Biomaterials 34 (2013) 59695977

Contents lists available at SciVerse ScienceDirect

| :éiomaterials

Biomaterials

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

Multilayered coating on titanium for controlled release of
antimicrobial peptides for the prevention of implant-associated
infections

@ CrossMark

Mehdi Kazemzadeh-Narbat?, Benjamin F.L. Lai®, Chuanfan Ding®,
Jayachandran N. Kizhakkedathu ®, Robert E.W. Hancock ¢, Rizhi Wang ®*

2 Department of Materials Engineering, University of British Columbia, Vancouver, Canada

b Department of Pathology and Lab Medicine & Center for Blood Research, University of British Columbia, Vancouver, Canada
€ Department of Chemistry, Fudan University, China

d Department of Microbiology and Immunology, University of British Columbia, Vancouver, Canada

ARTICLE INFO ABSTRACT

Article history:

Received 13 March 2013
Accepted 13 April 2013
Available online 13 May 2013

Prevention of bacterial colonization and formation of a bacterial biofilm on implant surfaces has been a
challenge in orthopaedic surgery. The treatment of implant-associated infections with conventional
antibiotics has become more complicated by the emergence of multi-drug resistant bacteria. Antimi-
crobial eluting coatings on implants is one of the most promising strategies that have been attempted.
This study reports a controlled release of an antimicrobial peptide (AMP) from titanium surface through
a non-cytotoxic multilayered coating. Three layers of vertically oriented TiO, nanotubes, a thin layer of
calcium phosphate coating and a phospholipid (POPC) film were impregnated with a potent broad-
spectrum AMP (HHC-36). The coating with controlled and sustained release of AMP was highly effec-
tive against both Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa)
bacteria. No cytotoxicity to osteoblast-like cells (MG-63) was observed. Moderate platelet activation and
adhesion on the implant surface with no observable activation in solution, and very low red blood cell
lysis was observed on the implant. This multi-layer assembly can be a potential approach to locally
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deliver AMPs to prevent peri-implant infection in orthopaedics without being toxic to host cells.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Titanium and titanium alloys are frequently used in orthopaedic
implants because of their good biocompatibility and reliable me-
chanical properties [1]. However, the formation of a bacterial sur-
face biofilm and compromised immunity at the implant/tissue
interface may lead to persistent infections on and around titanium
implants. Pathogens such as Staphylococcus aureus, Staphylococcus
epidermidis, and Pseudomonas aeruginosa can be acquired shortly
after the surgical installation of implants or at a later stage (e.g. via a
haematogenous route) [2]. The resulting infection is usually diffi-
cult to treat and in most cases, replacement of a prosthesis is the
only remedy [3]. Moreover, the emergence of multi-drug resistant
bacterium like methicillin-resistant S. aureus (MRSA) has critically
challenged the use of conventional antibiotics [4]. Systemic
administration of antimicrobial agents have several drawbacks
such as the relatively low drug concentration at the target site and
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potential toxicity [5]. Hence, localized delivery of antimicrobial
agents with time-effective handling of infection, while potentially
eliminating problems associated with systemic administration, is
highly desirable [6,7].

The inhibition of organisms in a complex biofilm requires up to
1000-times the antibiotic dose necessary to combat bacteria in
suspension [8]. An ideal local antibiotic release profiles should
exhibit a high initial release rate within 6 h post implantation while
the immune system is weakened/compromised leaving the implant
susceptible to surface bacterial colonization, followed by a contin-
uous ‘prophylactic’ slow release [8,9]. Conventional antibiotics like
vancomycin, tobramycin, and gentamicin have been incorporated
in controlled release devices [9]. A serious concern regarding the
use of these antibiotics is that the release at levels below the
minimal inhibitory concentration (MIC) is likely to evoke bacterial
resistance [10]. High doses of antibiotics often generate cell toxicity
and may impair osteogenic activity [11]. A promising alternative to
conventional antibiotics is the short cationic antimicrobial peptides
(AMPs) [12]. AMPs have broad-spectrum antimicrobial activity
against Gram-positive and Gram-negative bacteria, and are also
known to be antifungal and antiviral [13]. Due to the complex
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mechanisms of AMPs bacteria are killed more rapidly than with
conventional antibiotics and it is extremely difficult for bacteria to
develop resistance [14,15].

Calcium phosphate coatings and vertically aligned titania
nanotubes (NT) are two platforms used for delivering drugs from
orthopaedic implants [16,17]. In our previous work, we successfully
examined, in vitro and in vivo, the feasibility of using micro-porous
CaP [18,19], and self-organized and vertically oriented TiO, nano-
tubes coatings [20] on Ti surfaces as carriers to deliver peptide
HHC-36, one of the most potent broad-spectrum AMPs. Both stra-
tegies led to an initial burst release of HHC-36. And HHC-36 onto
loaded CaP coated Ti showed no bone growth inhibition. However,
the release rate in both systems was too fast, limiting the antimi-
crobial effects to early stage peri-implant infection [18—20]. The
main objective of this study was to develop a layer-by-layer as-
sembly of multi-layer thin films in order to encourage prolonged
AMP release on Ti implants. To create a coating that had dual
beneficial effects, i.e. antimicrobial and osteoconductive, thin layers
of titania NT and CaP coatings were impregnated with AMPs. These
films were topped with a thin phospholipid (POPC, palmitoyl-
oleoyl phosphatidyl-choline) film to control the release of AMP
based on a bio-inspired cell membrane [21,22]. POPC is found
naturally in eukaryotic cell membranes and offers the least support
for bacteria growth (81% reduction), and the most suitable platform
for bone cell attachment [23]. POPC has also been shown to exhibit
clinically acceptable osteointegration [24].

Testing of the biocompatibility of coatings has generally been
performed through in vitro assessment of the interaction of the
coatings with recognized cell culture lines. However, this does not
adequately address the acceptability of these materials in the blood
interfacing environment, which consists of a fibrin film containing
platelets and red blood cells and plays a significant role in osteo-
genesis [25,26]. In this regard, platelet adhesion and activation on
an implant surface and the surrounding fluid are critical steps in
initiating osteoconduction [27,28]. Therefore, it was also the pur-
pose of this study to address the hemocompatibility of the multi-
layer coating systems, using platelet adhesion, activation, and
haemolysis studies.

2. Materials and methods
2.1. Fabrication of TiO, nanotubes on titanium surface

The commercially pure Ti foils (0.1 mm, 99.6% purity, Goodfellow) were
consecutively sonicated in acetone, ethanol, and distilled water and then air dried.
Titania nanotubes were prepared using anodization technique, in which Ti was used
as the working electrode (anode), and platinum as the cathode. The TiO, nanotubes
were prepared in 75% glycerol (C3HgOs, Fisher Scientific, Canada) solution con-
taining 0.27 m ammonium fluoride (NH4F, Fisher Scientific, Canada) at 30 V (DC
power supply, Matsusada R4K-80 Series) for 6 h at room temperature. After anod-
izing, the samples were rinsed with water, and sequentially soaked in absolute
ethanol and distilled water overnight and air dried. The nanotube samples were
then annealed at 400 °C (5 °C/min) for 3 h and then gradually cooled down in the
furnace to crystallize the amorphous TiO, nanotubes into the anatase structure,
following the protocol of Macak et al. [29].

The antimicrobial peptide HHC-36 (KRWWKWWRR-NH,) (CPC Scientific, Sun-
nyvale, CA), was used in our study [30]. To load the HHC-36 into NT specimens
(1 x 1 cm), the AMP was dissolved in low surface tension solvent (ethanol), and
forced into NT using vacuum-assisted physical adsorption method. Fifty microlitre of
a 672 um HHC-36 solution was pipetted onto the nanotube surfaces, gently spread,
and allowed to dry under vacuum desiccator at room temperature for 30 min. The
loading process was repeated three times.

2.2. Processing of CaP on TiO, nanotubes

Calcium phosphate coating was prepared on titania nanotubes using the drop-
and-dry technique, a modified approach of the evaporation-induced surface crys-
tallization technique developed by Duan et al. [31]. The supersaturated calcium
phosphate (SSCP) containing 2.32 mm NH4H,PO4 (Fluka), 3.87 mm CaCl; (Fluka),
150 mm NaCl (Fluka), 40 mm HCl (Fisher), and 50 mwm tris(hydroxymethyl)

aminomethane (Tris) (Fluka) was adjusted to pH 7.30 at room temperature with
NaOH (Fisher). Fifty pL of SSCP solution was pipetted onto the specimen surfaces,
gently spread, and dried in air at room temperature for 3 h. After repeating the drop-
and-dry treatment four times, the samples were each rinsed with PBS and allowed
to dry in air. The CaP coated specimens were loaded with AMP by pipetting fifty
microlitre of 672 pv HHC-36 solution in ethanol onto the CaP surfaces, and air dried.
The loading process was repeated three times.

2.3. Phospholipid coating on CaP

POPC (1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) (Genzyme Pharma-
ceuticals) and AMP were dissolved in an appropriate volume of ethanol by soni-
cation to give final concentrations of 26 mm POPC, including 672 um HHC-36. Fifty pl
of this solution (POPC-20) were pipetted onto the specimen surfaces, and dried in air
at room temperature. The samples were kept at 4 °C for future experiments.

2.4. Surface characterization

Surface morphologies of the coatings were studied, after being sputter coated
with a thin layer of gold, with a field emission scanning electron microscope (FE-
SEM Zeis Sigma) equipped with an energy dispersive X-ray analysis unit (EDS). A
focused ion beam (FIB-SEM) analysis was performed using a FEI Helios 650 dual
beam microscope to investigate the cross section of specimens. The analysis was
carried out at low beam current of 0.20 nA, while the energy of ions was 3 kV.
Chemical compositions of coatings were evaluated using EDS, and attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR Perkin Elmer Spec-
trum 100) in the range from 4000 to 400 cm™ .. Chemical binding between POPC and
the peptide in the POPC-20 solution was investigated using liquid chromatography-
mass spectrometry (BrukerEsquire-LC/MS). The POPC-20 solution was diluted by
ten-fold (HHC-36/POPC:67 pum/2.6 mm in ethanol) and injected at 10 pL/min infusion
rate. The m/z values were obtained from a mass spectrum average. The mass spec-
trometer was calibrated using pure POPC and HHC-36 standards.

The wettability of surfaces was characterized by measuring contact angles by
the sessile drop method in 1 pL distilled water at room temperature. Images were
captured and analysed using Northern Eclipse software at 10x magnification.

2.5. Release profile of AMP

The in vitro AMP release kinetics of the samples were measured using ultravi-
olet—visible spectroscopy (UV/Vis) by recording the absorption peak at 280 nm,
which is the characteristic excitation wavelength for tryptophan [32]. Three speci-
mens, nanotube coated Ti loaded with AMP (NT), CaP coated nanotubes loaded with
AMP (CaP), and POPC-20 were gently rinsed with PBS and dried at room tempera-
ture. The specimens, assessed in triplicate, were then immersed in 1 mL of PBS (pH
7.4) in a glass vial while rotating at 37 °C. All samples were rinsed with PBS. After
30 min, 90 min, 150 min, 270 min, 1 day, 2 day, 3 day, 5 day and 7 day, 500 pL of
solution was sampled and fresh PBS was replenished each time samples were taken.
The samples were stored at —20 °C, and AMP content was analysed using a UV/Vis to
assess the AMP cumulative release ratio. A series of standards in the concentration
range of 2—100 pg/mL of HHC-36 in PBS were prepared in triplicate to calibrate the
system. AMP quantification was then calculated based on the external standard
method. Degradation of POPC-20 samples in 1 mL of PBS (pH 7.4) in a glass vial while
rotating at 37 °C were studied in triplicate for up to 7 days. After each day, the
samples were fixed in 2.5% glutaraldehyde in PBS for 2 h at 4 °C, dehydrated with
graded ethanol (50, 70, 80, 90, 95, and 100%, 15 min each), and examined using an
FE-SEM.

2.6. Antimicrobial activity

The assessment of antibacterial activity against both Gram-positive (S. aureus
ATCC 25293) and Gram-negative (P. aeruginosa H1001: lux-CDABE) bacteria was
performed by the disk-diffusion assay (Kirby—Bauer). To obtain bacteria in the mid
logarithmic phase of growth, 100 pL of an overnight culture of bacteria was trans-
ferred into sterile tubes containing 5 mL of MHB and incubated at 37 °C for 1 h. P.
aeruginosa and S. aureus bacterial suspensions were then re-suspended in MHB, to
provide a final density of ~10% CFU mL~". The bacterial suspension (1 mL) was
applied uniformly to the surface of a nutrient MH agar plate before placing the disks
on the plate. The inoculated agar plates were allowed to dry for 10 min, and then the
round disks (1 cm in diameter) of specimens and Ti as negative control, were placed
on the inoculated agar, with the coated side touching the inoculated agar. The agar
plates were then incubated at 37 °C for 24 h.

The antimicrobial activity of POPC samples was also confirmed by SEM imaging
of samples incubated with ~10 CFU mL~" of S. aureus or P. aeruginosa overnight at
37 °C. The nanotube sample without AMP treatment was used as control.

2.7. Cell study

Commercially available MG-63 human osteoblast-like cells (ATCC CRL-1427,
USA) were cultured in a medium consisting of Dulbecco’s Modified Eagle’s
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Medium (DMEM, GIBCO), including a minimal essential medium supplemented
with 10% fetal bovine serum (FBS), and 1% nonessential amino acids (GIBCO). The
culture medium was refreshed at 2-day intervals and the incubator temperature
maintained at 37 °C under 95% humidified atmosphere with 5% CO,. Cells were
washed with 0.1 m PBS and isolated from culture dishes by trypsinization, and viable
cell numbers were checked using the Trypan blue dye exclusion test.

The cytocompatibility levels for cells cultured on specimens was evaluated by
measuring the mitochondrial dehydrogenase activity using a modified MTT (3-(4,5-
dimetyl-2-tiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) (Biotium) reduction
assay. To assess the cytotoxicity of specimens, 10 dispersed cells were seeded in
triplicate onto nanotube coated Ti without AMP (NT) or POPC-20. Negative controls
were assigned to cells cultured in fresh medium, and normal conditions with no
AMP. The cells were allowed to attach for 2 h before adding 1 mL culture medium.
Fresh medium was replaced every 2 days and the MTT reduction assay was carried
out after 1, 2, and 5 days. After each time point, the media was removed, and 100 puL
MTT dissolved in 1 mL serum free medium was added to each well, and wells were
incubated for 4 h at 23 °C. Subsequently, the solution was removed and was replaced
with 200 uL DMSO (dimethylsulfoxide) to dissolve the resulting reduced product
that indicated metabolically active cells. After shaking the plates for 15 min, the
absorbance was measured at 570 nm on an ELISA microplate reader (Bio-Tek
Instruments).

To study cell attachment, 10* dispersed MG-63 cells were cultured on each
sample, and incubated for 4 h. The samples were then washed three times with 0.1 m
PBS and incubated in 2.5% glutaraldehyde in PBS for 2 h at 4 °C. After washing the
samples 3 times with 0.1 m PBS, specimens were dehydrated using graded ethanol
washes (50, 70, 80, 90, 95, and 100%, 15 min each), and critical-point dried
(Autosamdri®-815B, Series A). The samples were gold sputter coated (Moorestown,
NJ), and viewed using an FE-SEM.

2.8. Platelet activation and adhesion analysis

The collection of blood with approved consent from human volunteers was
performed under a protocol approved by the clinical ethics committee of the Uni-
versity of British Columbia. Blood from two healthy donors was collected at the
Centre for Blood Research, University of British Columbia, into a tube containing 3.8%
sodium citrate with a blood/anticoagulant ratio of 9:1. Platelet rich plasma (PRP) was
prepared by centrifuging whole blood samples at 900 rpm for 10 min in an Allegra X-
22R Centrifuge (Beckman Coulter, Canada).

The level of platelet activation upon interaction with implants was quantified by
flow cytometry. Different samples were soaked and incubated with 740 puL of PRP at
37 °C, including NT, CaP coated NT, POPC-20 which had already been interacted with
AMP, and POPC coated Ti without AMP as well as pure Ti as controls. After 2 h, al-
iquots of the incubation mixtures were removed for assessment of the platelet
activation state. Five-pL of post-incubation platelet rich plasma, diluted in 45 pL of
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer, was incubated
for 20 min in the dark with 5 pL of monoclonal antibody anti-CD62P-PE (Immu-
notech). The samples were then stopped by the addition of 0.3 mL of phosphate-
buffered saline solution. The level of platelet activation was analysed in a BD
FACSCanto II flow cytometer (Becton Dickinson) by gating platelets specific events
based on their light scattering profile. The activation of platelets was expressed as
the percentage of platelet activation marker CD62P-PE fluorescence detected in the
10,000 total events counted per sample. Duplicate measurements were performed,
the mean fluorescence was reported. Treatment with 1 U/mL of bovine thrombin
(Sigma) was used as a positive control, and with HEPES buffer as a negative control
in this flow cytometric analysis. The samples were also washed with PBS and fixed
with 2.5% glutaraldehyde in PBS. After washing the samples with PBS, specimens
were dehydrated using graded ethanol (50, 70, 80, 90, 95 and 100%, 15 min each).
The samples were gold sputter coated (Moorestown, NJ), and examined using an FE-
SEM for platelet adhesion onto each sample surface.

2.9. Red blood cell (RBC) haemolysis assay

In RBC haemolysis study, the same groups of samples as platelet activation
analysis were soaked and incubated with 740 pL of 10% haematocrit RBC suspension
for 1 h at 37 °C. The 100% lysis of RBCs incubated with distilled H,O was used as
positive control. The percent of RBC lysis was measured by the Drabkin method.
Twenty microlitres of the 10% haematocrit RBC suspension mixture was added to
1 mL of Drabkin’s solution. The RBC suspension was then centrifuged at 8000 rpm
for 3 min, and two hundred microlitres of supernatant solution was also subjected to
1 mL of Drabkin’s solution dilution. The difference in optical density (OD) was
measured using the spectrophotometer at 540 nm. The percentage of red blood cell
lysis (haemolysis degree) in each sample is measured from the OD of supernatant
divided the OD of suspension solution.

2.10. Statistical analyses
“Primer of Biostatistics” software was used to calculate the difference between

sets of data based on analysis of variance (ANOVA). The p value of less than 0.05 was
considered statistically significant.

3. Results
3.1. Characteristics of TiO; nanotubes
The morphology of titania nanotubes after annealing is shown in

Fig. 1a. The FE-SEM images show that titania nanotubes were about
2 um long with a pore size of approximately 120 nm in diameter with
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Fig. 1. (a) SEM micrographs of TiO, nanotubes including top view, with high magni-
fication showing a close packed structure, and side view of mechanically fractured
sample anodized in 75% glycerol solution containing 0.27 m ammonium fluoride at
30 V for 6 h at room temperature. (b) SEM micrograph of CaP coating on TiO, nano-
tubes after four times of drop-and-dry treatment, showing the coverage of NT by CaP
crystal flakes. (c) SEM micrograph of POPC-20 coating on CaP.
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pores oriented vertically to the sample surface. The nanotube array
was uniformly distributed over the substrate. There were ripples
observed on the side wall of the nanotubes due to thickness fluc-
tuations along the nanotubes. This phenomenon is related to peri-
odic oscillations of the current during anodization [29].

3.2. Calcium phosphate coating on titania nanotubes surface

Fig. 1b shows the titania nanotube surface treated by the drop-and-
dry technique. After four consecutive treatments with the supersatu-
rated calcium phosphate (SSCP) solution, the nanotubes were
completely covered with calcium phosphate (CaP) flakes that were
about 1 pm large and less than 100 nm in coating thickness based on
FIB-SEM analysis. The calcium to phosphorus atomic ratios, as
measured by EDS, was calculated to be 1.31 +-0.04 (n = 3), which is close
to that of octacalcium phosphate (Ca/P = 1.33). As the layer of CaP was
very thin we were unable to perform further analysis with FTIR or XRD.

3.3. Phospholipid coating

The FE-SEM analysis of POPC coated samples showed that the
CaP coating was embedded uniformly with POPC all over the
sample. POPC filled up the CaP pores but did not completely cover
up the CaP coating, so the CaP layer underneath could still be
observed (Fig. 1c). The CaP-POPC coating was 200—300 nm thick as
observed by FIB-SEM on the multi-layer coated NT. The FTIR spectra
of the coatings are shown in Fig. 2a. The assignments correspond-
ing to POPC included the CH; antisymmetric stretch and the CH,
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Fig. 2. (a) ATR-FTIR spectra of POPC-20 compare to POPC-only coatings. The inclusion
of AMP did not change the chemical characteristics of POPC. (b) Mass spectrum of a
ten-fold diluted solution of POPC-20 (HHC-36:POPC of 67 pm:2.6 mwm in ethanol).

symmetric stretch at 2923 and 2853 cm™), respectively. The C=0
stretching vibration band of POPC was observed at about
1735 cm™~ L. The wave numbers 1463 and 1231 cm ™! were attributed
to CH, scissoring, and the PO3 antisymmetric stretch. The 1030—
1090 cm™! range included the PO symmetric stretch, and the CO—
O—CH, symmetric stretch [33].

Identification of the molecular species in the POPC-20 solution
was based on the m/z value of their monoisotopic H™ adducts, as
detected by MS (Fig. 2b). The range of fragments detected by MS at
760.8 m/z corresponded to the molecular mass of POPC
(760.8 g mol~ "), and the peak at 1521 m/z showed the characteristic
ions generated from POPC dimers (760.8 + 760.8). A small peak at
1125.1 m/z matched the combined molecular masses of POPC and
HHC-36 (1488 g mol~!) with two positive ions H* adducts
[(1488 + 760 + 2)/2] [34,35] (Fig. 2b).

The hydrophilicity evaluations showed that the cleaned Ti sur-
face (control) had a contact angle of around 67°. The other samples
exhibited a decrease in contact angle compared to Ti alone. The
obtained contact angles for CaP and NT were about 14° and 10°,
respectively, and for POPC and POPC-20 the calculated contact
angles were in the range of 7 + 1°.

3.4. Release kinetics and coating degradation

Fig. 3 shows the AMP release profiles of POPC-20 and the two
controls. As expected a burst release of AMP was observed from
both controls during the first few hours after incubation. In
contrast, a slow and steady release of AMP was observed from the
POPC-20 samples.

Fig. 4 shows the degradation of POPC-20 coatings after three and
seven days in PBS. Nanotubes were observable after three days of
incubation, however degradation was heterogeneous and different
levels of degradation were detected at random spots.

3.5. Cell attachment and cytotoxicity

Upon interaction with cells and assessment of residual meta-
bolic activity using the MTT reduction assay, statistical analysis of
variance showed no significant difference (p > 0.05) between
samples (POPC-20) and controls (cells cultured in fresh medium,
and normal conditions with no AMP, and NT coated Ti without AMP
treatment) after 1 day (p = 0.13), 2 days (p = 0.37) or 5 days
(p = 0.24) (Fig. 5a). This indicated that the layer modification of the
Ti did not affect viability or cellular metabolism.
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Fig. 3. Kinetics of in vitro release of AMP from POPC-20, and NT and CaP controls over
time as shown on a log scale. Error bars indicate standard deviations (n = 4).
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Fig. 4. SEM images of the degradation of POPC-20 after (a) 3 days, and (b) 7 days of
incubation in PBS at 37 °C while gently shaking.

After 4 h incubation with 104 of MG-63 cells, POPC-20 samples
were examined by FE-SEM. Fig. 5b presents typical cell morphol-
ogies. The MG-63 osteoblast-like cells spread extensively on sub-
strates. The cells were polygonal in shape with extensive filopodia.
However, some thicker cells with elongated appearance were also
detected occasionally in random area of samples. In general the
cells with a branched look were scattered all over the specimens
with no regular orientation. All cells exhibited dorsal ruffles indi-
cating filopodia-mediated events [36,37].

3.6. Antimicrobial activity

The AMP released from the POPC-20 material was able to kill
both S. aureus and P. aeruginosa bacterial strains. A distinct area of
clearing around the implants (zone of inhibition) was observed for
POPC specimens that had been treated with AMP (Fig. 6).

Fig. 7 shows the qualitative SEM assessment of bacteria incu-
bated with NT controls and POPC-20-coated materials overnight. As
expected, the control NT surface showed extensive coverage with
bacteria. A self-produced matrix of extracellular polymeric sub-
stance from P. aeruginosa could be observed in different areas in
Fig. 7b of the control NT sample. In strong contrast, very few bac-
teria were detected on POPC-20 samples, consistent with the
observed zone of inhibition (Fig. 6). Evidently, AMP had eluted from
the AMP-loaded POPC-20, leading to subsequent bactericidal ac-
tivity (Fig. 7c,d).
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Fig. 5. (a) MTT assay for residual cellular metabolic activity performed to evaluate the
cytotoxicity of POPC-20 towards MG-63 osteoblast-like cells. Analysis of variance
showed no statistically significant difference (p > 0.05) in cell activity between the
POPC-20, and two controls (cells only, and NT) after 1 day (p = 0.13), 2 days (p = 0.37),
and 5 days (p = 0.24) incubation. (b) SEM photomicrograph of MG-63 osteoblast-like
cells on POPC-20 after 4 h of incubation.

3.7. Hemocompatibility

To verify hemocompatibility of the POPC-20, platelet activation
and adhesion, and haemolysis in human blood were tested. The
percentage of platelets positive for CD62P [38,39] upon interaction
with various implant substrates, controls is represented as a chart
in Fig. 8. No significant difference (p > 0.05) was observed between
the levels of platelet activation for POPC-20 and control samples in
the solution phase.

The same samples that were used in the platelet activation test
were qualitatively examined by FE-SEM analysis for platelet
adhesion on POPC-20 samples. Fig. 9 presents typical SEM images
of attached platelets after incubation with PRP for 2 h at 37 °C. As
shown, platelets adhere to the implant surface. Adhered platelets
on all samples showed the presence of pseudopods which are
typical for platelets in an activated state [40]. The platelet adhesion
appeared to be slightly decreased on POPC-20 than other samples
although no statistical analysis could be done. Although, there was
not much platelet activation seen in solution, the signs of platelet
activation are evident from the platelet adhesion data. This might
be due to the small surface area of the implant used in the study
(1 cm?).

As shown in Fig. 10, there was not much haemolysis present
on different implant surfaces; it was not statistically different
from the PBS control demonstrating that the surface was not
lysing RBCs.
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Fig. 6. Evaluation of the antimicrobial effects by the disk-diffusion method against confluent lawns of (a) P. aeruginosa, and (b) Staphylococcus aureus bacteria. Titanium was used as

a control compared to duplicate POPC disks treated with AMP.

4. Discussion

The layer-by-layer technique for flat surfaces is a simple but
promising method for coating biological and non-biological sub-
strates impregnated with drugs and other biological substances to
enable controlled release [41]. The ideal design of multilayered
drug delivery systems as coatings on orthopaedic implants
enabling the release of antimicrobal agents in a physiological
environment, should meet certain requirements: (1) the selected
antimicrobial agents should not promote the development of
multiple antibiotic resistance, (2) the release kinetics should be
controllable and ideally sustained, and (3) the biocoatings should
be osteoconductive.

To achieve these purposes, layer-by-layer coatings on Ti sub-
strates including nanotubes, calcium phosphate and phospholipids

EHT =20.00 kV
WD = 6.5mm

Signal A= InLens
Mag= 1.00KX

were developed here to enable the delivery of the HHC-36 anti-
microbial peptide. HHC-36 has high antimicrobial activities against
a broad array of multi-drug-resistant “Superbugs”, including MRSA,
and has demonstrated better performance than traditional antibi-
otics, as well as clinical candidate antimicrobial peptides such as
MX226/0Omiganan and hLF1-11 [18,42]. The minimal inhibitory
concentration (MIC) of HHC-36 is as low as 1.4—2.9 pum against
MRSA S. aureus and 0.7-—5.7 pum against multi-drug resistant
P. aeruginosa [30,42]. Different models have been proposed for the
antimicrobial activity of AMPs, including alterations of membrane-
linked functions such as cell wall biosynthesis, cell division and
energetics, membrane permeabilization and inhibition of intracel-
lular macromolecular synthesis [12,14,43]. We previously showed
that loading HHC-36 antimicrobial peptide into octacalcium
phosphate (OCP) coatings and self-organized TiO; nanotube arrays
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Fig. 7. SEM micrographs of bacteria incubated overnight on the non-AMP treated NT control with (a) S. aureus, and (b) P. aeruginosa or on the POPC-20 surface with (c) S. aureus, and

(d) P. aeruginosa on. Very few bacteria were observed on the POPC-20 samples.
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Fig. 8. The percentage of CD62P-selectin expression upon incubation with different
samples, showed the lowest platelet activation levels in the fluid phase for all samples.
Implant surfaces (1 cm?) were incubated with platelet rich plasma at 37 °C for 2 h and
analysis were performed on platelets in solution phase.

did not negatively affect MG-63 osteoblast-like cells [18,20]. The
incorporation of HHC-36 into OCP coatings could even moderately
enhance bone growth in vivo [19].

The drop-and-dry technique developed in this study, enabled
the production of different thicknesses of uniform CaP coatings
onto TiO, nanotubes, ranging from a few nanometres to few mi-
crons based on the number of repetitions of coating cycles at low
temperature. The suggested mechanism for CaP film formation in
the drop-and-dry technique is evaporation-induced surface crys-
tallization [31]. A gradual evaporation of a drop of supersaturated
calcium phosphate on a titanium surface would increase the satu-
ration level of CaP and raise the CaP ion concentrations. This would
initiate the nucleation of CaP crystals on the surface. The
completely dried film would then be like a “crust” layer of CaP and
salt crystals (e.g. NaCl, Tris, etc.). By repeating the cycles and rinsing
the coating with PBS, the salts would dissolve, and CaP crystals
would remain and grow in size and thickness.

To further control the burst release of the incorporated AMP, a
thin film of amphiphilic POPC (resembling the lipid bilayer in
mammalian cells) was applied as a barrier layer to control the
release kinetics. Our current design enabled drug release for up to
72 h using lipid barrier. Mass spectrometry analysis showed much
higher signal intensity (Fig. 2b) for POPC compared to the conju-
gated POPC:HHC-36 peak at 1125 nm, indicating a very weak
interaction between these two molecules. This interaction most
likely includes hydrogen bonding between tryptophan and cationic
residues and POPC (based on [44]) as well as clustering of hydro-
phobic side chains with the fatty acyl chains of POPC. One of the
major advantages to layer-by-layer assembly of multi-layer thin
film systems is that the thickness of the films can be tuned by
controlling the anodization time of NT, the drop-and-dry cycles of
CaP, and the amount and concentration of deposited POPC. Since
AMP can be cyclically incorporated throughout each layer, the total
drug loading is therefore also (dependently) tuneable.

A first-order model provided the closest fit for the observed
release kinetics. Such a model can also be used to describe the drug
dissolution of water-soluble drugs in porous matrices or barrier
membrane coatings. This means that the system is concentration
dependent and we expect the release of AMP occurred via the
degradation diffusion phenomenon [45]. Upon contacting PBS in
suspensions, the POPC structure would undergo swelling leading to
drug diffusion and dissolution. The outermost surface of the POPC
layer, representing the diffusion zone, is anticipated to contribute
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Fig. 9. Platelet adhesion on different implant surfaces characterized by SEM. (a) NT,
(b,c) POPC-20 after 2 h incubation with PRP. Activated platelets with pseudopods
attached to the coating could be observed on the coating.

most to the initial burst release behaviour of AMP. The heteroge-
neous degradation pattern of the coatings in Fig. 4 indicates that
the POPC layer might swell due to the interaction with PBS during
the initial stage, which would eventually lead to the mechanical
failure of the coating. However further studies need to be done on
the mechanism of release and transition [46].

The established release profile will enable sterilization of the
implant site at an early stage and will effectively prevent any sur-
viving bacteria from multiplying and re-colonizing the surface of
the implant. Implants exposed to high concentrations of bacteria
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Fig. 10. The haemolytic activity of implants after incubation with 10% haematocrit RBC
suspension for 1 h at 37 °C. Very low haemolysis degree was observed for Ti, NT and
POPCs implant surfaces.

overnight were still effective, indicating the potency in eradicating
infection both Gram-positive and Gram-negative bacteria in vitro
(Figs. 6 and 7). Cytocompatible release levels of HHC-36 (less than
200 pm), together with the low MIC of HHC-36 enables the implants
to provide a continuous antimicrobial release while maintaining
osteointegration.

The moderate platelet adhesion on hydrophilic implant sur-
faces, and low platelet activation levels in the fluid phase were
observed in the present study (Fig. 8). Other in vitro studies have
shown favourable cell responses to charged, hydrophilic surfaces,
consistent with superior adsorption and bioactivity of adhesion
proteins [47,48]. Immediately after implantation, the wound site is
first occupied by a blood clot. The initial stage of osteoconduction is
the migration of osteogenic cells through a provisional fibrin ma-
trix. Therefore at the first stage of the peri-implant bone healing,
both the formation of a fibrin matrix, and the activation of blood
cells entrapped at the implant interface, are essential [49]. Upon
contact, platelets should undergo the morphological and
biochemical changes typically observed in response to foreign
surfaces. The changes that have been observed in in vitro platelet
studies include adhesion, spreading and aggregation [50,51]. Beside
platelets, the major cells in the blood that will initially come into
contact with the implant surface are the RBCs. It was previously
demonstrated that HHC-36 caused minimal red blood cell lysis at
concentrations of up to 251 pm [42]. Coatings incorporated with
HHC-36 were not damaging red blood cells confirming the non-
toxic nature of the substrate.

5. Conclusions

Thin hydrophilic films impregnated with antimicrobial peptide
were constructed in layer-by-layer films on titanium implants by
creating titania nanotubes, coated with calcium phosphate crystals,
and topped with a thin layer of phospholipid. Antimicrobial peptide
was loaded into each layer. Utilizing a phopholipid layer as a barrier
film enabled more controlled and sustained release of AMP with a
first-order model providing the closest fit for the release kinetics.
This means that the system was concentration dependent. The
films were effective in eradicating the in vitro growth of S. aureus
and P. aeruginosa MG-63 osteoblast-like cells attached to the im-
plants and no cytotoxicity was observed after five days. The coat-
ings were degraded heterogeneously and this multi-layer assembly
caused moderate platelet activation on the implant surface with no

observable activation in solution. Very low red blood cell lysis was
observed on all implants, which further indicated high cyto-
compatibility. Overall these new layer-by-layer coatings demon-
strated excellent functionality.
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