. The most probable explanation is a pH-dependent
solubility of CHD as suggested by Jones et al. [55]. These
authors investigated the state of CHD in different semisolids
by Raman spectroscopy. From peak shifts of the strongest
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Fig. 5 CPP coatings prepared with i =5 mA/cm? and ¢ = 60 min: (a)
with 50 uM CHD; (b) without CHD

band from 1564 to 1608 cm ™! they suggest an enhanced sol-
ubility of the protonated cation H,CHD?*t, corresponding to
a decreasing solubility of CHD with increasing pH. Thus the
formation of compound coatings from CHD and HA can be
described as similar to that of coatings of CPP and chitosan
[50-52]. Chitosan is also present as a cation in slightly acidic
solutions.

As shown in Fig. 1, high CHD contents of the coatings,
combined with crystals from CHD, are present only for
the long polarization time and CHD concentrations above
50 uM. Thus, both sufficient polarization time and CHD
concentration in the electrolyte are prerequisites for the for-
mation of such crystals.

Interestingly, the presence of crystals from CHD is always
associated with coatings from nano-crystalline HA and from
the experiments with a current density of 5 mA/cm? for 60
min in electrolytes with/without 50 uM CHD it has to be

120
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Fig. 6 FT-IR spectra of coatings prepared with a current density of
5 mA/cm? in electrolyte with a CHD concentration of 200 uM: (a)

spectrum for a ACP coating with 10 min deposition time; (b) spectrum
for a HA coating with 60 min deposition time

concluded that the transformation of ACP into HA is ham-
pered under these conditions (see Fig. 5). Correspondingly
it was found that the size of the ACP spheres is increased in
the presence of CHD (see Fig. 3). Thus it can be speculated
that the co-deposition of CHD with ACP in the initial phase
of the formation of the coatings results in strong interactions
between both components and thus interferes with both the
transformation of ACP into HA as described in [40] in great
detail and the formation of crystals from CHD. With that
in mind, the transformation of ACP into HA seems to be a
prerequisite for the crystallization of CHD and thus the re-
alization of higher CHD contents in the coatings. How this
transformation can be influenced by a number of additional
factors such as electrolyte composition, deposition time, and
current density have been studied in [40, 41] for the con-
ditions used in this work. Besides, the process temperature
also plays a major role in the deposition of crystalline CPP
as shown in [56]. Thus choosing right combinations of these
parameters should allow tailoring the CPP/CHD ratios in the
layers according to the specific needs of patients.

Conclusions

CHD as a cationic antibacterial agent for the first time has
been co-deposited with CPP in an electrochemically assisted
process due to its pH-dependent solubility, which allows vari-
ation of the CHD content of the coatings over several orders
of magnitude. While coatings with low concentrations of
CHD can be prepared by co-deposition of CHD with ACP,
higher contents of CHD can be realized by co-crystallization
of CHD and HA. Further influencing the release behaviour of
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CHD-layered coatings by combining deposition from elec-
trolytes with/without CHD could be envisaged. Work in re-
lation to this, together with the characterisation of the release
behaviour of CHD from the coatings, is currently in progress.
This will have to be followed by cytotoxicity investigations
as already performed by a number of authors [6, 57, 58].
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