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Prevention of implant-associated infections has been one of the main challenges in orthopaedic surgery.
This challenge is further complicated by the concern over the development of antibiotic resistance as
a result of using traditional antibiotics for infection prophylaxis. The objective of this study was to
develop a technique that enables the loading and local delivery of a unique group of cationic antimi-
crobial peptides (AMP) through implant surfaces. A thin layer of micro-porous calcium phosphate (CaP)
coating was processed by electrolytic deposition onto the surface of titanium as the drug carrier. The
broad spectrum AMP Tet213 (KRWWKWWRRC) was selected and loaded onto the CaP coating. SEM, XRD
and FTIR analyses confirmed the CaP coating to be micro-porous octacalcium phosphate. By using
a luminescence spectrometer technique, it was demonstrated that a 7 mm thick porous CaP coating could
load up to 9 mg of AMP/cm2 using a simple soaking technique. The drug-loaded CaP coating (CaP-Tet213)
was not cytotoxic for MG-63 osteoblast-like cells. The CaP-Tet213 implants had antimicrobial activity
against both Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa)
bacteria with 106-fold reductions of both bacterial strains within 30 min as assessed by measuring
colony-forming units (CFU). Repeated CFU assays on the same CaP-Tet213 specimen demonstrated
retention of antimicrobial activity by the CaP-Tet213 surfaces through four test cycles. The susceptibility
of bacteria to the CaP-Tet213 surfaces was also evaluated by assessing the inhibition of luminescence of
P. aeruginosa containing a luxCDABE cassette at 4 h and 24 h with w92% and w77% inhibition of lumi-
nescence, respectively. It was demonstrated that CaP-Tet213 was a more efficient antimicrobial coating
than CaP-MX226, CaP-hLF1-11 or CaP-tobramycin following incubation of CaP implants with equimolar
concentrations of Tet213, the commercially developed antimicrobial peptide MX-226, hLF1-11 or
tobramycin. A device coated with CaP-Tet213 could be a potential solution for the prevention of the peri-
implant infection in orthopaedics.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Implant-associated infections are one of the most serious
complications in orthopaedic surgery. The overall infection rates
associated with such surgeries are approximately 5% for fracture-
fixation devices, 2% for primary joint replacements and at least 14%
of the total hip and knee revisions are due to infection [1e7]. The
cost to treat such infections is tremendous, estimated to be least
$50,000 per patient and $250 million per year in the USA [8] and
with the increasing use of orthopaedic devices the number of
infected implants will continue to rise [9]. Despite the tremendous
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morbidity and economic burden associated with implant-associ-
ated infections there has been a paucity of preventative solutions.
These have been limited to the use of ultra-clean surgical technique
and prophylactic antibiotics.

Orthopaedic implant surfaces provide the bacterial growth with
ideal substrates. Common pathogens such as the Staphylococcus
species, S. aureus and S. epidermidis, and Pseudomonas aeruginosa,
can be acquired at the time of surgery or at a later stage (via
a haematogenous route) and can attach to the surfaces of the
implants [10e12] to nucleate infections. This can potentiate the
formation of complex biofilms resulting in up to 1000-fold decrease
in susceptibility to antimicrobial agents, largely due to poor anti-
biotic penetration into the biofilm and the stationary phase of
growth of the bacteria underlying the surface layer [10,13]. The
presence of biofilms and the poor vascularization of the bone/
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implant interface, make prosthetic joint infections extremely
difficult to treat. For example, the current treatment solutions for
the deep infection in total joint arthroplasty include two-stage
radical debridement with implant removal, antibiotic therapy, and
delayed reimplantation [12,14e16].

An ideal strategy to combat implant-associated infections would
be prevention of infection at the site of the implant. Among the
techniques explored, local delivery of antibiotics such as genta-
micin, tobramycin and vancomycin through implant surfaces has
received much attention recently particularly due to their potential
and low systemic side effects of this approach [17e23].

There are two challenges facing the local delivery of antibiotics
through orthopaedic implants. The first one is avoiding antibiotic
resistance; the second one is achieving antimicrobial activity
without impairing peri-implant bone growth (i.e. osseointegra-
tion). A serious concern regarding the use of conventional antibi-
otics in such an approach is the potential development and spread
of antibiotic-resistant pathogens such as the methicillin-resistant
Staphylococcus aureus (MRSA) [24e28]. The development of anti-
biotic-resistant infections can lead to devastating effects in the
absence of any valid medical treatment to control the infection, and
has become a serious public health problem. Therefore, an
intriguing alternative would be the use of non-conventional anti-
biotics for local delivery so as not to compromise the treatment of
infections. A preferred solution would be to employ non-conven-
tional antimicrobial drugs that do not potentiate the development
of resistant phenotypes. One example of such non-classical drugs
is the cationic antimicrobial peptides (AMP) [29]. In Nature,
AMPs form a central component in the defense mechanisms of
all species of life [30,31]. They are short (12e50 amino acids in
length), cationic (due to Lys and Arg residues), and hydrophobic
(containing � 50% hydrophobic amino acids) [32]. Many have very
broad bactericidal activity spectra against both Gram-negative and
Gram-positive bacteria including clinically relevant bacteria [29].
These agents do not readily lead to the selection of resistant
mutants [29,33] and therefore are ideal candidates for infection
prevention through local delivery. Recently, it was demonstrated
that the sequence of native AMPs can serve as templates for the
design of synthetic AMPs with improved antimicrobial activity
[34e37]. By robotic spot synthesis of arrays of variant peptides,
large numbers of short cationic peptides were screened by Hilpert
et al. for antimicrobial activity and together with QSAR modeling
and rapid screening approaches led to the identification of a group
of highly active small broad spectrum AMPs [38].

The main objective of this study was to develop techniques for
delivering AMPs on the surface of metallic orthopaedic implants.
Despite active research on immobilization of peptides (e.g. growth
factors) onto implant surfaces to enhance cell adhesion and bone
growth [39e41], reports regarding the delivery of antimicrobial
peptides on a solid surface have been very limited [42]. In this
study, we examined the feasibility of using micro-porous CaP
coatings on titanium surfaces as a carrier to deliver the candidate
AMP. Since it is well-known that CaP coating can enhance bone
growth onto orthopaedic implants [43], such a combination of CaP
and the short cationic peptides may achieve antimicrobial activity
and osteoconductivity at the same time. As a first step, here we
report the results on processing of the coating, peptide loading, and
in vitro cell culture with both bacteria and osteoblast-like cells.

2. Materials and methods

2.1. Processing of CaP coating on titanium surface

Calcium phosphate (CaP) coating onto Ti surfaces was performed using the
electrolytic deposition ELD technique reported earlier [44,45]. Commercially pure
titanium plates (Goodfellow, USA) of 10� 10� 0.5 mm dimensions were used as the
working electrode (cathode), while a platinum plate served as the anode. The
distance between the working electrode and the anode was set to 3 cm. The elec-
trolyte solution used for the ELD consisted of 5.25 mM of Ca(NO3)2 (Sigma Aldrich),
10.5 mM of NH4H2PO4 (Fisher Scientific), and 150 mM of NaCl (Fisher Scientific). The
pH of the solution was adjusted to 5.30 by adding the NaOH (Fisher Scientific) and
the coating process was conducted with a DC power source operated at 2.5 V at
room temperature for 3 h. Before ELD processing, the Ti specimens were ground
with 320 grit sandpaper and cleaned with alkaline detergent (Fisher Scientific
SF105), acetone, 70% ethanol and distilled water. The specimens were then etched in
2% HF (Fisher Scientific) for 1 min at room temperature. They were ultrasonically
cleaned in distilled water and air-dried.

Surface morphology and thickness of the CaP coating were analyzed by a scan-
ning electron microscope (SEM Hitachi S3000N) after being sputter-coated with
a thin layer of AuePd. For coating thickness measurement, three samples were
embedded into the epoxy resin (Buehler 208130), mechanically ground using
sandpapers and polished using diamond suspensions and silica colloidal suspension
(0.05 mm). Chemical compositions were also analyzed with the Energy Dispersive
Spectrometer equipped in the SEM. To examine the crystal structure, CaP coating
was scratched off the Ti plates, and analyzed with Fourier transform infrared
spectroscopy (FTIR Nexus 870) and powder X-ray diffraction (XRD Bruker D8, Cu Ka,
40 kV and 40 mA, step scanning).

2.2. AMP loading on titanium

One of themost potent short (9 amino acids), broad spectrum AMPs identified in
our recent large QSAR study was HHC36 [37,46]. Further testing with surface-
immobilized HHC36 (C-terminally modified and renamed Tet213) demonstrated
that it retained antimicrobial activity [37,46]. Tet213 with a C-terminal Cys residue
(KRWWKWWRRC) was therefore selected for the current study. To load Tet213 onto
the titanium samples, a buffer solution of 50 mM of Na2HPO4 (Calbiochem) in
distilled water was prepared, and the pH was adjusted to 7.4 by dropping 0.1 M

NaOH. 1 mL of this buffer was transferred into a vial containing 1 mg of peptide. The
Ti sample was immersed into the vial and kept for 1 h at room temperature under
constant, gentle shaking. The plate was then rinsed with distilled water for 10 times,
1 min each, and kept in a vial after being dried in slow air stream.

2.3. Immobilized AMP detection

The amount of AMP immobilized on the Ti surface was determined by fluoro-
metry technique [40]. After dissolving the coating in 1 mL of 0.1 M HCl (Fisher
Scientific) for 1 h in ultrasound bath, 3 mL of 3.23 mM PHQ (9,10- Phenan-
threnequinone) solution (Fluka Chemika) was added into the vial. Subsequently,
0.5 mL of 2 M NaOH solutionwas added. The vial was then placed in 30 �C water bath
for 3 h to allow the reagent PHQ react with Arg residues within the AMP. The
reaction product was a compound with fluorescence that could be used to quantify
sub-mg amounts of Arg. To stop the reaction, acidification was performed by adding
2.25 mL of 2.4 M HCl into the vial. The amount of AMP, based on arginine concen-
tration, was measured using a Luminometer (Perkin Elmer Ltd UK LS-50B) [47],
calibrated with six standard solutions of known AMP concentrations. Four groups of
samples, six in each group, were tested to study the efficiency of AMP loading onto
the CaP coating. Group one (CaP) was the CaP-coated Ti without AMP as a control.
Group two (CaP-AMP) was the CaP-coated Ti, immobilized with AMP and rinsed
with distilled water ten times. Group three (CaP-AMP-PBS) was the coated Ti,
immobilized with AMP. Instead of using water, this group was rinsed with PBS and
immersed in PBS for 30min before the test. Group four (TieAMP)was Ti without CaP
coating, but loaded with AMP in the same way as Group two.

2.4. Antimicrobial activity testing

Antimicrobial activity of the specimens was tested against both Gram-positive
(S. aureus) and Gram-negative (P. aeruginosa) bacteria. Both bacteria strains were
cultured overnight. One hundred ml of each solution was transferred into sterile
tubes containing 5 mL of Mueller Hinton Broth (MHB) and incubated at 37 �C for 1 h
to obtain bacteria in the mid logarithmic phase of growth. P. aeruginosa and S. aureus
bacterial suspensions were then re-suspended using Basal Medium 2 (BM2) or MHB,
respectively, to dilute the solution and provide a final density of w106 cells/mL. To
study the capability of specimens in killing bacteria, a survival assay was performed.
Four hundred ml of the P. aeruginosa or S. aureus bacterial suspensions were sepa-
rately dripped onto groups of three bare Ti plates and three CaP-coated Ti plates,
which had been treated with AMP and rinsed with distilled water, as described
above. After 30, 90, 150 and 270 min incubation with P. aeruginosa (H1001: lux-
CDABE) or S. aureus (ATCC 25293) bacterial suspensions the residual bacteria were
plated on nutrient agar and incubated overnight at 37 �C and bacterial survival
assessed by counting the number of colony-forming units (CFU). The susceptibility
of bacteria to the peptide from six CaP-AMP specimens was also evaluated by the
inhibition of P. aeruginosa [48] that constitutively expresses a luciferase gene
cassette. Samples were incubated at 37 �C for 4 h and 24 h and the inhibition of
P. aeruginosa was measured by the decrease in bacterial luminescence (which is



Fig. 1. Calcium phosphate (CaP) coating on Ti surfaces (a) SEM image showing micro-
porous plate-like CaP crystals, (b) A back scattered electron image (lower half) and EDS
mapping of the CaP coating cross-section showing an average thickness of w7 mm.
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dependent on bacterial energization). The result was reported as percent inhibition
relative to average luminescence value of the untreated P. aeruginosa H1001.

Since the direct measurement of peptide release from CaP-AMP samples over
time was a substantial challenge, the antimicrobial test was used to indirectly study
the release of AMP and to evaluate the antibacterial efficacy after different antimi-
crobial test cycles. Six CaP-AMP samples were incubated with P. aeruginosa. After
30 min, the bacteria solution was pipetted and the samples were rinsed three times
with PBS. The samples were then air-dried, and treated with equal amounts of
bacteria for another 30 min after which remaining CFU were determined as above.
This antimicrobial activity cycle was performed four times consecutively.

To compare the efficacy of AMPs with conventional antibiotics on CaP coating,
CaP samples, were incubated with equimolar concentrations of (0.63 mM) Tet213,
two commercially developed antimicrobial peptides MX226, and hLF1-11 or
Tobramycin. The specimens were rinsed with distilled water and air-dried. The
prepared CaP-Tet213, CaP-MX226, CaP-hLF1-11 and CaP-Tobramycin plates were
incubated with P. aeruginosa solution for 1 h before measuring bacterial survival.

2.5. Cytotoxicity assay

MG-63 osteoblast-like cells from human osteosarcoma (ATCC� CRL-1427TM,
USA), were cultured in standard culturemedium Dulbecco’s Modified EagleMedium
(DMEM, GIBCO), which consisted of a minimal essential medium, supplemented
with 10% fetal bovine serum, and 1% non-essential amino acids (GIBCO). The
medium was renewed every 2 days. Cultures were maintained in a humidified
atmosphere with 5% CO2, at 37 �C. The confluent osteoblast cultures (passage nine)
were detached from the culture flask by incubation with 0.1% trypsin and 0.1%
ethylenediaminetetraacetic acid (EDTA) for 5 min. The Osteoblast solution was
centrifuged at 400 g for 10 min, and re-suspended in the medium. The growth and
viability of cells colonizing the samples were evaluated by measuring the mito-
chondrial dehydrogenase activity using a modified MTT (3-(4,5-dimetyl-2-tiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide) (Biotium Inc., USA) reduction assay. To
determine the cytotoxicity of CaP-AMP samples cells, MG-63 cells were seeded in
12-well plates at 104 cells/mL in a humidified 5% CO2 atmosphere. Three types of
samples were studied in triplicate: (1) bare titanium (as control) (2) CaP-coated Ti
(3) CaP-coated Ti soaked with Tet213. Negative controls in this experiment were
cells cultured under normal conditions without AMP. After 24 h of incubation, MTT
solution in 1 mL serum free mediumwas added and the plate was incubated for 4 h
at 37 �C in a humidified 5% CO2 atmosphere. The solution was then removed,
dimethyl sulfoxide (DMSO) added, and the plate was shaken for 15 min before
measuring adsorbance at 570 nm (the reference value was 690 nm) on an ELISA
microplate reader (Bio-Tek Instruments). The MTT assay was performed after 1, 2, 3,
7 and 10 days.

2.6. Statistical analyses

The differences between all values were analyzed using an independent t-test,
and a p value of less than 0.05 was considered statistically significant.

3. Results

3.1. Calcium phosphate coating on titanium surface

The CaP coating on Ti was micro-porous and consisted of plate-
like crystals (Fig. 1a). The cross-sectional image of the coating
showed an average thickness of w7 mm, with increased pore and
crystal sizes from the bottom to the surface (Fig. 1b). The coating
adhered to the Ti substrate without cracks.

An XRD spectrum of the CaP coating matched that of octacal-
cium phosphate (OCP). The 2q at 4.722 in Fig. 2a is the characteristic
peak of OCP (010) plane. However, due to the peak overlapping
between hydroxyapatite (HA) and OCP, the presence of small
amount of HA could not be excluded [43,49,50]. Electron Dispersive
Spectroscopy under the SEMmeasured the average Ca/P ratio of the
CaP coating to be 1.3, which is close to OCP.

FTIR spectroscopy (Fig. 2b) was used to compare the CaP coating
with HA (Acros Organics). A clear distinction could be observed
between HA and the ELD CaP coating in the phosphate n4 vibration
mode in the 500e650 cm�1 range. The wave numbers attributed to
HAwere566cm�1, 603cm�1 anda shoulderat630cm�1 fromtheOH
group. In contrast, the two peaks for the CaP coating were at
601 cm�1 and 561 cm�1, which could be attributed to typical OCP
absorption. Both spectra exhibited obvious strong bands attributed
to PO4

3� groups. The bands at about 1100 cm�1 and about 1040 cm�1
are assigned to the components of the triply degenerated n3 anti-
symmetric PeOstretchingmode. Thew962cm�1 band is assigned to
nl, the non-degenerate PeO symmetric stretching mode [44,51,52].

3.2. Antimicrobial peptide loading onto CaP coatings

The amount of AMP Tet213 absorbed to the CaP surface in the
four sample groups is shown in Fig. 3. The CaP group that was not
treated with peptide served as a negative control. Among the three
other groups that were treated with peptide, the CaP-Tet213 group,
i.e. CaP coating loaded with peptide and rinsed in water, had the
highest peptide concentration ofw9 mg/cm2. Interestingly, the CaP-
Tet213-PBS group, which was soaked in the PBS for 30 min after
peptide loading, still showed an average peptide concentration of
w8.5 mg/cm2. No statistical difference was found between the two
groups. The Ti-Tet213 samples that had no CaP coatings, showed no
significant AMP loading (less than 0.1 mg/cm2).

3.3. Antimicrobial activity

In assessing the antimicrobial effect against P. aeruginosa
(Fig. 4a), the Ti-Tet213 group showed no antibacterial activity and



Fig. 2. (a) X-ray diffraction patterns of the HA powder and CaP from the coating. The
2q at 4.722� is the characteristic peak of OCP. (b) FTIR spectra of HA and CaP coating.
The two peaks for the CaP coating at 601 cm�1 and 561 cm�1 could be attributed to
OCP absorption.
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there was no change in bacterial growth compared to the negative
control group. The CaP-Tet213 group killed all bacteria within
30 min. The same results were observed for the antimicrobial
effects against S. aureus (Fig. 4b), demonstrating the ability of CaP-
coated Ti to deliver active antimicrobial peptides with bactericidal
Fig. 3. The amount of peptide immobilized on sample surfaces. CaP: CaP-coated Ti
without AMP, CaP-AMP: CaP-coated Ti immobilized with Tet213 and rinsed with
distilled water, CaP-AMP-PBS: CaP-coated Ti immobilized with Tet213 rinsed and
preserved in PBS for 30 min, Ti-AMP: Ti without CaPbcoating immobilized with Tet213.
The Ca-AMP and Ca-AMP-PBS groups showed an average peptide concentration of w9
and w8.5 mg/cm2, respectively.
effectiveness vs. a Gram-positive pathogen strain. When examined
over longer periods (4 and 24 h), using the lux assay P. aeruginosa
bacteria were still efficiently inhibited by CaP-Tet213 by 92% and
77% respectively.

To examine if the Tet213 loaded CaP surface was able to repet-
itively kill bacteria when challenged, four consecutive killing assays
were performed inwhich the P. aeruginosawas added to the surface
for 30 min, bacterial killing assessed and then the surface washed
before a second, third and fourth addition of bacteria. In the first
round 100% of bacteria were killed. In subsequent rounds killing
was somewhat diminished but efficiently inhibited the bacteria
growth relative to control bacteria incubated with negative control
CaP surfaces (Fig. 5).

To compare the activity of the CaP-Tet213 samples with CaP
surfaces coated with a potent conventional antibiotic, CaP surfaces
were incubated with equimolar concentrations of MX226, hLF1-11,
Tobramycin or Tet213. The CaP-Tet213 samples clearly demon-
strated more effective antimicrobial activity against P. aeruginosa
than did CaP-MX226, CaP-hLF1-11 and CaPeTobramycin (Fig. 6).
The CaPeTobramycin samples reduced the total bacterial inoculum
by 3 log orders over 4 h while 100% (6 log orders) of the inoculum
was killed by CaP-Tet213 (Fig. 6b). Moreover, as shown in Fig. 4a the
CaP-Tet213 was capable of killing 100% of the same number of
bacteria in less than 30 min.

3.4. Cytotoxicity on osteoblast-like cells

The peptide-loaded samples (soaking the samples in 1 mg/mL
Tet213 buffer solution), (Fig. 7) showed no statistical difference in
cell activity compared to the CaP-coated and non-coated Ti controls
(P > 0.05). After 7 days in culture the cells stopped growing as
judged in the MTT assay but there was no difference in any treat-
ment condition. Thus, the amount of peptide loaded on the CaP-
coated Ti surface is thus not toxic to the osteoblast-like cells.

4. Discussion

We have demonstrated that cationic antimicrobial peptides can
be successfully loaded to the CaP-coated Ti substrates. The peptide-
loaded titanium samples had strong bactericidal effect against
both Gram-positive and Gram-negative bacteria and were also
biocompatible with osteoblast-like cells. A combinational device
based on this system could be a potential solution for the peri-
implant infection in orthopaedic surgery. In the current study, we
used simple soaking technique to achieve efficient peptide loading
and effective antimicrobial activity. The advantage of this technique
is its clinical feasibility. Both the implants and the drugs can be
developed and packed independently. The drug loading can be
done in the operating room. This will simplify the regulation
process and prolong the shelf-time.

4.1. Cationic antimicrobial peptides

AMPs have been actively researched in the past three decades,
mainly due to their potent bactericidal capability and the low risk of
developing antibiotic-resistant pathogens. It has been previously
demonstrated that AMPs have an increased affinity for the nega-
tively charged membranes of bacteria and act through either per-
meabilization of the bacterial membrane or translocate across the
bacterial membrane to attack cytoplasmic targets [46]. The initial
step of this mechanism is the affinity of AMPs for the bacterial
membrane as a result of the electrostatic interaction between the
negatively charged outer layer of the bacterium and the positively
charged AMP. This attraction would cause the microbes to more
strongly associate with these surfaces leading to enhanced killing.



Fig. 4. (a) Antimicrobial activity of Ti-Tet213 and CaP-Tet213 samples against P. aeruginosa. (b) Antimicrobial activity of Ti-Tet213 and CaP-Tet213 samples against S. aureus. The
CaP-Tet213 group killed all bacteria of both strains within 30 min, while the Ti-Tet213 group showed no antibacterial activity. (c) lux assay showing P. aeruginosa bacteria efficiently
inhibited by CaP-Tet213 by 92 and 77% at 4 and 24 h.
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Subsequently, the high local concentration of the AMPwould result
in the displacement of positively charged counterions attached to
the outer surface layers, and could thus induce a dramatic change in
bacterial surface electrostatics which results in lysis [46,53,54].
Recently, AMPs have also been shown to have immunomodulatory
activities that include angiogenesis, modulation of cytokine/che-
mokine expression, wound healing, and reduction of LPS-mediated
pro-inflammatory responses [53,55]. These unique properties
make cationic antimicrobial peptides ideal candidates for the local
delivery of novel anti-infective therapeutics on orthopaedic
implants. The drug-loaded implants will protect the surfaces from
Fig. 5. Antimicrobial activity of CaP-Tet213 specimens against P. aeruginosa for four
30 min cycles. After each 30 min, the samples were rinsed with PBS and treated with
equal amounts of bacteria for another 30 min after which remaining CFU were
determined. In the first cycle (1st) 100% of bacteria were killed. In subsequent cycles
killing was diminished but efficiently inhibited the bacteria growth.
colonization by microbes without incurring the problem of resis-
tance against common antibiotics.

The antimicrobial peptide used in this study is a cysteinylated
version of HHC-36, one of the most potent peptides identified by
the high-throughput peptide synthesis (peptide arrays on cellulose
and rapid screening technologies) in combinationwith quantitative
structure activity relationship (QSAR) modeling [36]. It was effec-
tive against a broad array of multi-drug resistant “Superbugs”
including MRSA. It has also been shown that this peptide caused
minimal red blood cell lysis for concentrations up to 251 mM [36]. In
the current study the results confirmed that the peptide has low
cytotoxicity and is pathogen-specific. The selection of carriers for
local delivery of antibiotics through orthopaedic implants has to
meet two goals. The carrier should be able to deliver adequate
amount of antibiotics to achieve the antimicrobial activity. At the
same time, it should not impair peri-implant bone growth. Ideally,
the carrier should also enhance bone growth onto the implants.
For these reasons, we chose a calcium phosphate coating as the
delivery carrier in this study since calcium phosphates are known
for their osteoconductivity [56]. With a simple soaking technique,
we demonstrated that high amount of peptide (9 mg/cm2 on the
7 mm coating) can be loaded onto the CaP coating. The peptide-
loaded samples did not have significant effect on the activity of the
osteoblast-like cells (Fig. 7), but could effectively kill both S. aureus
and P. aeruginosa within 30 min (Fig. 4). Interestingly, the antimi-
crobial activity of CaP-Tet213 was maintained following extended
incubation (24 h) with P. aeruginosa. Since MX226 peptide has been
reported as the most advanced AMP to show statistically significant
clinical effects to date [55] and due to a few study performed on
delivery of hLF1-11 AMP from CaP coatings [57e59], these two
AMPs were selected to be compared with Tet213. In this study we
also demonstrated that this CaP coating was a better carrier for the
Tet213 antimicrobial peptide than for MX226, hLF1-11 or tobra-
mycin in terms of bactericidal efficiency (Fig. 6). One limitation of
current study was the relatively short term in vitro tests. Longer



Fig. 6. (a) Antimicrobial activity of the CaP-Tet213 sample as compared with
CaP-MX226 and CaP- hLF1-11 AMPs. CaP-Tet213 clearly demonstrated more effective
antimicrobial activity against P. aeruginosa. (b) Antimicrobial activity of the CaP-Tet213
as compared with CaPeTobramycin. The CaPeTobramycin samples reduced the total
bacterial inoculum by 3 log orders over 4 h while 100% (6 log orders) of the inoculum
was killed by CaP-Tet213. Since CaPeTobramycin showed antimicrobial activity, it was
compared to CaP-Tet213 in a separate test.

Fig. 7. MTT assay performed to evaluate the cytotoxicity of CaP-Tet213 with MG-63
osteoblast-like cell in the solution. No statistical difference in cell activity between the
peptide-loaded (CaP-AMP) and the two controls (CaP coating and Ti) after 10 days
incubation.
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duration of in vitro tests and especially in vivo animal study would
be needed to verify such an antimicrobial effect.

Calcium phosphates have been extensively studied for deliv-
ering growth factors and drugs for the purpose of enhancing bone
growth [45,60,61]. Delivering traditional antibiotics through
calcium phosphate-coated implants has also been actively studied
[62e64]. However, there are few reports if any on the delivery of
cationic antimicrobial peptides through calcium phosphate coat-
ings. Relevant studies were done by Stallmann et al., who loaded
the 11-mer antimicrobial peptide hLF1-11 (GRRRRSVQWCA, which
consists of N-terminal amino acids 1e11 of human lactoferrin) onto
calcium phosphate bone cements for potential application in
osteomyelitis [57e59]. When mixed into the calcium cements, the
peptide showed slow release both in vitro and in vivo [57,59]. When
loaded onto CaP granules through soaking, it was commented that
the peptide had burst release only [58], indicating a weak inter-
action between the peptide and the CaP granules. In our current
study, the high amount of peptide was measured after 10 min of
water rinse. The samples killed all the P. aeruginosa in 30 min.
Subsequent wash and repeated testing of the same samples
showed mild bactericidal properties (Fig. 5). Our results indicated
a relatively strong interaction between the studied peptide (Tet213)
and CaP coating. Both the morphological factor and the chemical
factor of the coating could contribute to the efficient loading of the
peptide. Firstly, the CaP coating processed by the electrolytic
deposition technique is microscopically porous (Fig. 1). This created
large surface area for peptide-CaP interaction. Secondly, the anti-
microbial peptide (Tet213) has an isoelectric point of 11.72 with five
positively charged residues (Arg and Lys), which makes it a highly
positive peptide at working pH (7.4). The positively charged side
groups in the cationic antimicrobial peptide may electrostatically
interact with the negatively charged phosphate group in the CaP
crystals. The AMP in this study has two adjacent Arg residues in its
sequence. This may further enhance the electrostatic interaction. In
proteineprotein interaction, it has been reported that the electro-
static interactions between the guanidinium groups in a basic
epitope containing adjacent Arg residues and the phosphate groups
in acidic epitopes can possess “covalent-like” stability [65]. It has
also been well known that some short peptides could selectively
bind to solid surfaces [66]. One of the identified short peptide
sequence (SVSVGMKPSPRPGGGK) reported by Weiger et al. for HA
is also cationic [67]. It is not clear whether similar interaction
mechanisms are also involved in our systems.

5. Conclusions

Calcium phosphate coating was successfully formed on titanium
substrate by electrolytic deposition. The as-processed CaP coating
was mainly octacalcium phosphate. This micro-porous CaP coating
has high drug loading efficiency for the antimicrobial peptide, with
9 mg/cm2 of peptide on a 7 mm thick coating. The peptide-loaded
CaP coating on titanium surface has no cytotoxicity with osteo-
blast-like cells. It could kill both Gram-positive (S. aureus) and
Gram-negative (P. aeruginosa) bacteria within 30 min in vitro. The
local delivery of antimicrobial peptides through implant surfaces
could be a potential solution for early stage peri-implant infection.
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Figures with essential colour discrimination. Certain figures in
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