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ABSTRACT

Titanium (Ti) is a key biomedical material extensively used in orthopaedic implants.
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. One of the
promising alternatives is the family of antimicrobial peptides (AMPs). The present dissertation
develops progressive approaches that enable the loading and local delivery of a unique group of
cationic antimicrobial peptides through titanium implant surfaces.

In the first technique, 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 AMP-
loaded CaP coating was not cytotoxic for MG-63 osteoblast-like cells, and the implants showed
high antimicrobial activity against Staphylococcus aureus (as a representative of Gram-positive
strain) and Pseudomonas aeruginosa (as a representative of Gram-negative strain) bacteria with
10°-fold reductions of both bacterial strains within 30 min and ~92% and ~77% inhibition of
luminescence at 4 h and 24 h, respectively.

Second study investigated the in vitro AMP release, antimicrobial performance, and
cytotoxicity of a modified Tet213 (HHC36), as well as the in vivo bone growth of AMP loaded
into calcium phosphate coated Ti implants in a rabbit model. Burst release during the first few
hours followed by a slow and steady release for 7 days was observed. In vivo bone growth study
showed that loading of AMP did not impair bone growth onto the implants.

In the last study multilayer thin films of titania nanotubes (NT) and CaP coatings were

formulated with AMP and were topped with a thin phospholipid film similar to cell membrane.



The films were shown to be non-cytotoxic, hydrophilic, with the potential of tuning loading and
release kinetics of AMP. The best model describing the AMP release was first-order model.

The first two approaches demonstrated a promising method for an early stage peri-
implant infection prevention. The last study proposed a technique to improve the kinetics of
AMP release and total loaded AMP quantity, and to increase the Ti interfacial strength while

maintain the osteoconductivity by applying CaP coating.
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CHAPTER 1 INTRODUCTION

Titanium and titanium alloys are frequently used as orthopaedic implants because of their
good biocompatibility, chemical stability and mechanical properties [1, 2]. However, formation
of a surface biofilm, and compromised immune ability at the implant/tissue interface may cause
infection on and around titanium implants. This infection is usually difficult to treat and in most
cases, replacement of a prosthesis is the only remedy [3-5]. Most implants are vulnerable to
bacterial contamination [6].

In orthopaedic surgery, pathogens such as the Staphylococcus species, S. aureus, S.
epidermidis, and Pseudomonas aeruginosa, are thought to be mainly responsible for implant-
associated infections. These bacteria can be attached shortly after the installation of implants or
at a later stage (via a haematogenous route) [7-9]. Moreover, the emergence of multi-drug
resistant bacteria like Methicillin-resistant S. aureus (MRSA) has critically challenged current
therapies, such as prophylaxis with broad spectrum antibiotics and systemic administration of
antimicrobial agents [10-12]. These therapies involve several drawbacks such as relatively low
drug concentration at the target site and potential toxicity [11].

Hence, localized delivery of antimicrobial agents with time-effective handling of
infection, while potentially eliminating problems associated with systemic administration is
highly desirable [13, 14]. An ideal local antibiotic release profiles should exhibit a high initial
release rate within 6 h post implantation in which implant is particularly susceptible to surface
colonization, followed by a sustained 'prophylactic’ slow release within the therapeutically
efficacious dosing zone to hinder latent infection [15, 16]. Antibacterial agents for local delivery
should have high antimicrobial activity against broad spectrum of bacteria, and the released

agent concentration should exceed several times (~10 times) the minimal inhibitory
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concentration (MIC) of the pathogens [17-19]. In addition, the antibacterial agent should not
inhibit osteointegration, be stable at body temperature, and preferably be water soluble [19].
Conventional antibiotics like vancomycin, tobramycin, cefamandol, cephalothin, carbenicillin,
amoxicillin and gentamicin have already been incorporated in controlled-release devices [16]. A
serious concern regarding the use of these antibiotics is that their release at levels below the MIC
may evoke bacterial resistance [20, 21]. Moreover, high doses of antibiotics often harm cell
viability and osteogenic activity and may impair osteointegration [22, 23].

A promising alternative for conventional antibiotics is the antimicrobial peptides which
are short amino acid sequences, amphipathic, cationic charge and small enough to allow them to
interact with bacteria membrane bilayers. Different models have been proposed for antimicrobial
activity of AMPs, including formation of pores on bacteria membrane and/or displacement of
high density of polycationic charges into polyanionic outer layer of microbes leading to
membrane disruption [24-27]. This complex mechanism kills bacteria more rapidly than
conventional antibiotics and makes it extremely difficult for AMP to develop resistant
phenotypes [24, 28, 29]. AMPs possess broad-spectrum antimicrobial activity against Gram-
positive, Gram-negative, and multi-drug resistant bacteria, and are also known to be antifungal
and antiviral [30, 31].

Considering the unique properties of AMPs, local delivery of AMP from coated
orthopaedic implants can be a potential technique to reduce the systemic administration of
antibiotics, risk of bacteria resistance while maintaining the biocompatibility and

osteointegration.



CHAPTER 2 LITERATURE REVIEW

2.1 BONE

Bone refers to a family of materials which own a common basic building block, the
mineralized collagen fibril. This fibril is composed of fibrous protein collagen. The collagen
constitutes the main component of a three-dimensional matrix acts as a framework in which
plate-shaped crystals of carbonated apatite (also known as dahllite) form. The third major
component of bone is water. Whereas the only mineral type in mature bone is dahllite, there are
two hundred or more so-called non-collagenous proteins present beside the type | collagen
protein. However the non-collagenous proteins generally comprise less than 10% of the total
protein content [32, 33].

Bone tissue is usually categorized into two types. The first type is trabecular or
cancellous bone with 50-95% porosity and the second type is cortical or compact bone with 5—
10% porosity. Cortical bone is usually found in the shafts of long bones and surrounding the
trabecular bone forming the external shell (Fig. 2.1) [34].

Bone cells are divided into five types, osteoblasts, osteoclasts, osteocytes,
osteoprogenitor cells and bone-lining cells [35]. Osteoblast cells arise from osteoprogenitor cells
under the influence of growth factors. Osteoprogenitors located in the periosteum and bone
marrow. Osteoblasts synthesize the bone tissue and this process is maintained by the osteocytes
and bone-lining cells. Bone-lining cells cover most bone surfaces and are essentially inactive
osteoblasts that differentiate into synthetic osteoblasts within 48 h after a mechanical stimulus
[36]. Osteoclasts’ function is resorption and degradation of bone. The osteocytes are former

osteoblasts that are buried in the bone matrix. They are strain-sensitive cells and can transduce



mechanical signals derived from mechanical loading into signals that ultimately result in bone
reduction or formation [34, 36-38].

Bones undergo an internal process called “remodelling”. In remodelling, large tunnels are
excavated out in the bone by osteoclast cells. These tunnels are then refilled by deposition of a
thin layer of cement followed by layers of lamellar bone by osteoblasts until the tunnel is almost
completely filled. However, a narrow channel (Haversian canal) at the center of the tunnels will
be remained that act as a blood vessel. This structure in cortical bones is called osteon or

Haversian system (Fig. 2.1) [32-34].

Circumferential

Lamellar Bone ‘7/—”;‘\\

Haversian Systems
(Secondary Osteons)

Periosteum

Blood

Trabecular Vessels

Bone

Haversian Canals

Figure 2.1. Cortex of human long bone. Reprinted from [39] with permission from Elsevier.

The bones of the hip are the femur and the pelvis. The top end of the femur is shaped like
a ball, called the femoral head. The femoral head fits into a round socket on the side of the
pelvis, called the acetabulum. The femoral head is attached to the rest of the femur by a short
section of bone called the femoral neck. The surfaces of both the head of the femur and the

acetabulum are covered with a thin layer of hyaline cartilage which allows smooth movement of
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the joint. The hip joint, scientifically referred to as the acetabulofemoral joint, is the joint
between the femur and acetabulum of the pelvis and its primary function is to support the weight
of the body in both static (e.g. standing) and dynamic (e.g. walking or running) postures (Fig.
2.2) [40].

Usually severe bone diseases of the hip and knee, femoral neck fractures, and pathologic
conditions affecting proximal and distal femur and the proximal tibia lead to joint replacement
surgery (Fig 2.2). Among the bone injuries, severe progressive osteoarthritis (OA) of the hip and
knee accounts for approximately 40% to 60% of musculoskeletal complaints in the elderly. OA
is a mechanical abnormality involving chronic degradation of joints, including cartilage and the
bone next to it [41, 42]. Osteoporosis is another major health problem characterized by
compromised bone strength that predisposes patients, resulting in bone fragility and an increase
in susceptibility to fracture. In osteoporosis, bone resorption (i.e. osteoclastic activity) exceeds
bone formation (i.e. osteoblastic activity), this leads to net loss of bone mass and bone becomes
increasingly porous. This is a devastating disease that affects more than ten million people in the
United States. Worldwide, 100—200 million people are at risk of an osteoporotic fracture each
year. Another example of severe bone disease is a tumor metastasis to proximal and distal femur

or proximal tibia [43].

2.2 ORTHOPAEDIC IMPLANTS

In total hip arthroplasty (THR) the surgical excision is performed on the head and
proximal neck of the femur and removal of the acetabular cartilage and subchondral bone.
Afterward, a metal femoral prosthesis, composed of a stem and small-diameter head, is inserted
into the femoral medullary canal created in the proximal medullary region of the femur. An

acetabular component (cup) is inserted proximally into the enlarged acetabular space. The total
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hip arthroplasty components is fixed firmly to the bone, either with bone cement or, in
uncemented designs, by bony ingrowth into the implant surface, resulting in "biologic™ fixation

(Fig 2.2) [44].

Obturator internus and Gemelli

| Piriformis

Insertion of Obturator
externus

Fovea capitis
Jor lig. ter
Grealer trochanter

Lesser trochunter

Figure 2.2. Hip joint image and radiographic image of a hip joint replaced with artificial hip implant. In
total hip arthroplasty all or part of the hip joint is replaced with an implant to restore joint movement.
First, the head of the femur and a layer of the hip socket are removed and replaced with a prosthetic
implant, then a metal ball and stem are inserted in the femur and the prosthetic socket is placed in the
enlarged pelvis cup. Reprinted from [45, 46] with permission.

2.3 BONE-IMPLANT INTERACTION

The first environment the implant is exposed is the blood, mostly consisting of red blood
cells, plasma protein and platelets. Immediately after implantation the wound site is occupied by
a blood clot and series of adhesive proteins like fibrinogen, fibronectin and Von Willebrand
factor etc. which promote platelets activation [47]. Degree of platelet activation deponds on
implant surface micro-topography. Attached platelets secret cytokines and other growth factors
that cause activation of other platelets in fluid. Increase in the concentration of cytokines and
growth factors is detected by Mesenchymal cells or potentially osteogenic cells in the healing

compartment [48, 49]. As a result osteogenic cells start to migrate through the 3D fibrin and



other structural proteins matrix of the blood clot, which creates tension in the matrix (fibrin
retention). During migration, the osteogenic cells differentiate and when they arrive at the
implant surface they stop, become polarized and adhere and interact with the implant through
focal adhesions (FAs) (Fig. 2.3) [48, 50].

During interaction with implant, the cell changes its shape and dynamically develops FA
which are dynamic macromolecular clusters, 15-30 nm in dimension containing over 100
different proteins that serve as transmitter of regulatory signals and mechanical linkages of the
cell cytoskeleton (F-actin) to the extracellular matrix (ECM) [51]. Connection between focal
adhesions and proteins of the ECM generally involves integrins [52, 53]. FAs are associated with
“focal contacts” which is referred to extensions called lamellipodia (membrane veils rich in
actin) and filopodia (finger-like protrusions) that act as sensing and traction elements to allow

cells to crawl and perceive topographical cues (Fig 2.3) [54, 55].

Figure 2.3. SEM micrographs displaying SaOs-2 cells adhering to 200 nm deep round concentric grooves
and ridges in quartz, from [56] with permission from Elsevier.



Dynamic sequence of cell-substrate attachment may initiate the cell migration. For a cell
to migrate, it must initially sense, and respond to, a stimulus. This will be done by developing
and orienting filopodia and lamellipodia structures at the leading edge in the direction of
movement. The formation of FA through the anchorage of lamellipodia and pseudopodia to the
underlying substrate provides the necessary traction that is required to move the cell body
forward. By FA disassembly and cell-substrate detachment at the rear of the cell, forward

movement of a cell is performed during an active migration (Fig 2.4) [54, 55, 57-59].

Direction of migration

Focal adhesion Lameliipodia and
disassembly pseudopod formation, focal
and local cell-substrate adhesion assembly and
detachment cell-substrate attachment

0 Focal achesion complex () Focal contact |

Nature Reviews | Molecular Cell Biology

Figure 2.4. Schematic drawing of cell attachment and migration, from [57] with permission from Elsevier.

The first attached osteoblast cells secret calcified collagen free bone cement on implant
substrate, the later attached cells create a bone matrix on top of this cement line, and buried
osteoblasts in the bone matrix turn to osteocytes. The recruitment and migration of osteogenic

cells to the implant is defined as osteoconduction. Both formation and osteoconduction



phenomenon constitute contact osteogenesis [48, 50]. Bone growth at early stage of implantation
is a critical parameter in intimate apposition of bone to implant i.e. osteointegration. This
intimate contact requires a reasonable gap between bone and implant. Dalton et al. reported that
when the gap between the implant and bone is 1.0 mm or less, mechanical attachment strength
and bone ingrowth increase significantly [60]. At this stage any unfavorable conditions, like
premature loading results in micromotion and will disrupt the newly forming tissue, leading to
formation of a fibrous capsule. The speed of bone growth can be influenced by various factors
such as surface hydrophilicity, surface chemistry and topography [61, 62].

The complex osteointegration process can be summarized in four phases; hemostasis,
inflammatory phase, proliferative phase and remodeling phase. Hemostasis includes protein
adsorption on implant surface followed by platelets aggregation and forming thrombus. The
inflammatory phase begins about 10 min after surgery and lasts for the first day. At this time
macrophages attach to injured bone surfaces and clean it from tissue debris and bacteria. To limit
the inflammatory phase, super clean surgical environment and antibacterial measures are
essential. The duration of proliferative phase ranges from a few days to a few weeks. At early
stage of this phase, the fibroblast cells drill tunnels through the provisional extracellular matrix
of the fibrin clot. They attach via integrins to the RGD peptides of fibronectin and crawl! forward
into the wound [63, 64]. Subsequently they form granulation tissue by synthesizing new
collagen. In the late phase of proliferation, osteoblasts sense the implant surface with
pseudopodia. They attach via integrins to proteins e.g. insoluble fibronectin, which is bound to
the implant surface. After attachment, they start to form bone extracellular matrix. As early as
one week after implantation the new bone formation in the form of woven bone with randomly

oriented collagen fibers starts [64, 65]. Remodeling phase begins with the appearance of



osteoclasts. Lamellar bone formation starts during this process and may last several years until

most woven bone is replaced by newly formed and load oriented bone (Fig. 2.5) [64].

bone

\ /
| biomaterial

Figure 2.5. Bone—implant interaction (a) protein adsorption and platelets aggregation in haemostasis
phase (b) protein desorption, (c) surface changes and material release, (d) inflammatory phase (e) release
of matrix proteins (f) proliferative phase including formation of cement line and adhesion of osteogenic
cells, (g) bone deposition on both the exposed bone and implant surfaces, (h) remodeling of newly formed
bone, from [62] with permission from Elsevier.

Release of metal ions into the surrounding tissues is one of the most significant
complications regarding the loosening of prosthesis [66, 67]. According to the literature the level
of these corrosion byproducts can be up to 21 ppm Ti, 10.5 ppm Al, and 1 ppm V around Ti—
6Al-4V in the fibrous membrane encapsulating implants [68-70]. In vitro studies have revealed
that trace metal ions, even at sublethal doses can be toxic or cause hypersensitivity reactions, and

may interfere with differentiation of osteoblasts and osteoclasts [70-72].

2.4 OSTEOINTEGRATION TO METAL IMPLANTS

Metals have been used successfully in fracture fixation and joint replacement. For a
successful joint replacement, achievement and maintaining of mechanical interlock between
rigid implant and host bone (osteointegration) is a necessary requirement on both macroscopic
and microscopic levels. The factors recognized as affecting the rate of osteointegration include
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the type of metal, implant topography, surface chemistry, nature of the host site (vascularity,
osteogenic potential), and the mechanical properties within the implant-bone interface zone [73-
76]. Currently, stainless steel, cobalt, titanium, and their alloys (e.g. 316L, Co-Cr-Mo and Ti-
6Al-4V) are widely used and they are expected to be inert when implanted into the human bone.
A layer of fibrous tissue encapsulates the metal implant right after implantation. The thickness of
this tissue is proportional to the biocompatibility of implant, and to the amount of motion
between the implant and the adjacent tissues. Studies report that pure Ti elicits a minimal fibrous
encapsulation compared to stainless steel implants which may cause the creation of fibrous layer
as much as 2 mm thick [77]. Titanium is a reactive metal, the surface of which quickly oxidizes
on exposure to air, creating a stable oxide surface which is incorrodible after implantation. This
provides a surface onto which bone can grow and adhere. Titanium has advantages over cobalt
alloys such as lower modulus of elasticity and higher biocompatibility [78]. Jinno et al. showed
that both titanium and cobalt alloys demonstrate good biocompatibility but less osteointegration
was observed on cobalt alloy surfaces. However in general all metal implants are suffering from
low osteoconductivity [79].

Surface properties of titanium oxide layer (naturally about 3-8 nm in thickness) e.t.
composition, roughness, hydrophilicity, texture, and morphology significantly affect the
adhesion, morphologic change, functional alteration, proliferation and differentiation of
osteoblast cells [80, 81]. Among Ti surface properties, surface roughness and composition have
been reported to be the most important parameters for altering osteoblast cell activity [82, 83].
Increasing the rate of bone growth along implant surfaces is an important issue. In this regard,
surface topography/chemical treatments or use of coatings on metal implants are usually applied

to improve the osteointegration [84, 85]. Brunette et al. showed that Ti surface topography plays
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a primary role in regulating cell behaviour, e.g. the shape, orientation and adhesion of cells [86].
Osteoblast-like cells exhibit roughness-dependent phenotypic characteristics and tend to attach
more readily to surfaces with a rougher microtopography [87-90]. Lincks et al. suggest that best
design for an orthopaedic implant is a pure titanium surface with a rough microtopography [82].
An investigation by Boyan et al. demonstrated that surface roughness affect differentiation and
local factor production of MG-63 osteoblast like cells and tougher surfaces cause a significant
increase in alkaline phosphatase activity [91]. You et al. showed that a periodic pattern of
400 nm dots enhances osteoblast differentiation of human mesenchymal stem cells (hMSCs), but
not when cultured on 150 and 600 nm dot patterns [92].

Since water molecules first reach the implant, surface wettability plays a major role in
protein adsorption and subsequent cell adhesion. Therefore, hydrophilic surfaces initiate better
cell attachment [93, 94]. Lang et al. showed clinically that the more hydrophilic surfaces result in
faster osteointegration [61, 62]. On the other hand hydrophilicity of biomaterial surface is
important for bacteria attachment, hydrophobic bacterial cell surfaces adhere better to
hydrophobic biomaterial surfaces due to a reduction in free surface energy [6]. Nano structures
influence the wettability. Webster et al. demonstrated that aqueous contact angles reduced three-
times when alumina grain size was decreased from 167 to 24 nm [95]. It has also been reported
that osteoblasts deposited more calcium on hydrophilic Ti surface composed separately of
nanophase compared with conventional Ti, however further tests concerning the cytotoxicity of
nanophase materials must be performed [96].

Another parameter affecting the osteointegration is the Ti surface chemistry which plays
an important role in protein adsorption following cell adhesion [97]. Kennedy et al.

demonstrated that surface chemistry using self-assembled monolayers can modulate cell
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adhesion and spreading to influence tissue regeneration [98]. Some of chemical modifications of
titanium surfaces which have been reported to affect cellular responses to the implant are
treatment in simulated body fluid, covalent attachment of biological molecules, changes in the
surface ion content and alkali treatment [99, 100]. An electrochemical method, known as
anodization of Ti surface have been also shown to have positive biological responses [101]. In
vivo records show that implant surfaces containing both Ca and P enhance bone growth on the
implant surface [102]. Calcium phosphate (CaP) coatings are a proven method that improves the
implants’ mechanical bonding and biocompatibility [103]. Although CaP coatings are highly

osteoconductive, they increase susceptibility to contamination of bacteria as well [104].

2.5 PROSTHETIC-ASSOCIATED INFECTIONS

Infection is described as the invasion and multiplication of disease-causing
microorganisms such as bacteria, viruses, and parasites within the host’s body tissues [105].
Arthroplasty-associated infections are one of the most serious complications in orthopedic
surgery [106]. Peri-prosthetic infection is a severe problem with 0.5-2% infection rates after
primary THR [107]. Recent articles described the total knee arthroplasty (TKR) infection range
between 1 and 2% [108]. It has been reported that at least 14% of the total hip and knee revisions
were done due to infection [10, 109-114]. The economic burden to treat such an infection is
estimated to be least $50,000 per patient and $250 million per year in the USA [115]. Currently
more than one million hip implants is used per year worldwide and by considering the increasing
use of orthopaedic devices, the number of infected implants will continue to rise [116]. Systemic
administration of antibiotics involves many drawbacks such as relatively low drug concentration

at the target site and potential toxicity [11]. Despite these problems, solutions to prevent implant-
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associated infections, beyond the use of ultra-clean surgical technique and prophylactic
antibiotics have been very limited [10, 107-114].

Implant surfaces serve as ideal substrates for bacterial colonization, a condition that leads
to destruction of local tissues, patient disability and morbidity, and on occasion, death following
infection [113, 117]. The early postoperative infection occurs within four postoperative weeks
when the local defense system is severely disturbed by the surgical trauma, and so it is the most
dangerous time for infection. [118]. Currently, the only treatment for patients with periprosthetic
deep infection in total joint arthroplasty is two-stage surgery. This revision operation requires
removal of the contaminated implant coupled with extensive bone debridement, excision of
infected tissues and bone. Moreover it is followed with a prolonged antimicrobial treatment. The
current local antibiotic delivery systems face a major problem of emergence of resistant
organisms. This bacteria resistance results from antibiotics elution which causes the antibiotic to
fall below the minimal inhibitory concentration for a longer period [119-121]. Common
pathogens such as Staphylococcus aureus, S. epidermidis, and Pseudomonas aeruginosa (Fig.
2.6), can be acquired at the time of surgery or at a later stage and preferentially attach to the

surfaces of the implants [122, 123].
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Figure 2.6. (a) Frequency of main pathogenic species among orthopaedic implant-associated infections,
and (b) prevalence of antibiotic-resistant strains isolated from orthopaedic implant-related infections.
Reprinted from [122] with permission from Elsevier.

The microorganisms then grow in the form of a biofilm which can result in up to 1000-
fold decrease in susceptibility to antimicrobial agents, largely due to poor antibiotic penetration
into the biofilm and the stationary phase of growth of the bacteria underlying the surface layer
[7, 124-126]. Biofilms are aggregate of microorganisms characterized by cells irreversibly
attached to a substratum, interface or to each other, embedded in a matrix of extracellular
polymeric substance (EPS) that they have produced, and exhibiting an altered phenotype with

respect to growth rate and gene transcription [5, 7, 11]. The presence of biofilms which protects
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adherent bacteria in the company of poor vascularization of the bone/implant interface, make

prosthetic joint infections extremely difficult to treat (Fig. 2.7) [119-121, 125, 127].

a b —_

= macromolecule

= micro-organism

N\, = exopolymer

Figure 2.7. Sequential steps in the formation of biofilms on a biomaterial surface, including (a) Formation
of a conditioning film. (b) Microbial mass transport. (c) Initial microbial adhesion and anchoring through
exopolymer production. (d) Growth of adhering microorganisms. Reprinted from [126] with permission
from Elsevier.

2.6 PREVENTION OF INFECTIONS THROUGH LOCAL DELIVERY OF ANTIBIOTICS

To prevent the infections and to improve the operating standards a few strategies have
been employed. Preventive strategies involve minimizing the risk of contamination during
surgery, reducing the possibility of the infection establishment by peri-operative administration
of antibiotics, and isolating the patients in order to confine pathogenic strains [122, 123].
Antibiotics are administrated in two ways, systemic peri-operative antibiotic prophylaxis and

local application of antimicrobial agents (antibiotics or antiseptics). The advantage of local
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applications of antimicrobial agents over systemic administrations of antibiotics is the higher
drug levels on the surface of the device and/or in its immediate vicinity without exceeding the
systemic toxicity level of the drug and risking. The aims of local antimicrobial prophylaxis are to
prevent implant-associated infections by impeding bacterial adherence to the implant surface
and/or reducing the concentration of bacteria in the immediate vicinity of the implant [122, 128].
Various methods have been developed for this purpose. A commonly used technique is to load
antibiotics into the bone cement. It has been reported that this technique results in significantly
lower infection rates [129, 130]. However, there are a few limitations to mixing antibiotics with
cements, like chemical stability with the monomers, sterility, solubility in water, thermo-
stability, negative influence on the mechanical strength etc. [131]. Moreover this technique
cannot be applied to the cementless implants that are being increasingly used. Therefore, local
delivery of antibiotics through implant surface has attracted considerable attention recently
particularly with reference to difficulties in controlling dosage, time, and effectiveness without

systemic side effects [15].

2.6.1 Strategies for delivery of antimicrobial agents from orthopaedic implants

Three approaches have been researched toward delivery of antimicrobial agents from
orthopaedic implants; coating the drug on implant surface, incorporating the drug in
biomaterials/cement scaffold and including the drugs into the beads [132]. In another
classification, antibacterial coatings have been categorized as passive or active. Passive coatings
just inhibit bacterial adhesion and/or kill bacteria upon contact and do not release bactericidal
agents. These coatings can be achieved through physiochemical modification of the surface
properties such as the surface hydrophilicity and crystal structure. On the other hand, active

coatings release preloaded bactericidal agents such as antibiotics, antiseptics, silver etc [11, 16].

17



In this attempt, beside antibacterial agents, growth factors (e.g bone morphogenetic protein-2)
have been also successfully investigated [133].

Combination of bone cements and antibiotics is considered as a precursor approach in
drug delivery systems [132]. Resorbable calcium phosphate ceramics [134], and polymers such
as poly methyl methacrylate (PMMA) as beads for the treatment of osteomyelitis [135] or as
cement have been developed as antibiotics (mostly vancomycin and gentamicin) carriers [136].
Use of PMMA as a drug delivery system has a drawback which is the need for a second
operation to remove the non-absorbable cement in the setting of osteomyelitis. Moreover, the
possibility of thermal damage to the antibiotics caused by the exothermic polymerization
reaction of the cement is its disadvantage [19].

Another antibiotic carrier is biodegradable composites such as poly(lactide/glycolide)
copolymers and poly(propylene glycol-fumerate)/methyl methacrylate composites [137]. Lucke
et al. reported titanium implants coated with a 10 um thin biodegradable poly(D,L—Lactide)
coating that incorporated gentamicin. However, the antibiotic was released with an initial burst
from the coating [136]. Chlorhexidine [138] is an antiseptic that has been impregnated into
polylactide coating on anodized Ti surface by spraying deposition [139]. Zhang et al. produced
an antiseptic coating on functionalized Ti by atom transfer radical polymerization of
Poly(methacrylic acid) and silk sericin and calcium phosphate coatings impregnated with
chlorhexidine , however surface showed cytotoxicity to fibroblasts [140]. Immersion of RGD
into PLL-g-PEG/PEG coating has been reported to be able to decrease bacterial adhesion by 69%
[141]. Polyelectrolyte multilayers of hyaluronic acid/chitosan functionalized Ti substrates
immobilized with RGD through dipping technique showed high antibacterial efficacy with

increased osteoblast functions by 100-200% [142]. Gao et al. developed AMP conjugated
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polymer coatings using polymer brush approach which significantly decreased the number of
bacteria adherent to the Ti implants [143]

Considerable attention has been paid on the silver compounds like silver-containing
hydroxyapatite (HA) coating [109], and silver nanoparticles as an antibacterial agent [112, 144].
Zhao et al. reported that the titania nanotubes (NT) incrorporated with silver nanoparticles was
able to kill all the planktonic bacteria in the suspension during the first several days. The NT-Ag
structure resisted bacterial adhesion for 30 days, but showed cytotoxicity [145]. Silver ions are
clearly effective against various bacteria in vitro [110], however there are evidences of
antibacterial ineffectiveness in vivo [146, 147]. In many cases most of the loaded silver is
released very quickly from the coating, and there are questions of clinical effectiveness and
damage to human cells. In addition, complex of silver and proteins which may alter protein
functions is another concern [148, 149].

The antibacterial compounds containing chemically reactive groups such as hydroxyl,
carboxyl or amino groups, can be covalently grafted to a wide variety of surfaces as coatings
[15]. These include covalently bonding vancomycin to titanium beads surface to Kkill
staphylococci [119, 150-152], and loading antibiotics into biodegradable coatings [153] or CaP
bioceramic coatings [154, 155]. Radin et al. studied the vancomycin-loaded calcium phosphate
coatings using dipping method against S. aureus [134]. However, it has been reported that
loading CaP by a dipping method leads to burst release of the antibiotics, that is, more than 80—
90% of the antibiotics released from the calcium phosphates coating within the first 60 min [135,
156]. Antibiotics incorporated carbonated hydroxyapatite coatings fabricated by biomimetic
coprecipitation method has been reported to be able to inhibit S. aureus growth [22, 157].

Hiroyuki et al. fabricated an iodine-supported titanium that suppressed the microbial activities,
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he coated the Ti with adhesive anodic oxide films through anodization [158]. Statz et al. reported
antimicrobial peptide oligomers (ampetoids) with an adhesive peptide moiety anchoring onto
TiO, surface [159].

In a few studies titania nanotubes have been used and filled by antibiotics via a simplified
lyophilization method [160]. Implanting the Ti surface with ions [161, 162] is another method
for creating antimicrobial surface. Finke et al. implanted the Ti surface with Cu ions by means of
plasma immersion ion implantation, the obtained antimicrobial surface however showed
cytotoxicity [163]. Yoshinari et al. could inhibit the bacteria growth by implanting F* ions on Ti
surface [164]. In another method, UV treated Ti surface by irradiating reduced bacterial adhesion
without altering cell adhesion [165].

The development of delivery systems combining osteoconductive materials which can
maintain and release antimicrobial agents takes advantage of a two-fold beneficial effect [134,
166]. Thus, attention has focused on the use of well-known bone grafting materials such as
calcium phosphate. The unique ability of calcium phosphate based materials to adsorb different
chemical species on their surfaces is an added value [134, 166]. As an example, Denissen et al.
showed that bisphosphonated-complexed CaP orthopaedic implants can be beneficial on alveolar
bone destruction disease [167]. Garbuz et al. demonstrated a significant bone growth into the
porous tantalum implant coated with CaP-alendronate [168].

Fast release delivery systems provide rather high doses (may reach toxic level) during
short-term action. On the other hand, required therapeutic level may not be reached by slow
release delivery system. This phenomenon may result in bacterial resistance due to survival of
strains. The released antibiotics must act immediately post-surgery before the formation of a

biofilm. Bacteria protected by a biofilm require 1000-times more antibiotic dose necessary to
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combat than the bacteria in suspension. Therefore, local antibiotic release profiles should ideally
exhibit fast initial release in the first 6 h after intervention to protect the site while the immune
system is weakened, as well as continuous 'prophylactic’ slow release within the therapeutical
zone to hinder the latent infection [15, 16]. Current antimicrobial implants do not satisfy all of
these properties, primarily due to poor design, biomaterial selection, drug release mechanism,
drug selections, matrix/device fabrication methods, and manufacturing specific to the
environmental characteristics of host site. In addition, bacterial resistance is still an issue due to

use of conventional antibiotics in most of the techniques [169].

Table 2-1. Representative antibacterial coatings on titanium implants, (based on [11])

Type of Coating Fabrication Test Effect Experimental
Method Model

Vancomycin-loaded Immersion In vitro Effective bacterial Staphylococcus

calcium phosphate inhibition up to 72 h aureus

coatings [134]

Antibiotics Biomimetic In vitro Inhibit bacterial growth and Staphylococcus

incorporated coprecipitation the release rate of aureus

carbonated antibiotics is related to the

hydroxyapatite structure of the antibiotics

coatings [22, 157]

Gentamicin-loaded  The nanotubes  In vitro Reduce bacterial adhesion  Staphylococcus

titania nanotubes were filled via a and enhance osteoblast epidermis and
[160] simplified differentiation MC3T3-E1
lyophilization
method
Gentamicin-loaded In vitro Reduce implant-related Rat acute
poly(D,L-lactide) infection osteomyelitis model
coating [137] induced by

Staphylococcus
aureus inoculation

Vancomycin-loaded Dipping In vitro Zero-order release of

sol—gel films [170] vancomycin up to 2 wk
Vancomycin-bonded Covalent In vitro Reduce bacterial Staphylococcus
surfaces [119, 151, Bonding colonization even upon aureus and
152] repeated challenge Staphylococcus

epidermidis
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Type of Coating Fabrication Test Effect Experimental
Method Model
Chlorhexidine- Spraying In vitro Large inhibition zone Staphylococcus
containing deposition aureus
Polylactide coating
on anodized surface
[139]
Polymer and calcium Impregnation In vitro Inhibit the growth and Staphylococcus
phosphate coatings viability of bacteria tested, aureus,
with chlorhexidine show cytotoxicity to Staphylococcus
[138] fibroblasts epidermidis and
hTERT human
fibroblasts
Coatings with the Unclear In vitro Produce zones of inhibition Staphylococcus
antiseptic against bacteria tested epidermidis,
combination of Staphylococcus
chlorhexidine and aureus,
chloroxylenol [171] Pseudomonasaerugi
nosa, Escherichia
coli and Candida
albicans
Silver coating [147]  Unclear In vivo Show no local or systemic  Human
side-effect
Titanium/silver hard  Physical vapor  Invitro Reduce bacterial adhesion; Staphylococcus
coating [112] deposition show no cytotoxic effect  epidermis, Klebsiella
pneumoniae,
Epithelial cells
16HBE and
osteoblasts
hFOB1.19
Silver-containing Magnetron In vitro Reduce bacterial number  Staphylococcus
hydroxyapatite sputtering on specimen surface and  aureus,
coating [110] show no cytotoxicity Staphylococcus
compared with HA surface epidermidis and
human embryonic
palatal mesenchyme
cells
Silver or copper lon implantation In vitro Improve the antibacterial ~ Staphylococcus
doping [161, 162] rate aureus
F’-implanted surfaces lon implantation In vitro Inhibited the growth of Porphyromonas
[164] bacteria tested gingivalis and
Actinobacillus
actinomycetemcomit
ans
UV treated surface UV irradiation  Invitro Reduce bacterial adhesion  Staph., epidermidis

[165]

without altering cell

and Saos-2 cells
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Type of Coating Fabrication Test Effect Experimental
Method Model
PLL-g-PEG/PEG- Immersion In vitro Decrease bacterial adhesion Staphylococcus
RGD coating [141] by 69% aureus
Polyelectrolyte Dipping In vitro Show high antibacterial Staphylococcus

multilayers of
hyaluronic acid/
chitosan
functionalized Ti
substrates
immobilized with
RGD [142]

efficacy with increased
osteoblast functions by
100-200%

aureus and MC3T3-
El

2.6.2 Antimicrobial peptides (AMPs)

Resistance to antibiotics dates back to the introduction of the first antibiotic (penicillin)
into clinical usage. Today, many significant pathogens are resistant to various clinically useable
antimicrobial agents, so-called multidrug resistant (MDR) organisms. Infections caused by MDR
are costly to treat due to high risk of treatment failure [172]. With the increasing of MDR against
most antimicrobial agents, there is an urgent need to discover novel classes of antibiotics.
Therefore, cationic peptides have been developed as antimicrobial agents [173]. AMPs are
amongst the most potent therapeutic agents produced against microbial infections. Not only it is
possible for peptides to kill different kinds of bacteria and viruses, but they have also been
shown to have the capability of wound healing and killing transformed cells (e.g. cancerous
cells) [174-177]. AMPs are also recognized as a possible alternative for the treatment of
antibiotic-resistant bacterial infections or septic shock [27, 174-177]. Some examples of
commercially available AMP are MX226 (ILRWPWWPWRRK) and hLF1-11
(GRRRRSVQWCA). There are also other potent clinically developed AMPs like HHC10
(KRWWKWIRW), HHC36 (KRWWKWWRR),

Tet213 (KRWWKWWRRC), Bac2A

(RLARIVVIRVAR), etc. [27, 178, 179]. AMPs are generally defined as having less than 50
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amino acids with 2-9 positively charged lysine or arginine residues and up to 50% hydrophobic
amino acids [27, 174-176, 180]. In other words, all natural cationic AMPs share common
features, including cationicity (with an overall charge ranging from +2 to +9) and amphiphilic
with a large proportion (>50%) of hydrophobic residues [175]. Many have very broad
bactericidal activity spectra against both Gram- negative and Gram-positive bacteria including
most clinically antibiotic-resistant bacteria. They kill these organisms within minutes of contact
[173, 181, 182]. The available evidence regarding AMP antimicrobial mechanism indicates that
cationic AMPs interact with bacterial surfaces to either permeabilize them or to translocate
across the cytoplasmic membrane to attack cytoplasmic targets. The initial step in this
mechanism is the occurrence of an 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. Subsequently, the
high local concentration of the AMP would 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 (Fig. 2.8) [27, 174, 175]. The ability of
AMPs to selectively interact with the bacterial cells rather than the mammalian cells makes them
highly antimicrobial with low toxicity for host cells. The major factor that contributes to the
selectivity property of AMPs is the cationic property. The surface of the bacterial membranes is
more negatively charged than mammalian cells. This will initiate higher affinity between AMPs
and bacterial membrane [183, 184]. Moreover, mammalian cell membranes contain high amount
of cholesterol as a membrane stabilizing agents which is absent in bacteria cells. It’s well

understood that the interaction between cholesterol and AMP will decrease the AMP activities,
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and protect host cells from AMP (Fig. 2.9). However, the cytotoxicity concentration level of

different AMPs for host cells is diverse and should be measured [183, 184].

Figure 2.8. Proposed models for antimicrobial peptide mechanisms of action. (A) The Barrel-stave model:
the peptides span the membrane and form a pore with the hydrophilic portion lining the pore. (B) The
carpet model: the peptides span the membrane by a detergent-like action that disrupts the membrane
structure. (C) The toroidal model: the hydrophilic portion of the peptide is associated with the lipid head
group. (D) The molecular electroporation model: the interaction of the cationic peptide with the pathogen
membrane promotes an electrical potential difference across the membrane. When this potential reaches
0.2V, a pore is believed to be created by molecular electroporation. (E) The sinking raft mechanism
proposes a mass imbalance between the two leaflets of the membrane induced by the peptide. By creating
a curvature gradient along the membrane and by self-association, peptides sink into the membrane and
form transient pores that are thought to promote a transitory increase on membrane’s permeability and
leakage of intracellular contents. Reprinted from [185] with permission from Elsevier.

25



Antimicrobial peptide
+

+
Hydrophobic interactions Electrostatic and

hydrophobic interactions
Aak Stron&

Outer leaflet 5 + + 2
QaliHa O
ﬁﬁ o R@ gfi?j
Inner leaflet 8 gg %B g
Prototypic plasma membrane of a  Bacterial cytoplasmic membrane
multicellular animal (erythrocyte)

0~

Cholesterol Zwitterionic phospholipids

Acidic phospholipids

Figure 2.9. Cell selectivity of antimicrobial peptide. Reprinted from [186] with permission from Elsevier.

2.7 CALCIUM PHOSPHATE COATINGS

Hydroxyapatite is a major mineral component of bone with a typical formula of Cajo.
«(HPO4)x(PO4)sx(OH).« , Wwhere x ranges from 0-2, giving a Ca/P atomic ratio of between 1.67
and 1.33 [187]. It is claimed that calcium-deficient HA (d-HA, 1.33<Ca/P<1.67), is of greater

biological interest than stoichiometric HA (s-HA, Ca/P=1.67) because the Ca/P ratio in bone
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apatite is between 1.67 and 1.5 [187]. Osteoconductivity and biocompatibility of HA with
various tissues have made this bioceramic an important material for bone regeneration. Figure
2.10 proposes a mechanism by which hydroxyapatite surfaces are recognized after implantation.
However, inherent mechanical properties of ceramics, i.e. brittleness, and poor impact resistance
limit the HA applications particularly in load-bearing parts. One of the solutions to overcome
these problems is applying the CaP in form of coatings on the metallic implants. The calcium
phosphate coated metallic implants will therefore inherit both high tensile strength and ductility
of the metal and bioactivity of hydroxyapatite. Various methods have been used to prepare HA
coatings, such as thermal spraying, sputter coating, electron beam deposition, dip coating,
electrophoretic deposition, hot isostatic pressing, biomimetic coating, etc. These methods are

summarized in table 2-2 [188, 189].
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Figure 2.10. A schematic diagram showing the phenomena that takes place on HA surface after
implantation: (1) the solubilization of the HA surface starts; (2) continuation of the solubilization of the
HA surface; (3) the equilibrium between the physiological solutions and the modified surface of HA has
been achieved; (4) adsorption of proteins and/or other bioorganic compounds; (5) cell adhesion; (6) cell
proliferation; (7) beginning of a new bone formation; (8) new bone has been formed, from [190] with
permission from Elsevier.
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Table 2-2. CaP coating produced using various deposition technologies, (based on [188, 191])

Techniqe Thickness Advantages Disadvantages
Plasma 30-200 pm High deposition rates; Line of sight technique; high
spraying low cost Temperatures induce decomposition;
rapid cooling produces amorphous
coatings
Sputter coating  0.5-3.0 um Uniform coating Line of sight technique; expensive,
thickness on flat time-consuming; produces
substrates; dense coating  amorphous coating
Pulsed-laser 0.05-5.00 Coating with crystalline  Line of sight technique
deposition pum and amorphous; coating
with dense and porous
lon-beam 0.05-1.30 High adhesive strength Line of sight technique; expensive;
method pum produces amorphous coating
Dip coating 0.05-0.50 Inexpensive; coating Requires high sintering
mm applied quickly; can coat temperatures; thermal expansion
complex substrates mismatch
Sol-gel <lpm Can coat complex Some processes require controlled
shapes; low processing atmosphere processing; expensive
temperatures; relatively ~ raw materials
inexpensive as coating is
very thin
Electrophoretic 0.1-2.0 mm  Uniform coating Difficult to produce crack-free
deposition thickness; rapid coatings; requires high sintering
deposition rates; can coat temperatures
complex substrates
Biomimetic <30 um Low processing Time-consuming; requires
coating temperatures; can form replenishment and constant pH of
bone-like apatite; can simulated body fluid
coat complex shapes;
can incorporate bone
growth stimulating actors
Hot-isostatic 0.2-2.0 mm  Produces dense coatings  Cannot coat complex substrates;

pressing

high temperature required; thermal
expansion mismatch; elastic
property

differences; expensive; removal/
interaction of encapsulation material
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2.7.1 Electrolytical deposition (ELD)

Electrolytical deposition process of calcium phosphate phases takes place with
electrically conductive substrates in calcium and phosphate containing electrolytes. In this
process, when a current passes through an electrolytic cell, electrons are injected into the solution
through cathodic reactions, and drawn out through anodic reactions which results in the
formation of OH ions on cathode. Subsequently, local increase in pH near the substrate surface
happens due to either consumption of acid (H") or generation of base (OH") (Fig 2.11) [192-194].
Since the solubility of CaP phase is pH-dependent, this rise in pH leads to an increase in the
relative supersaturation (c) of CaP, leading to their subsequent precipitation onto the cathode,
thereby forming a desired coating with respect to CaP phase (e.g. ¢ varies from 1.90 to 2.41 for
octacalcium phosphate (OCP) and 15.40 to 18.50 for HA [195]). Considering the substrate as
inert, in air-saturated solutions the two following overall reactions take place (Fig. 2.11) [196,
197].

2H,0 + 2¢" — H, + 20H", (1)

O, + 2H,0 + 4¢" — 40H ©)

OH generation at the cathode induces acid—base reactions to form PO, and HPO,:

OH" + H,PO, — HPO,* + H,0, (3)

OH + HPO,* — PO,* + H,0 (4)

Furthermore, the following precipitation reactions have to be taken into consideration:
10Ca*? + 6PO,* + 20H — Cayo(PO4)s(OH), (5) (HA formation)

8 Ca2 + 6HPO,% + 5H,0 — CagH2(PO4)s . 5H,0 +4H*  (6)  (OCP formation)

Ca' + HPO,* + 2H,0 — CaHPO, + 2H,0 (7)  (DCPD formation)
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In which DCPD stands for dicalcium phosphate dehydrate. These well-known reactions lead to
the generation of a CaP precipitate and to the formation of a thin coating on the cathode (Fig.
2.12). The thermodynamics and kinetics analysis of CaP precipitation indicates that there are two
primary factors controlling CaP phases: supersaturation of Ca?*, PO, and HPO, % ; and the pH
value in the supersaturated solution. In electrochemical deposition, current density controls the
rate of OH" formation and consequently the pH value of the electrolyte. Also, the formation rates
of PO, and HPO, * are controlled by the current density [197-201].

In the electrolyte containing nitrate there is a special case, as the reduction of this ion
creates an additional cathodic process which contributes to the total current, but since low nitrate
concentrations (millimolar) is used, similar to the reduction of oxygen this contribution is
negligible. It has been reported that the CaP phase coating thickness increases linearly with the

square root of deposition time [202].

Metastable Calcium Phosphate Solution
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Figure 2.11. Reactions during electrochemically assisted deposition (ELD) of CaP phase (CPP) coatings.
Reprinted from [196] with permission from Elsevier.
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Figure 2.12. Scanning electron micrographs of (a) the electrolytic deposition of octacalcium phosphate
coating on titanium alloy. Reprinted from [203] with permission from Elsevier (b) collagen/OCP
composite coating. Reprinted from [194] with permission from Elsevier.

Below are some advantages of the ELD method:

The coatings have excellent homogeneity on flat, irregular or porous surfaces as it is a
non-line-of-sight process.

The deposition of controlled thin layers (down to the sub-micrometer level) with a
composition, crystal size, and chemical close to that of bone mineral is possible.

In comparison to the biomimetic technique (incubation in simulated body fluid (SBF)),
ELD produces more defined, higher relative supersaturation at the interface, resulting in
shorter processing times.

High specific surface area coatings can be achieved.

Possible physiological processing parameters (pH, temperature, aqueous solution),
permits the deposition of CaP phase combined with the immobilization/incorporation of
organic components such as peptides (Fig. 2.12b).

There is no adverse effect of heat on the substrate.
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e It is a low energy process in compare to typical deposition techniques e.t. plasma
spraying.

e ltisalow cost process [188, 204-209].

Below are some disadvantages of the ELD method:
e There is potentially low interfacial strength of the coatings [210].
¢ An electrically conductive substrate or substrate top layer is essential.
e Extreme electrochemical conditions (high current densities, long duration polarization)

may cause hydrogen embrittlement for metallic substrates [188, 204-209].

2.7.2 Types of calcium phosphates coatings generated by ELD

Four types of CaP phases have been achieved with the ELD method: brushite or
dicalcium phosphate dehydrate (DCPD, CaHPO, . 2H,0), monetite or dicalcium phosphate
anhydrous (DCPA, CaHPO,), octacalcium phosphate (OCP, Cag(HPO4)2(PO4)4 . 5H20), and HA
(Ca10(OH)2(PO4)s). DCPD and DCPA phases, have generally been used as precursors to HA
coatings. In a physiological condition the solubility of these calcium phosphates follows the
order from highest to lowest: DCPD>OCP>HA, however the pH of the solution also affected the
solubility of these calcium phosphates. In general, as the pH increases from 3 to 9, the solubility
of all four forms of calcium phosphates decreases (table 2-3) [197, 211]. In diluted aqueous
solution based on the solution pH, phosphate transforms into several forms such as PO,>, HPO,*
and H,PO,". In strongly basic solution, the phosphate mainly exists as phosphate ions (PO,%);
when the solution is mildly basic, the phosphate is mostly hydrogen phosphate ions (HPO4*):
and in the mildly acidic solution, the phosphate is comprised of dihydrogen phosphate ions

(H,PO.) [212, 213].
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Table 2-3. CaP phase specifications in aqueous solutions at room temperature (based on [214-
217]).

CaP phase Formula Log Ksp Ca/Pratio pH range
DCPD CaHPO4 -6.6 1.0 2-6

OCP Cag(HPO4)2(PO4)s . 5H,0 725 1.33 5.5-7

HA Cago(OH)2(PO4)s -117.1 1.67 9.5-12

Recent studies on OCP have shown that since this CaP phase is more resorbable and it
enhances more bone formation than HA does, it has a positive role in osteoconduction and
osteoinduction [197-200]. As a type of ceramic, HA is brittle. Its fracture toughness (Kic) is less
than 0.9 MPa-m*2, and its compressive and tensile strengths are less than 300 MPa and 50 MPa

respectively [212, 213].

2.8 PROTEIN-CALCIUM PHOSPHATE INTERACTION

Solid-state NMR (ss-NMR) techniques have been utilized to determine the molecular
structure of proteins and peptides on calcium phosphate surfaces. Using the ss-NMR it has been
found out that HA crystals has a surface area of about 80 m?/g. HA unit cell dimensions are a = b
=9.432 A°, and ¢ = 6.881 A°. There are two different binding sites positively cooperative, called

the P and C sites, in the crystal surface of the primitive unit cell (see Fig. 2.13) [218-220].
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Figure 2.13. Illustraion of HA surface charge in crystal state: (a) Hydroxyapatite particle; (b) expanded
area of hydroxyapatite; (c) crystal unit cell of hydroxyapatite from [219] with permission from Elsevier.

Proteins are made of chains of amino acids, containing side-chain of carboxyl or amino
groups. These groups may dissociate in aqueous solution at a suitable pH, resulting in COO™ and
NH;" ions covalently attached to the protein molecule. The carboxyl group tends to ionize at pH
values over about 4 and the amino group at below about 12. Accordingly, in acid solution, the
presence of NH;" and COOH groups makes a typical protein positively charged, and in basic
solution it is charged negatively because of NH, and COO" groups. When pH equals to
isoelectric point (pl), the net charge is zero, indicating the presence of equal numbers of
oppositely charged groups on the protein or so-called dipolar ion. At pHs near the pl, both NHs"
and COOQO" groups are present, so that the net charge is small (Fig. 2.14) [219, 221, 222].

In crystalline state of hydroxyapatite P sites include six oxygen ions belonging to three
crystal phosphates. They have hexagonal arrangement on the (a, b) crystal face of HA with a
minimal distance of 9.432 A°. C sites are arranged in a rectangular manner with the inter-
distance in the a or b direction equal to 9.432A° and the inter-distance in the ¢ direction, equal to

3.441 A° (c/2). P sites lack calcium ions or positive charge, and therefore bind basic groups in

34



proteins, but C sites are rich in calcium ions or positive charge, and thus bind with acidic groups

in proteins (Fig. 2.13) [219, 221, 222].
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Figure 2.14. Schematic representation of the variation of charge with pH for a protein, from [219] with
permission from Elsevier.

The surface properties of HA in aqueous solution are dramatically changed because the
ions are hydrated. The surface charges on HA in aqueous solution depend upon various
dissolution and hydrolytic reactions and relate to the pH of the suspension solution. In this
situation, the pH determines the ¢ potential of HA particles when the ratio of Ca/P is fixed
without any other determinant ions in suspension. Figure 2.15 shows the relation of the {
potential to the pH of the suspension solution [217, 219, 220]. The point of zero charge (pzc) of
HA is dependent upon the Ca/P ratio and the physical state. When pH > pzc, the negative charge
on the HA surface will dominate; when pH < pzc, HA accumulates positive charge more readily
[221, 222]. The affinity of Ca®* on the C site in HA with COO" in protein is larger than the
affinity of the negative charge in the P site for NHs" in proteins, because both the surface of HA

and proteins are heterogeneous, with both negative and positive charges in the suspension
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solution. There is also affinity between HA and proteins due to hydrophobic (a, c¢) or (b, ¢)

crystal face in HA, and hydrophobic patches in proteins [217, 219, 220].

{ - potential

Point of zero charge

Figure 2.15. typical relation of zeta potential to pH for CaP suspension solution, from [219]

A substrate with multiple binding site like CaP can result in a cooperative adsorption with

proteins containing multiple groups with affinity for the CaP sites (see Fig. 2.16) [219].

Protein Coulombic interaction Cooperative adsorption
through cne-by-ocne

interaction {zipper-like)

Surface of sorbent

Figure 2.16. Schematic presentation of protein-CaP surface cooperative adsorption, from [219] with
permission from Elsevier.
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Stayton et al. reported that, the strong interaction of statherin with HA is mediated by the
acidic N-terminus, where two phosphoserines and three carboxylate-containing side-chains are
located [218]. Lee et al. demonstrated that proteins have a greater tendency to bind onto
amorphous calcium phosphate (ACP) than crystalline HA. He observed high release rate of 74%
from ACP and 15% from highly crystalline HA [225]. Weiger et al. identified a short peptide
that binds to crystalline HA and to HA-containing domains of human teeth. They found the
peptide (SVSVGMKPSPRPGGGK) binds with relatively high affinity (Kp = 14.1 uM % 3.8 pM)
to HA [226]. Sarikaya et al. identified the high affinity sequence (CMLPHHGAC) out of more
than 50 sequences of peptide-phage library. They flanked the sequences by a pair of cysteine
(Cys) residues to mimic the native peptides with random sequences in the library that were Cys-
Cys constrained and displayed on the plll coat protein of M13 bacteriophage. The binding
strength of this peptide to HA was reported as 75 + 5% binding [227]. Sarikaya et al. also
showed that in the non-metal peptide binding sequences (metal oxides and zeolites), the basic

amino acids (arginine and lysine) and hydroxyl-containing residues were common [227-231].

2.9 Ti10, NANOTUBES

Different techniques have been developed to modify the surface properties of metal
implants. Modifying surface features can effectively enhance in vitro and in vivo biological
events [52, 232-234]. About 40 % of today’s biomedical implant materials are based on titanium
or titanium alloys [235]. The main reason why TiO, have attracted such a high interest is because
some of the intrinsic properties of TiO, such as high biocompatibility, acceptable mechanical
properties, and chemical inertness [235, 236]. The titanium dioxide layer would enable titanium

implants to bind with bone while pure titanium metal lacks osteoconductivity [237].
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Various methods have been used for preparation of titanium oxide nanotubes, such as
sol-gel method [238], electrophoretic deposition [239], and anodization [240]. Among these
methods anodization is preferred as it provides strongly adherent TiO, layer as compared to the
other two approaches. The adhesion and mechanical integrity of the TiO, layer is very important
for bio-implant applications [240]. Anodization of titanium in fluoride-based electrolyte is a
controllable, reproducible and simple process which provides an aligned TiO, nanotube structure
with very high specific surface area [241, 242]. In TiO; nanotubes coating, not only can the
diameter of the tube surfaces be accurately adjusted to virtually any value between 10-250 nm
[243], but owing to the anodization nature, entire, even complex shaped surfaces (such as dental-

implant screws or hip implants) can be coated easily with such nanotube layers (Fig. 2.17) [244].

Figure 2.17. SEM micrographs of TiO, nanotubes. (a) Top view, (b) cross-sectional view, from [236]
with permission from Elsevier.

TiO, exists naturally mainly in three crystalline phases: anatase, rutile, and brookite. The
as-prepared TiO, nanotubes are amorphous in nature but can be annealed (under oxidizing

conditions in air or Oy) to anatase or rutile. Annealing can also affect the nanotube morphology.
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Usually, for extended annealing, nanotubes are stable up to 650 °C, but at higher temperatures
the tubes start collapsing [245].

It is generally accepted that TiO, nanotubes form in F containing electrolytes by two
competing electric field-assisted processes. The water was electrolyzed at the Ti anode, and a
layer of compact anodic oxide resulted: In the first process water is electrolyzed at the Ti anode
to form a passive uniform TiO, layer across the surface. The overall reactions for anodic
oxidation of titanium can be represented as

Ti + 2H,0 — TiO, + 4H" + 4¢” (1)

The second process is related to the field-assisted dissolution of the oxide at the
oxide/electrolyte interface followed by chemical dissolution of newly formed oxide at the
oxide/electrolyte interface. In field-assisted dissolution Ti cations migrate from the metal/oxide
interface towards the oxide/electrolyte interface and dissolved into the electrolyte while the free
anions (O migrate towards the Ti/oxide interface to interact with the Ti by the following
reactions [246-248].

Ti*" + 6F — [TiFe]* (2) (Field —assisted dissolution)

TiO, + 6F + 4H" — [TiFg]* + 2H,0 (3) (Chemical dissolution)

Field-assisted dissolution dominates chemical dissolution in the initial stage of
anodization due to the relatively large electric field across the thin oxide layer. Localized
dissolution of the oxide results in the formation of small pits on Ti surface. The pits then, convert
to larger pores and spread uniformly over the surface. The inward movement of the oxide layer
at the pore bottom leads to the pore growth. The thickness of the tubular structure ceases to
increase when the rate of oxide growth at the metal/oxide interface becomes equal to the rate of
oxide dissolution at the pore-bottom/electrolyte interface [249]. Increasing the anodization
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voltages increase the field-assisted dissolution and therefore a greater nanotube layer thickness is

achieved before equilibrating with the chemical dissolution (Fig. 2.18) [248].
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Figure 2.18. Schematic showing the mechanism for TiO, nanotube formation at constant anodization
voltage. Stage 1: the formation of a dense oxide layer by the dissolution of Ti until the current density and
thickness stabilize at a constant value. Stage 2: local dissolution of TiO, reduces the film thickness,
locally, and increases the electric field intensity leads to the formation of nanopores across the surface of
the TiO, layer. Stage 3: nano pores turn to nanotubes growing deeper into the substrate due to the
competition of oxide growth (Eqg. (1)) and dissolution (Eg. (2,3)) at the bottom of the nanotube. Stage 4:
nanotubes continue to grow in length, and the current density gradually drops, until the so-called
“equilibrium thickness” is established, from [247] with permission from Elsevier.

The geometry of the TiO, nanotube arrays suggests that the material may be used as a
drug-eluding coating on implants [250, 251]. Loading techniques into titania nanotubes usually

follow either the physical adsorption or chemical immobilization method [252]. It has been
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reported that the surface of antibiotic-loaded TiO, nanotubes is capable of reducing bacterial
adhesion whilst retaining the normal osteoblast adhesion and differentiation [160, 252-254].
Shrestha etal. showed that TiO, nanotubes can be filled with magnetic Fe;O, particles and thus
be magnetically guided to desired locations, for example for the site-selective killing of cancer
cells [255]. Bae et al. reported that the TiO, nanotubular structure is a promising configuration
for sustained rhBMP-2 delivery [256]. Ketul et al. filled the nanotubes with gentamicin and
reported significantly reduction in bacterial adhesion on the surface [160].

Even when the drug is simply filled into nanotubes, a main problem is the uncontrolled
release of drugs. In this regard, hydrophobic surface modification (caps) on hydrophilic TiO2
nanotubes have been investigated to control the release profile, the achieved release however was

in the order of hours [252, 257].
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2.10 SUMMARY OF CURRENT CHALLENGES

Biofilm-associated implant infections are still very difficult to treat. The only remedy for
patients with peri-prosthetic deep infection is two-stage surgery which requires removal of the
contaminated implant. Moreover, the creation of biofilm and sub-exposure to antibiotics will
drive the emergence of multi-drug resistant bacteria which is known as a global problem.
Treatment options such as prophylaxis with broad spectrum antibiotics and systemic
administration of antimicrobial agents are usually ineffective against these pathogens. Serious
concern regarding local delivery of conventional antibiotics is that the release of them at levels
below the minimal inhibitory concentration may evoke bacterial resistance. Conversely, high
release dose of these antibiotics often harm cell viability and osteogenic activity and may impair
osteointegration. Therefore local administration of novel class of broad spectrum antimicrobial is
necessary.

Another challenge concerning releasing devices (orthopaedic implants) is developing a
drug delivery system with a controlled kinetics of release. In other words, loading and
controlling antimicrobial compound release over prolonged periods is complicated. What is
learned from literature is that the implant-antibiotic binding obtained from the developed
techniques still does not satisfy the ideal releasing profile. This ideal profile should exhibit fast
initial release of antimicrobial agent during the peri-implant infection phase (~6 hr) which is
critical time for initial elevated infection risk, followed by a long period of drug release. Most of
the suggested approaches release the significant amount of the drug in very short time
(cytotoxicicity risk). This kind of burst release demands large amount of drug loading to keep the
antibiotic level above the minimal inhibitory concentration for a longer period, otherwise it may

result in emergence of resistant organisms. Hence, there is a need to either formulate a proper
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antimicrobial compound which wouldn’t cause the bacteria resistance or to develop a device
with capability to load and release the antimicrobial agent in a controlled manner. Of course, the
antimicrobial activity of the drug should not impair the osteointegration or biocompatibility of
the implant.
An ideal antimicrobial orthopaedic implant should meet the following characteristics at
the same time:
e It should be effective against broad spectrum of bacteria (both Gram-positive and Gram-
negative).
¢ It should not develop bacteria resistance even when the concentration falls below MIC.
e |t should carry enough drug required for initial burst release (within the first 6 hr after
implantation), following long period of therapeutic release in a controlled manner.
e It should not impair bone growth.
e It should not cause cytotoxicity for the host cells (biocompatible, hemocompatible).

e The coating’s interface with titanium surface should have robust mechanical properties.
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CHAPTER 3 SCOPE AND OBJECTIVES

An ideal strategy to combat implant-associated infections is prevention of infection at the
site of implant. Despite recent progresses, developing an antimicrobial delivery system which
would be able to avoid antibiotic resistance, and satisfy antimicrobial release kinetics without
impairing bone growth is still a challenge.

The scope of this dissertation is to develop antimicrobial coatings for local delivery of a
new class of antimicrobial agent from orthopaedic implant surface. There are a few factors
involving the designs of antimicrobial coatings that should be considered such as, the
development of a new antimicrobial agent, the release kinetics profile, antimicrobial activity
while maintaining the osteointegration, and biocompatibility. Due to the multi drug resistance of
many important pathogens, the novel therapeutic agents “antimicrobial peptides” have been
proposed in our study because of their outstanding features such as killing different strains of
bacteria without developing multidrug resistant organisms. In this regard, different approaches
were developed to deliver AMPs from Ti implant surface. The surface of Ti implant has been
modified in various ways to load and release AMP without impairing the biocompatibility, and
osteointegration properties.

Osteoconductivity and biocompatibility of calcium phosphate material and its affinity
with proteins have made this bioceramic an attractive material for orthopaedic implant coatings
with a drug-delivery capability. We developed a thin layer of microporous osteoconductive
calcium phosphate coating on Ti implant as an AMP carrier through simple soaking adsorption
technique. The antimicrobial activity and biocompatibility of this coating were studied in vitro

while a comprehensive animal study was performed for bone growth and osteointegration.
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Titania nanotubes are another interesting platform for drug delivery due to their very high
specific surface area, and their chemical inertness. High biocompatibility, better mechanical
properties in compared to calcium phosphate, and the advantage of titanium dioxide over pure
titanium in terms of interaction with bone are some of the features of this coatings. Hence, titania
nanotubes coatings on titanium were fabricated using anodization technique. This coating was
loaded with AMP via vacuum-assisted physical adsorption method.

The burst release of the antimicrobial compound is a complex issue. To control both the
quantity of loaded AMP, and keep the release profile in therapeutic level for longer period, while
keeping the osteoconductivity, and biocompatibility we developed a new technique. To achieve
this purpose, a combination of different coatings including nanotubes, CaP and phospholipid
layers were utilized.

The purpose of these studies is to develop more robust and flexible antimicrobial coatings
on Ti that won’t impair bone growth. Detailed objectives of this study are as follows:

e To develop an efficient technique to load AMP into the thin layer of microporous CaP
coating on Ti implant fabricated by ELD technique.

e To choose a proper AMP-CaP combination amongst proposed antimicrobial agents
including, Tet213, Tet1010, Tet20, HHC36, hIF1-11, Mx226 and Tobramycin, in terms of
cytotoxicity and antimicrobial activity.

e To develop techniques for measuring loaded AMP and release properties.

e To evaluate in vitro biocompatibility of AMP loaded CaP coating on implants.

e To evaluate in vivo effect of AMP containing CaP coating implants on bone growth and
osteointegration in femur of rabbit.

e To evaluate in vitro effect of AMP containing nanotube coatings on Ti implants.
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e To develop multi layered coatings including nanotubes, calcium phosphate and
phospholipids with the purpose of controlling the release of loaded AMP and release rate.
e To evaluate in vitro biocompatibility, and hemocompatibility of multi layered coatings.

The research chapters (Chapters 4-5-6) are organized as follows. Chapter 4 focuses on the
fabrication and delivery of antimicrobial peptides on calcium phosphate-coated titanium. This
chapter investigates the characteristics of the CaP coatings, AMP loading technique,
antimicrobial activity, detection of AMP and cytotoxicity tests. Chapter 5 applies a modified
AMP and studies the effect of CaP-AMP on bone growth in vivo. This chapter develops an
improved AMP detection, and studies the antimicrobial activity and biocompatibility in vitro.
Chapter 6 develops a progressive multi-layer assembly coating with the advantage of the
previous studies plus the capability of controlling the AMP release kinetics. Biocompatibility

and hemocompatibility of the coatings were also conducted in this chapter.
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CHAPTER 4 ANTIMICROBIAL PEPTIDES ON CALCIUM
PHOSPHATE-COATED TITANIUM FOR THE PREVENTION OF
IMPLANT-ASSOCIATED INFECTIONS!

Implant-associated infections are one of the most serious complications 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 [258]. The
objective of this chapter is to develop a technique that enables the loading and local delivery of a
unique group of antimicrobial peptide (AMP) through implant surfaces, using a simple soaking
technique. A thin layer of micro-porous calcium phosphate (CaP) coating was processed by
electrolytic deposition (ELD) onto the surface of titanium as the drug carrier. Various surface
analysis techniques were performed to study the coating properties. The biocompatibility of the
AMP loaded CaP was investigated against osteoblast-like cells, and the antimicrobial activity of
the coating was evaluated against S. aureus (as a representative of Gram-positive) and P.
aeruginosa (as a representative of Gram-negative) bacteria. The total amount of loaded AMP

was measured using a fluorometry technique.

4.1 MATERIALS AND METHODS

4.1.1 Processing of CaP coating on titanium surface

Calcium phosphate coating onto Ti surfaces was performed using the electrolytic
deposition technique reported earlier [259, 260]. Commercially pure titanium plates

(Goodfellow, USA) of 10 x 10 x 0.5 mm dimensions were used as the working electrode

L A version of Chapter 4 has been published. Mehdi Kazemzadeh-Narbat, Jason Kindrachuk,



(cathode), while a platinum plate served as the anode. The distance between the working
electrode and the anode was set to 3 cm. The electrolyte solution used for the ELD consisted of
5.25 mM of Ca(NO3), (Sigma Aldrich), 10.5 mM of NH4H,PO, (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
2.5V 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 (Fig.

4.1).

Figure 4.1. Schematic of the electrolytic deposition setup. Ti plate was used as the working electrode
(cathode), while a platinum plate served as the anode.

Surface morphology and thickness of the CaP coating were analyzed by a scanning
electron microscope (SEM Hitachi S3000N) after being sputter-coated with a thin layer of Au-
Pd. For coating thickness measurement, three samples were embedded into the epoxy resin
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(Buehler 208130), mechanically ground using sandpapers and polished using diamond
suspensions and silica colloidal suspension (0.05 um). Chemical compositions were also
analyzed with the Energy Dispersive Spectrometer (EDS) 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 Ko, 40 kV and 40 mA, step scanning).

4.1.2 AMP loading on titanium

One of the most potent short (9 amino acids), broad spectrum AMPs identified in a recent
large QSAR study was HHC36 [27, 261]. Further testing with surface-immobilized HHC36 (C-
terminally modified and renamed Tet213) demonstrated that it retained antimicrobial activity
[27, 262]. 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
Na,HPO, (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.

4.1.3 Detection of loaded AMP

The amount of AMP immobilized on the Ti surface was determined by fluorometry
technique [262]. After dissolving the coating in 1 mL of 0.1 M HCI (Fisher Scientific) for 1 h in

ultrasound bath, 3 mL of 3.23 mM PHQ (9,10- Phenanthrenequinone) solution (Fluka Chemika)
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was added into the vial. Subsequently, 0.5 mL of 2 M NaOH solution was 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-ug amounts of Arg (Fig. 4.2). To stop the reaction, acidification was performed by adding
2.25 mL of 2.4 M HCI into the vial. The amount of AMP, based on arginine concentration, was
measured using a Luminometer (Perkin Elmer Ltd UK LS-50B) [263], 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 30 min before the test. Group four (Ti—-AMP) was Ti without CaP

coating, but loaded with AMP in the same way as Group two.

G (J
N
‘ + NH=C-NH-(CH,)yCH —— ‘ \>_N H,
0 | N
COOH

9,10-phenanthrenequinone +  arginine 2-amino-1H-phenanthro-(9,10-d)-imidazole

Figure 4.2. Fluorescent compound from PHQ and arginine reaction.
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4.1.4 Antimicrobial activity testing

Antimicrobial activity of the specimens was tested against S.s aureus and P. aeruginosa
bacteria. Both bacteria strains were cultured overnight. One hundred pL 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 ~10° cells/mL. To study the
capability of specimens in killing bacteria, a survival assay was performed. Four hundred pL of
the P. aeruginosa or S. aureus bacterial suspensions were separately 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: luxCDABE) 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 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 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 antimicrobial test cycles. Six CaP-AMP
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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 (potent antibiotic against
Gram-negative bacteria especially P. aeruginosa). 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.

4.1.5 Cytotoxicity assay

MG-63 osteoblast-like cells from human osteosarcoma (ATCC® CRL-1427™, USA),
were cultured in standard culture medium Dulbecco’s Modified Eagle Medium (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% CO,, 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 mitochondrial 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, MG-
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63 cells were seeded in 12-well plates at 10* cells/mL in a humidified 5% CO, 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 medium was added and the plate was incubated for 4 h at 37 °C in a humidified 5% CO,
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 (see appendix A).

4.1.6 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.

4.2 RESULTS

4.2.1 Calcium phosphate coating on titanium surface

The CaP coating on Ti was microporous and consisted of plate-like crystals (Fig. 4.3a).
The cross-sectional image of the coating showed an average thickness of ~7um, with increased
pore and crystal sizes from the bottom to the surface (Fig. 4.3b). The coating adhered to the Ti

substrate without cracks.
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(b)

Figure 4.3. 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 ~7 um.

The XRD spectrum of the CaP coating matched that of octacalcium phosphate (OCP).
The 20 at 4.722° in Figure 5.2a is the characteristic peak of OCP (010) plane. However, due to
the peak overlapping between HA and OCP, the presence of small amount of HA could not be
excluded [186, 261, 262]. Electron Dispersive Spectroscopy under the SEM measured the
average Ca/P ratio of the CaP coating to be 1.3, which is close to OCP (Fig. 4.4a).

FTIR spectroscopy (Fig. 4.4b) 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 v4 vibration mode in the 500-650 cm™' range. The wave numbers attributed to HA
were 566 cm~', 603 cm ' and a shoulder at 630 cm™' from the OH group. In contrast, the two
peaks for the CaP coating were at 601 cm ™' and 561 cm ™', which could be attributed to typical
OCP absorption. Both spectra exhibited obvious strong bands attributed to PO,>~ groups. The

bands at about 1100 cm™' and about 1040 cm™* are assigned to the components of the triply
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degenerated v3 antisymmetric PO stretching mode. The ~962 cm™' band is assigned to vl, the

non-degenerate P—O symmetric stretching mode [207, 259, 266].
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Figure 4.4. (a) X-ray diffraction patterns of the HA powder and CaP from the coating. The 26 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™' and 561 cm™' could be attributed to OCP absorption.
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4.2.2 Antimicrobial peptide loading onto CaP coatings

The amount of AMP Tet213 absorbed to the CaP surface in the four sample groups is
shown in figure 4.5. 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 of
~9 pg/em®. 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 ~8.5 ug/cm® 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 pg/cm?).
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Figure 4.5. 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 (six samples each)
showed an average peptide concentration of ~9 and ~8.5 pg/cm?, respectively.
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4.2.3 Antimicrobial activity

In assessing the antimicrobial effect against P. aeruginosa (Fig. 4.6a), the Ti-Tet213

group showed no antibacterial activity and 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. 4.6b), demonstrating

the ability of CaP-coated Ti to deliver active antimicrobial peptides with bactericidal

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 (Fig. 4.6c).
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Figure 4.6. (a) Antimicrobial activity of Ti-Tet213 and CaP-Tet213 specimens (three samples each)
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 (three samples) by 92 and 77% at 4 and 24 h.

To examine if the Tet213 loaded CaP surface was able to repetitively kill bacteria when
challenged, four consecutive killing assays were performed in which the P. aeruginosa was
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. 4.7).
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Figure 4.7. Antimicrobial activity of CaP-Tet213 specimens (six samples) 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.

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 demonstrated more
effective antimicrobial activity against P. aeruginosa than did CaP-MX226, CaP-hLF1-11 and
CaP-Tobramycin (Fig. 4.8). The CaP-Tobramycin 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. 4.8b). Moreover, as shown in figure 4.8a the CaP-Tet213 was capable of killing 100% of

the same number of bacteria in less than 30 min.
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Figure 4.8. (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 CaP-Tobramycin. The CaP-
Tobramycin specimens (three 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.
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4.2.4 Cytotoxicity on osteoblast-like cells

The peptide-loaded samples (soaking the samples in 1 mg/mL Tet213 buffer solution),
(Fig. 4.9) 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 treatment condition. Thus, the amount of peptide

loaded on the CaP-coated Ti surface is thus not toxic to the osteoblast-like cells.
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Figure 4.9. MTT assay performed to evaluate the cytotoxicity of CaP-Tet213 with MG-63 osteoblast-like
cell in the solution. No statistical difference (p > 0.05) in cell activity between the peptide-loaded (CaP-
AMP) and the two controls (CaP coating and Ti) after 10 days incubation.

4.3 DiIsScusSION

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 S.s aureus and P. aeruginosa bacteria and were also biocompatible with osteoblast-like

cells. A combinational device based on this system could be a potential solution for the peri-
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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.

4.3.1 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 negatively charged
membranes of bacteria and act through either permeabilization of the bacterial membrane or
translocate across the bacterial membrane to attack cytoplasmic targets [27]. 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. Subsequently, the high local concentration of the AMP
would 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 [27, 174, 175]. Recently, AMPs have also been shown to have immunomodulatory
activities that include angiogenesis, modulation of cytokine/chemokine expression, wound
healing, and reduction of LPS-mediated pro-inflammatory responses [175, 267]. 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
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surfaces from colonization by microbes without incurring the problem of resistance against

common antibiotics.

The antimicrobial peptide used in this study is a cysteinylated version of HHC36, one of
the most potent peptides identified by the high-throughput peptide synthesis (peptide arrays on
cellulose and rapid screening technologies) in combination with quantitative structure activity
relationship (QSAR) modeling [179]. It was effective 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 uM [179]. 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 [198]. With a simple soaking technique, we demonstrated that high
amount of peptide (9 pg/cm? on the 7 um 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. 4.9), but could effectively kill both S. aureus and P. aeruginosa within 30 min (Fig. 4.6).
Interestingly, the antimicrobial 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 [267] and due to a few
study performed on delivery of hLF1-11 AMP from CaP coatings [268-270], these two AMPs

were selected to be compared with Tet213. In this study we also demonstrated that this CaP
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coating was a better carrier for the Tet213 antimicrobial peptide than for MX226, hLF1-11 or
tobramycin in terms of bactericidal efficiency (Fig. 4.8). One limitation of current study was the
relatively short term in vitro tests. Longer 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 delivering growth factors and
drugs for the purpose of enhancing bone growth [166, 260, 271]. Delivering traditional
antibiotics through calcium phosphate-coated implants has also been actively studied [134, 157,
166]. However, there are few reports if any on the delivery of cationic antimicrobial peptides
through calcium phosphate coatings. 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 1-11 of human lactoferrin) onto calcium phosphate bone cements for potential
application in osteomyelitis [267-269]. When mixed into the calcium cements, the peptide
showed slow release both in vitro and in vivo [268, 270]. When loaded onto CaP granules
through soaking, it was commented that the peptide had burst release only [269], indicating a
weak interaction 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. 4.7). 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. 4.3). This
created large surface area for peptide-CaP interaction. Secondly, the antimicrobial peptide

(Tet213) has an isoelectric point of 11.72 with five positively charged residues (Arg and Lys),
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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 protein—protein interaction, it
has been reported that the electrostatic 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 [272]. It has also been well known that some short peptides could
selectively bind to solid surfaces [229]. One of the identified short peptide sequence
(SVSVGMKPSPRPGGGK) reported by Weiger et al. for HA is also cationic [226]. It is not

clear whether similar interaction mechanisms are also involved in our systems.

4.4  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 pug/cm? of
peptide on a 7 um thick coating. The peptide-loaded CaP coating on titanium surface has no
cytotoxicity with osteoblast-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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CHAPTER 5 DRUG RELEASE AND BONE GROWTH STUDIES OF
ANTIMICROBIAL  PEPTIDE-LOADED CALCIUM PHOSPHATE
COATING ON TITANIUM?

The demand for artificial joints is constantly rising due to the increasing age of our
populations with increasing prevalence of osteoarthritis, failure of previously implanted
components and the steady increase of trauma patients requiring joint replacement surgery [128,
273]. Implant-associated infection as the major cause of implant revision has been a serious
challenge to joint arthroplasty [5, 7]. Antibacterial coatings have attracted wide attention as a
technique of preventing implant-associated infections at the site of implant. In chapter four, an
antimicrobial coating was developed by loading a novel antimicrobial agent (AMP) onto calcium
phosphate coating. One challenge facing the antibacterial coatings is to inhibit bacteria growth
on the implant surface without impairing osteointegration. [26, 172, 274]. The purpose of this
chapter is to investigate the in vitro drug release, antimicrobial performance, and cytotoxicity, as
well as the in vivo bone growth of an antimicrobial peptide loaded into calcium phosphate coated
Ti implants in a rabbit model. In this study, we first compared two antimicrobial peptides,
HHC36 (KRWWKWWRR) (Fig. 5.1) and its cysteinylated form Tet213, in terms of their in
vitro biocompatibility, cytotoxicity, and bactericidal activity. In the second stage, we studied the

effect of AMP on bone growth in a rabbit model using CaP coated-Ti implants.

2 A version of Chapter 5 has been published. Kazemzadeh-Narbat M, Noordin S, Masri BA,
Garbuz DS, Duncan CP, Hancock REW. Drug release and bone growth studies of antimicrobial peptide-
loaded calcium phosphate coating on titanium. Journal of Biomedical Materials Research Part B: Applied
Biomaterials, 2012.
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Figure 5.1. Molecular structure of HHC36 based on EXPASYy portal (http://www.expasy.org).

5.1 MATERIALS AND METHODS

5.1.1 Implants and CaP coating deposition

Commercially pure titanium plates (Goodfellow, USA) of dimensions 10 x 10 x 0.5
mm?® were prepared for in vitro tests. All Ti specimens were ground using a 320 grit sandpaper
followed by thorough cleaning with alkaline detergent (Fisher Scientific SF105), ultrasonically
washing with acetone, 70% ethanol, and distilled water for 10 min, respectively, to remove any
residuals, and grease. The cleaned samples were then chemically etched by 2% hydrofluoric acid
(Fisher Scientific) for 1 min and ultrasonically washed in distilled water followed by air-drying
at room temperature. The calcium phosphate coating applied onto Ti surfaces was applied using
our previously reported electrolyte deposition (ELD) technique [259, 260, 275]. Briefly, a two-
electrode base ELD (Ti as cathode and platinum as anode) with electrode working distance of 3
cm was employed for CaP deposition. The electrolyte composed of 5.25 mM of Ca(NOs3),

(Sigma Aldrich), 10.5 mM of NH4H,PO, (Fisher Scientific), and 150 mM of NaCl (Fisher
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Scientific). After increasing the pH of electrolyte to 5.30 + 0.05 by adding drop wise NaOH
(Fisher Scientific) solution, a DC voltage of 2.5 V was conducted between the electrodes for 3 h
at room temperature. Based on our previous study the CaP coating thus processed was a uniform
micro-porous plate-like CaP with increased pore and crystal sizes from the bottom to the surface.
The coating consisted of octacalcium phosphate (OCP) with a thickness of about 7 um, and

adhered to the Ti substrate without cracks (Fig. 5.2) [275].
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Figure 5.2. Schematic of a two-electrode base ELD (Ti as cathode and platinum as anode) (left),
a gap model was designed by capping both ends of implant cylinders coated with CaP with
polymethylmethacrylate (PMMA) bone cement (right).
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For the in vivo bone growth study, commercially pure titanium rods (Goodfellow, USA)
were machined into cylindrical implants, each 3.18 mm in diameter and 8 mm long. Three
groups of cylindrical implants were used in the animal experiment, etched Ti, CaP-coated Ti
(CaP), and CaP-coated Ti loaded with AMP (CaP-AMP). To investigate bone growth, a gap
model was designed by capping both ends of implant cylinders with polymethylmethacrylate
(PMMA) bone cement. Each cap had an outer diameter of 4.37 mm, height of 2 mm, which
made the total length of implant including caps 9 mm. This model provided a gap space of 0.6
mm and a gap volume of 35.3 mm? (Fig. 5.3) [260]. The introduction of a gap was based on an
animal model previously developed in the lab [260]. The idea was to simulate a real situation in

implant surgery. Such a model also made it easier to characterize new bone growth.

8mm

3.18mm

Figure 5.3. (a) X-ray image showing implant position on lateral aspect of the distal portion of the rabbit
femur. (b) A schematic diagram of gap model designed for bone growth study. The Ti rod is capped by
PMMA bone cement creating a 0.6 mm gap distance between the Ti implant and the host bone.

69



5.1.2 AMP loading on CaP

On the basis of the most recent quantitative structure-activity relationships (QSAR)
analysis, short cationic AMPs with high antimicrobial activity, namely HHC36
(KRWWKWWRR) and its cysteinylated derivative Tet213 (KRWWKWWRRC), were screened
[179, 261]. To select the best AMP for bone growth investigation, antimicrobial testing, and the

MTT cytotoxicity assay using MG-63 osteoblast-like were performed.

To load the HHC36 into CaP coating, a peptide solution with a concentration of 1 mg/mL
was prepared by dissolving 1 mg of HHC36 in 1 mL of simple phosphate solution containing 50
mM of NaH,PO, (Calbiochem) in distilled water. The buffer pH was adjusted to 7.5 by adding
0.1M NaOH prior to addition of AMP. The CaP-coated Ti specimens were immersed into
peptide solution separately for 1 h and slowly shaken at room temperature. To remove the
residual peptide samples were then washed three times for 1 min with phosphate buffer. The

implants were then gently air-dried and stored in safe dry containers.

5.1.3 AMP detection and release experiment

The total AMP concentration loaded on CaP was measured by UV/Vis spectroscopy by
recording the absorption peak at 280 nm, which is the characteristic excitation wavelength for
tryptophan [275, 276]. The AMP was removed from the CaP coating by ultrasonically dissolving
six independent AMP-CaP plate samples with HCI (0.1N) at room temperature for 30 min. A
series of standards in the concentration range 2-100 pg/mL of HHC36 in 0.1N HCI were
prepared in triplicate to calibrate the system. AMP quantification was then calculated based on

the external standard method.
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To determine the release profile of AMP from the CaP coating, three CaP-AMP
specimens were immersed in 1 mL of PBS (pH 7.4) in a glass vial while gently rotating at 37°C.
After 30 min, 90 min, 150 min, 270 min, 1 day, 3 day, and 7 day, 500 pL of PBS was sampled
and fresh PBS was replenished to each sample. Each release test was done in triplicate. The
samples were stored at -20°C and the AMP cumulative release ratio was calculated by using

UV/Vis spectroscopy.

5.1.4 Antimicrobial activity

The antimicrobial effect of CaP-AMP was tested by a survival assay by counting the
residual number of colony-forming units (CFU) in triplicate experiments. The specimens were
evaluated against S. aureus (ATCC 25293) as well as P. aeruginosa (H1001:luxCDABE) strains.
The bacteria strains were grown in Mueller-Hinton agar (MHA; Difco) and subcultured
overnight at 37°C incubator under aerobic conditions. After the appearance of colonies, two
colonies were harvested from the MHA agar and suspended in Mueller Hinton Broth (MHB,;
Difco) overnight while shaking in the incubator. The bacteria status in the mid logarithmic phase
of grow was determined by suspending 100 pL of each bacteria solution into 5 mL of MHB
following incubation at 37°C for 1 h. P. aeruginosa, and S. aureus bacterial suspensions were
diluted by MHB, and adjusted to the final concentration of 10° CFU/mL using
spectrophotometer. Six CaP-AMP specimens (10 x 10 x 0.5 mm?®) were rinsed with phosphate
buffer saline (PBS) three times, then 400 puL of each bacterial suspension was pipette onto two
different groups of samples. The bacterial suspension alone was considered as a negative control

group. After incubating the samples for 30, 90, 150, and 270 min, the residual bacteria in 10 pL
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were spotted on nutrient MHA agar. Corresponding agar plates were incubated at 37°C

overnight, and bacterial survival was evaluated by CFU measurement.

5.1.5 Cell viability

The viability of MG-63 osteoblast-like cells derived from human osteosarcoma (ATCC
CRL-1427, USA) was studied 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. The cells were cultured in a medium consisting of Dulbecco's Modified Eagle
Medium (DMEM, GIBCO), including a minimal essential medium, 10% fetal bovine serum
(FBS), and 1% nonessential amino acids (GIBCO). The culture medium was refreshed at 2-day
interval and the incubator ambience was maintained at 37°C under 95% humidified atmosphere
with 5% CO,. To evaluate the cytotoxicity level of HHC36 and Tet213, 10* cells per sample
were cultured with both AMPs. Cells were incubated with different concentrations of
AMPs/medium at 37°C and humidified 5% CO in triplicate. Negative controls were assigned to
cells cultured in fresh medium and normal conditions with no AMP. After 16 h, 100 upL MTT
was dissolved in 1 mL serum free medium, and was added to each well, and were incubated for 4
h. Then the solution was removed and was replaced with 200 pL. DMSO (dimethylsulfoxide).
After shaking the plates for 15 min, the absorbance was measured at 570 nm, and the reference

wavelength of 690 nm on an ELISA microplate reader (Bio-Tek Instruments).

To assess the cytotoxicity of HHC36 on CaP, three groups of samples, Ti, CaP, and CaP-
AMP, were investigated in triplicate by the same MTT assay procedure. 10* of cell dispersion

were seeded on each sample and the cells were allowed to attach to each sample for 2 h before
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adding the culture medium. Fresh medium was replaced every 2 days and MTT assay was

carried out after 1, 2, and 5 days.

5.1.6 Cell attachment and morphology

The morphology and adherence of cells were investigated by culturing the MG-63 cells
on specimens. By incubating the confluent cells with 0.25% trypsin-0.1%
ethylenediaminetetraacetic acid (trypsin/EDTA) solution for 5 min, adequate number of cells
was detached from culture flask, and centrifuged at 400g for 10 min to be used for each

experiment.

For cell adhesion experiments, samples were first washed with 70% ethanol, and PBS,
respectively, three times each. Then, MG-63 cells were seeded on Ti, CaP, and CaP-AMP six
samples of each at a density of 5 x 10° cells per sample. After 4 h the specimens were rinsed
with PBS to remove nonadherent cells and samples were digested with 0.5 mL of trypsin/EDTA
for 10 min in incubator. Subsequently, a 0.5 mL culture medium was added to each sample to
stop the trypsinization, and the cell quantity was counted by hematocytometer using a
microscope. Cell attachment efficiency was presented by the percentage of number of attached

cells divided by number of seeded cells.

To study the cell morphology and proliferation, specimens were sterilized and MG-63
cells were cultured identical as described. Then, 10* cells per sample was used after 4 h and 1-
day incubation for fluorescence analysis. The specimens were washed with PBS, and fixed using
4% paraformaldehyde. The fixed cells were rinsed with PBS, and soaked into permeabilization

buffer for 20 min at room temperature. Subsequently, the cytoskeletal filaments of cells were
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stained using rhodamine-phalloidin F-actin (Invitrogen), and DNA staining was performed by
4' 6-diamidino-2-phenylindole (Invitrogen). The samples were then mounted on p-slides (ibidi)

and analyzed with confocal laser scanning microscopy (FVV1000 Olympus).

5.1.7 Surgery and implantation procedure

For in vivo rabbit study, a total of 25 adult New Zealand white female rabbits weighting
3.5 to 5 kg were randomly distributed to three groups of implants, Ti (5 rabbits), CaP (10
rabbits), and CaP-AMP (10 rabbits). All rabbits were weighed at regular intervals but no attempt
was made to standardize weights. The animals were fed with standard diet and observed on daily
basis for signs of pain, infection, weight loss, and wound healing. Fifty cylindrical implants,
etched Ti (n = 10), CaP (n = 20), and CaP-AMP (n = 20) were seal-packed and beta-ray
sterilized (25 to 27 kGy; lotron Technologies, Port Coquitlam, British Columbia, Canada).
Surgery was performed under sterile conditions and general anesthesia. The animals were
positioned supine with their legs shaved and decontaminated with a povidine and 70% alcohol.
For implantation, an incision of 3 cm was made using a scalpel blade on the lateral aspect of the
distal portion of the femur. The bone was exposed by splitting vastus lateralis. To avoid thermal
damage to bone, a 4.37-mm hole was created perpendicular to the distal femoral condyle
bilaterally using sequential low speed drilling of growing diameter (1.95, 3.18, and 4.37 mm)
with saline irrigation. After verifying the depth of the hole with a gauge, the implants were press-
fitted into the hole. The wound was closed in layers using standard techniques. Each rabbit
received two identical implants, one on each femur. After six weeks all rabbits were euthanized

with intravenous injection of Pentobarbital (2 mg/kg), and the femura were harvested. The
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implants’ positions in the femurs were examined with a fluoroscope (Fig 5.3a). The animal study

protocol was approved by the Animal Care Committee of the University of British Columbia.

5.1.8 Histological processing and evaluation

The harvested femora were cleaned and the implants and the surrounding tissues were
fixed and stored in 10% formalin solution before histological processing. All specimens were
then dehydrated in a graded series of ethanol washings (70-100%), infiltrated, and embedded in
epoxy resin (Spurr; Canemco, Canton de Gore, Quebec, Canada) according to standard
histological procedure [278]. After polymerization the samples were sectioned longitudinally in
three parallel course slices, 200, 850, and 1500 pm deep from implant surface, with each slice
roughly perpendicular to the long axis of the femur. Each section was ground, polished, and
sputtered with gold-palladium alloy, and examined with backscattered electron microscope
(BSE) at 20 kV, 25 times magnification, and 27 mm of working distance, (S3000N; Hitachi,
Tokyo, Japan). To create the final image, three images taken from each sample were merged

together (see appendix B).

Bone growth in the gap region and on the implant surface was quantified by analyzing
the BSE images using image analysis software (Clemex Vision PE 3.5; Clemex Technologies,
Longueuil, Quebec, Canada). Four distinct materials in each image (titanium, bone cement caps,
new grown bone, and epoxy) were discriminated in grayscale spectrum. The analysis provided
quantitative data on the total gap and, total area of bone-gap filling (new bone formation in the
gap created by caps) and bone on-growth (new bone formation in direct contact on the implant

surface) (see appendix B).
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5.1.9 Statistics

“Primer of Biostatistics” software was used to assess the difference between the testing
groups using one-way ANOVA (analysis of variance). A significant difference was considered

when p-value was 0.05 or less, indicating 95% confidence limit.

5.2 RESULTS

5.2.1 Cytotoxicity

The MTT absorbance values reporting on the cytotoxicity of different concentrations of
HHC36 and Tet213 AMPs revealed that there was a significant difference between two peptides
in terms of retention of cell metabolic activity. While HHC36 showed cytotoxicity at
concentrations greater than 200 pg/mL (p = 0.08 at 200 ug/mL, and p = 0.01 at 300 pg/mL),
Tet213 exhibited higher cytotoxicity with significant effects at concentrations greater than 50
pg/mL (p = 0.06 at 50 pg/mL, and p < 0.01 at 75 pg/mL) compared with the negative control

(Fig. 5.4a). Therefore subsequent experiments employed HHC36 as the coating AMP.

In another MTT assay carried out on CaP-HHC36 using Ti and CaP (with no AMP
loaded) as negative controls, it was observed that the cytocompatibility of HHC36 loaded

specimens didn’t show any significant difference compared to controls (p > 0.05) (Fig. 5.4b).
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Figure 5.4. (a) The MTT assay of MG-63 cells cultured with various concentrations of HHC36 and
Tet213 alone. Significant differences were observed in the cytotoxicity of the two AMPs. While HHC36
showed cytotoxicity at concentrations of 300 ug/mL and above (p = 0.01 at 300 pg/mL), the Tet213
exhibited cytotoxicity at relatively lower concentrations pg/mL (p < 0.01 at 75 ug/mL) compared with the
negative control. (b) No increased cytotoxicity was observed on CaP-HHC36 samples compared to
controls (p > 0.05). The higher level at day 5 was due to increased growth of cells after 5 days.
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5.2.2 AMP loading and release

The tryptophan absorbance peak at 280 nm in the UV/Vis spectra was used for AMP
quantification. Tests on standard solutions showed excellent linear relationships between peak
intensity and AMP concentration in the ranges of 2-100 pg/mL (R? =0.999) (see appendix C).

Based on this calibration, the amount of AMP loaded on CaP samples was 34.7 + 4.2 ug/cmz.

Fig. 5.5 shows the amount of AMP eluted from CaP-coated Ti samples over a 7-day
period. The results indicate that 71.2% of AMP was eluted in the first 30 min; the number
reached 84.3% in 150 min and 90.8% after 1-day release. This high release rate at the early time
points was followed by a slow and steady release for days (Fig. 5.5). After 7 days of this

experiment, intact coatings were still observed on the Ti surfaces.
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Figure 5.5. The cumulative in vitro release of HHC36 from CaP coating in PBS after 30 min, 90 min, 150
min, 270 min, 1 day, 3 day, and 7 day (n = 3). Error bars represent the means + standard deviation.
Quantification of total AMP concentration loaded on CaP showed (34.7 + 4.2 pg/cm?) using UV/Vis
spectroscopy at 280 nm based on the use of external standards (n = 6)
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5.2.3 Antimicrobial activity

The antimicrobial activities of CaP-AMP against S. aureus and P. aeruginosa are shown
in Fig. 5.6. The negative controls in the assay contained the same quantity of bacteria incubated
in fresh MHB under the same condition without AMPs. The results illustrated that CaP-AMP
was able to kill 100% bacteria of both strains in less than 150 min, while bacteria colonies in
controls grew by more than a hundred fold. If we assume 100% release of peptide in the
antimicrobial assay, the maximum concentration of AMP in 400 pL of bacterial suspension

would be ~174 pg/mL.
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Figure 5.6. Antimicrobial activity of the CaP-AMP (HHC36) samples against (a) S. aureus, (b) P.
aeruginosa. The specimens CaP-AMP were able to entirely Kill both strains in less than 150 min.

5.2.4 MG-63 osteoblast-like cell attachment and morphology

The number of attached MG-63 cells on Ti, CaP, and CaP-AMP were measured after 4 h
of culturing (Fig. 5.7). The efficiency of adhered cells on Ti, CaP, and CaP-AMP were calculated
to be 55.8, 73.3, and 77.6%, respectively, indicating a significant increase (p < 0.01) of cell

attachment on CaP and CaP-AMP.
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Figure 5.7. Cell attachment efficiency of specimens after seeding 5 x 10° MG-63/sample (n = 6) after 4 h.
The efficiency of adhered cells on Ti, CaP, and CaP-AMP (HHC-36) were calculated to be 55.8, 73.3,
and 77.6%, respectively. Asterisk indicates significant difference between cell attachment efficiency on
Ti and other groups (p < 0.01).

The morphology of MG-63 cells was evaluated by confocal laser scanning microscopy.
During the first 4 h, active cells spread on all substrates (Fig. 5.8a—c). After 1 day, cells spread
and extensively covered the surface of the CaP and CaP-AMP samples, while fewer cells were

observed on Ti samples (Fig. 5.8d—f). The stretching of cells on the CaP-AMP samples indicated

proliferation of cells (Fig. 5.8e,f).
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Figure 5.8. (a) Confocal laser scanning of cells cultured on (a) Ti, (b) CaP-Tet213, and (c) CaP-HHC36
after 4 h, showing the distribution and adherence of MG-63 cells. Confocal laser scanning of cells
cultured on (d) Ti, (e) CaP-Tet213, and (f) CaP-HHC36 after 1 day, well-defined presence of stress fibers
implies the firm attachment of cells, sheet-like proliferation of cells, and distribution of focal contacts on
the coating and between cells on CaP-AMP coating. Blue and red colors represent DNA and F-actin
staining.

5.2.5 Bone growth analysis

After surgery, one rabbit from each group was excluded from the histological study due
to either improper implantation or weight loss exceeding 20%. The remaining rabbits had no
signs of severe reaction, infection or other abnormalities determined by clinical signs such as
persisting local pain, erythema, edema, wound healing disturbance, large hematoma and fever.
Backscattered electron microscopy confirmed that newly formed bone had grown into the gap
region in all three groups of implants (Fig. 5.9). The bone growth results are summarized in
Table 5-1 and Fig. 5.10. The average bone growth slightly increased from Ti, CaP-coated Ti
(CaP), to AMP-loaded CaP (CaP-AMP), but no significant differences (p > 0.05) were observed
among the groups. However, the contact length between bone and the implant showed a
significant difference (p = 0.01) between the uncoated Ti and the other two coated surfaces,
indicating considerable bone on-growth on CaP (~54%) and, CaP-AMP (~60%) compared with
Ti (~ 36%) surfaces. Compared with the CaP group, the group treated with the AMP had a slight
increase in the percentage of bone contact length (by ~6%). However this increase was not

significant (p = 0.13) (Fig. 5.10).
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Figure 5.10. Total gap filling and bone on-growth (mean values and standard deviations) of three sections.
No significant statistical difference was observed in terms of gap-filling between three groups. Bone on-
growth values however revealed different results. Asterisk indicates a significant difference (p = 0.01)
between Ti and other groups, indicating considerable contact bone growth on CaP and, CaP-AMP
(HHC36) versus Ti samples. Compared with the CaP group, the group treated with the AMP had a
relative increase in the percentage of the length of the implant that was in contact with new bone.
However this increase was not significant (p = 0.13).
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Table 5-1. Histomorphometric Bone (a) Gap Filling, and (b) Bone On-Growth data are expressed
as Mean + Standard Deviation. Sections 1, 2 and 3 were in three parallel course slices, with 200,
850 and 1500 um deep from the tangent surface of implants, respectively.

Implant Bone Gap Section 1 Section 2  Section 3
Filling (%)
Ti (n=8) 28.5+10.0 28.7+11.8 29.1+10.1 27.7+11.0
CaP (n=18) 30.1+£9.7 28.1+85 30.8+10.1 31.3+11.0
CaP-HHC36 (n=18) 328+9.9 333+116 326+9.2 323%10.1
(a)
Implant Bone Gap Section 1 Section2  Section 3
Filling (%)
Ti (n=8) 35.9+104 325+149 426+88 32.7+8.38
CaP (n=18) 53.7+12.2 545+129 555+13.0 51.0+13.2
CaP-HHC36 (n=18) 60.4+11.9 60.7+147 63.8+94 56.6+14.6
(b)

5.3 DiIscuUssION

One concern regarding the local delivery of antibiotics in orthopedics is the relative

inhibition of osteointegration [22]. High doses of antibiotics often impair cell viability and

osteogenic activity [23]. Therefore, the development and selection of antimicrobial agents for

local delivery onto orthopedic implants should consider osteoconductivity. Results from the

current study demonstrate that locally delivering antimicrobial peptides using calcium phosphate

coatings can effectively kill bacteria in vitro, but does not impair bone growth. In fact, local

delivery of HHC36 led to a moderate enhancement in bone growth, although the increase was
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not significant. In our study, the in vivo test has been used to investigate the bone growth in the

presence of AMP coating and does not involve infection study.

Extensive effort has been made to identify the AMPs' antimicrobial mechanisms of
surface associated AMPs [27, 169, 173, 183, 184, 268, 279-286]. Recent studies indicated that
the killing mechanism of AMPs is based on the high density of polycationic charges in vicinity
of the surface, which would initiate an electrostatic interaction with polyanionic outer layer of
microbes. The high local concentration of AMPs would then displace positively charged ions,
leading to membrane disruption [27, 287]. The ability of AMPs to selectively interact with the
bacterial cells rather than the mammalian cells makes them highly antimicrobial with low
toxicity for host cells. The major factor that contributes to the selectivity property of AMPs is the
cationic property. The surface of the bacterial membranes is more negatively charged than
mammalian cells. This will lead to higher affinity of AMPs for bacterial surfaces. Moreover,
mammalian cell membranes contain high amounts of cholesterol, which is absent in bacteria
cells, as membrane stabilizing agents and inhibitor of AMP activites [183, 184]. Nevertheless,
different AMPs vary in their cytotoxicity towards host cells [183, 184]. For the two potent
antimicrobial peptides compared in this study, HHC36 and Tet213, despite their shared peptide
sequence, the addition of one cysteine in Tet213 substantially lowered the minimal osteoblast

toxicity concentrations from 300 to 75 pg/mL (Fig. 5.4a).

In this work, the substantial amount of HHC36 (34.7+ 4.2 pg/cm?) loaded on CaP coating
can be attributed to the affinity between the positively charged side groups of HHC36 and
negatively charged phosphate groups in the CaP and the porous structure of the coating. HHC36

with the sequence of KRWWKWWRR-NH; has a cationic charge of +5, and a theoretical
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isoelectric point of 12.31. Such a high IE point makes HHC36 highly positive at working pH
(7.4), and provides numerous opportunities for positively charged Arg and Lys residues to
interact with CaP. According to Amina et al., the presence of two adjacent basic residues (Arg-
Arg, in our case) might create a “covalent-like” stability with phosphate under the right
electrostatic conditions [272]. This explanation however is not entirely compatible with the rapid
initial release kinetics of the peptide from CaP surfaces although it may help to explain the

subsequent slow release.

An ideal implant related infection treating method would locally release high
concentration of antibiotic initially followed by an effective long-term release, while maintaining
osteointegration at the same time [169]. In this study, following the initial burst stage, the coating
released 71% of AMP in the first 30 min and 90% within 24 h (Fig. 5.5). HHC36 has a very low
minimal inhibitory concentration (MIC) of 1.4 to 2.9 uM against S. aureus (MDR) and 0.7 to 5.7
uM against P. aeruginosa (MDR), with the half maximal inhibitory concentration (ICsp) value of
0.13 [179, 261]. The total AMP loaded on to each implant is calculated to be ~28 pg. If we
assume the entire AMP is released to the trabecular bone region that is 5-100 times of the gap
volume, the concentration of AMP would be 106.6-5.3 uM. Therefore, the local AMP release,
even though relatively quick, should enable elimination of a significant number of bacteria
introduced to the surgical site in the first day. Since current animal study did not involve an

infection model, the in vivo efficacy of the AMP loaded implants is to be confirmed.

To date there have been few reports on in vivo bone growth onto antimicrobial peptide
loaded orthopedic implants. Most of studies on implant associated antimicrobial agents have

focused on conventional antibiotic delivery systems especially through bone cement [280-282].
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A relevant report investigated the in vivo release of the antimicrobial peptide hLF1-11 from
calcium phosphate cement [268]. Despite the initial burst release of this AMP, it was concluded
that hLF1-11 could be considered as a prophylactic agent for osteomyelitis treatment. No
inflammation or necrosis signs were observed in bone grown into the cement [268, 283]. In our
study, the backscattered electron microscopy study of the new bone grown on the CaP-AMP
implants showed normal bone structure with no distinguishable differences between CaP-AMP
and CaP controls. Assuming 100% release of the AMP into the gap region only (35.3 mm>of
volume), the local peptide concentration would be 793 ug/mL, which is higher than the
cytotoxicity concentration (200 pug/mL). Nevertheless, in vivo bone growth study demonstrated
the calculated high AMP concentration does not lead to impaired osteoconductivity. One
possible explanation is the dynamic fluid flow in and out of the gap region. The observed slightly
higher total new bone formation on CaP-AMP than CaP implants in Table 5-1 may imply a
potential role of AMP (HHC36) in stimulating bone growth in vivo. In this regard synthetic
cationic peptides including many AMPs have the ability to modulate innate immunity in host
cells including stimulation of wound healing, and neutralization of some characteristics of

inflammation such as endotoxemia [173, 284].

It is well understood that OCP plate-like coating improves osteoblast adhesion, spreading
and proliferation by enhancing the focal contacts or selectively adsorption of proteins [285, 286].
Our in vitro cell attachment and proliferation test showed that the integration of HHC36 into the
OCP coating did not inhibit the cell attachment and proliferation. The extensive bone on-growth
on CaP-AMP and CaP surfaces in the animal experiment also confirmed a positive bone
response to the combination of AMP and CaP coating (Fig. 5.9). This is consistent with the

observation that the AMP concentration on the CaP coating (~70 pg per sample/1 mL culture
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media), was lower than the minimal cytotoxic concentration of HHC36 (<200 pg/mL) (Fig.
5.4a). The observation of adhering MG-63 cells by fluorescent microscopy after 4 h of
incubation (Fig. 8a—), showed that cells attached, and strongly bonded to the substrate on
coating. The even distribution of stress fibers after 1 day implied firm attachment and might be
an evidence for lower motility of cells (Fig. 8e,f). It could be seen in figure. 8e,f that in contrast
to uncoated Ti surface, the cells in mitosis state reached confluency covering almost all the

surface on both samples treated with AMP, indicating cell proliferation.

5.4 CONCLUSIONS

This study shows that osteoconductive OCP coating loaded with HHC36 AMP has the
potential to serve as an antimicrobial coating while maintaining osteointegration. In vitro tests
concluded that this AMP-CaP coating can effectively kill S. aureus, and P. aeruginosa bacteria
without negatively affecting MG-63 osteoblast like cells. Loading of AMP HHC36 did not
impair in vivo bone growth onto the implants. There was a significant bone on-growth on CaP-
AMP as compared with the negative control. The ELD calcium phosphate coating, and the

simplicity of AMP loading provide substantial advantages for this antimicrobial coating.
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CHAPTER 6 MULTILAYERED COATED TITANIUM FOR
CONTROLLED RELEASE OF ANTIMICROBIAL PEPTIDES *

6.1 INTRODUCTION

As discussed in previous chapters, the formation of a bacterial surface biofilm and
compromised immunity at the implant/tissue interface may lead to persistent infections on and
around titanium implants. This infection is usually difficult to treat and in most cases,
replacement of a prosthesis is the only remedy [3-5]. The suggested therapy is localized delivery
of antimicrobial agents with time-effective handling of infection, while potentially eliminating
problems associated with systemic administration [13, 14]. In chapters four and five, we
examined in vitro and in vivo feasibility of using micro-porous calcium phosphate [275, 288] on
Ti surfaces as carriers to deliver HHC36, one of the most potent broad-spectrum antimicrobial
peptides (AMP).This strategy offered high initial release of HHC36 for early stage peri-implant
infection, and loaded HHC36 on CaP coated Ti didn’t impair bone growth [236, 275, 288]. The
main objective of this chapter was to develop multilayer thin films on Ti implant in order to
control the prolonged AMP release.

Extensive research has been explored in modification of Ti surfaces by coating, chemical
modification and nano-structuring to improve bone integration, and antibacterial activities on Ti
implants [164, 289-291]. Calcium phosphate coatings have been broadly used as a carrier for
delivering growth factors and drugs for orthopaedic implants due to their high osteoconductivity

[188, 292]. Vertically aligned titania nanotube (NT) arrays generated on a Ti surface is another

A version of Chapter 6 is under submission for publication. Mehdi Kazemzadeh-Narbat,
Benjamin Lai, J N Kizhakkedathu, Robert E W Hancock, Rizhi Wang. Multilayered coated titanium for

controlled release of antimicrobial peptides for the prevention of implant-associated infections.
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investigated platforms for local drug delivery applications [252, 293-295]. Titania nanotubes
with excellent biocompatibility, high surface-to-volume ratio, controllable dimensions,
adjustable wettability, and simple processing procedures, are able to carry substantial amount of
drugs. Moseke et al. showed that the NT samples could be loaded with up to 450% more active
agent than the untreated Ti surfaces [296]. TiO, nanotubes have been reported to exhibit higher
Young’s modulus (roughly 4 to 30 GPa in the first 30 nm of indentation) [297], and can
accommodate and release more drug [296] than conventional CaP coatings, however on the other
hand CaP coatings can enhance bone growth [188, 241, 297]. A recent experiments on
antimicrobial coating fabricated via a simple vacuum-assisted physical adsorption of AMP into
self-organized TiO, nanotube arrays could slightly improve the burst release and provided better
mechanical properties [236]. Studies have reported that the annealed titanium nanotubes can load
large amount of therapeutic in compare to bare Ti due to high surface-to-volume ratio while
maintaining acceptable interfacial mechanical strengths [298]. However, the release profile still
could not be adjusted. In short, it was shown that both CaP and NT coatings are promising
carriers for HHC36 as an early stage peri-implant infection prevention, however, both suffer
from quick release of AMP in limited time.

Although several studies have reported the controlled release of antibiotics [145, 299,
300], very few offered osteoconductive, mechanically robust antimicrobial surface with
controlled release. In this study, in order to create a coating that has dual beneficial effects, thin
layers of titania NT and CaP coatings were impregnated with AMP. To load the HHC36 into NT,
the AMP was dissolved in a low surface tension solvent (ethanol), and forced into NT using
vacuum-assisted physical adsorption method. These films were topped with a thin phospholipid

film to control the release of AMP based on a bio-mimetic cell membrane. Lipids offer a variety
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of applications such as supported membranes like liposomes [301], or non-adhesive coatings for
materials with blood contact (Fig. 6.1) [302]. Phospholipid coatings on Ti were reported to
exhibit good cytocompatibility, cell adherence and proliferation [303-308]. The variety of the
phospholipids in membranes is high and variable from species to species (Table 6-1). Willumeit
et al. investigated different kinds of phospholipids to facilitate cell-metal interaction, and
proposed POPC (palmitoyl-oleoylphosphatidyl-choline), which is naturally present in eukaryotic
cell membranes as the least bacteria growth support (81% reduction), and the most suitable
platform for bone cell attachment (Fig. 6.1) [309]. POPC has also shown to exhibit clinically
acceptable osteointegration [310]. Figure 6.2 introduces various models for lipid biological

membranes.

Table 6-1.The phospholipid composition of bacteria and eukaryotic cells (based on [301, 311]).

PG PE CL PC SM PS  Others

Gram negarive 6 82 12 0 0 0 0
E. coli IM

Gram positive 57 0 43 0 0 0 0
S. aureus

Erythrocyte 0 18 0 20 18 7 37

Mitochondria 0 29 14 38 0 0 19

Cartilage (resting)* 1 15 0 61 6 4 13

Bone (cancellous)* 1 18 0 52 11 6 13

IM = Inner Membrane; PG = Phosphatidyl-glycerole, PE =Phosphatidyl ethanolamine,CL=Cardiolipin,
PC=Phosphatidylcholine,SM=Sphingomyelin, PS=Phosphatidyl-serine, *Isolated from tissue [299].
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Figure 6.1. Molecular structure of POPC (palmitoyl-oleoylphosphatidyl-choline) with molecular formula
C4HgoNOgP, percent composition C, 66.37; H, 10.87; N, 1.84; O, 16.84; P, 4.08, and Molar mass of
760.08 g mol ™.
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Figure 6.2. different lipid overlayer structures: (a) bilayer, (b) Langmuir—Blodgett monolayer, (c)
disordered layer. Reprinted from [311] with permission from Elsevier.

Biocompatibility of coatings has generally been performed through in vitro assessment of
the interaction of the coatings with recognized cell culture lines. However, they do not
adequately address the acceptability of these materials in blood interfacing (composed of a fibrin
film containing platelets and red blood cells) which plays a significant role in osteogenesis [50,
313]. Immediately after implantation, the wound site is first occupied by a blood clot. The
connective tissue cells, including osteogenic cells, which are not interacting with the implant
surface, migrate through the remnants of the clot still attached to the implant surface. In this
regard, platelet attachment and degree of activation on implant surface and surrounding fluid are

critical steps in initiating osteoconduction. Adhered platelets release multiplicity of growth

92



factors and cytokines which promote migration of osteogenic cells to implant surface [47, 314,
315]. Therefore, it is also the purpose of this chapter to address the hemocompatibility of the Ti-
NT-CaP-POPC20 multilayer coating system, using platelet attachment, activation, and hemolysis

studies.

6.2 MATERIALS AND METHODS

6.2.1 Fabrication of TiO, nanotubes on titanium surface

The commercially pure Ti foils (0.1 mm, 99.6% purity, Goodfellow) were sonicated with
acetone, ethanol, distilled water and 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 (C3HgOgs, Fisher Scientific, Canada) solution
containing 0.27M ammonium fluoride (NH4F, Fisher Scientific, Canada) at 30 V (DC power
supply, Matsusada R4K-80 Series) for 6 h at room temperature (Fig. 6.3). After anodizing, the
samples were rinsed with water, and sequentially soaked in absolute ethanol and distilled water
over night and air dried. The nanotube samples were then annealed at 400 °C (5°C/min) for 3 h
and cooled down in the furnace to crystallize the amorphous TiO, nanotubes into the anatase
structure, following the protocol of Macak et al. [316].

The antimicrobial peptide HHC36 (KRWWKWWRR) (CPC Scientific, Sunnyvale, CA),
was used in our study [27, 258]. The NT specimens (1 x 1 cm) were filled with HHC36 using a
simplified lyophilization technique. Fifty micro-litre of 672 uM HHC36 solution (1 mg/mL in
ethanol) was pipetted onto the nanotube surfaces, gently spread, and allowed to dry under

vacuum desiccator at room temperature for 30 min. The loading process repeated three times.
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Figure 6.3. Schematic diagram of anodization setup

6.2.2 Processing of CaP on TiO, nanotubes

Since titania NT reduces the conductivity of the titanium surface, the electrolytic
deposition technique used in chapter four is no longer feasible. In this study, calcium phosphate
coating was prepared on titania nanotubes using drop-and-dry technique, a modified approach of
the dip-and-dry method developed by Duan et al. [317]. The supersaturated calcium phosphate
(SSCP) containing 2.32 mM NH4H,PO, (Fluka), 3.87 mM CaCl, (Fluka), 150 mM NaCl (Fluka),
40 mM HCI (Fisher), and 50 mM tri(hydroxymethyl)aminomethane (Tris) (Fluka) was adjusted
to pH 7.30 £ 0.05 at room temperature by NaOH (Fisher). Fifty micro litres of SSCP solution
was pipetted onto the specimen surfaces, gently spread, and dried in air at room temperature for
3 h. After the drop-and-dry treatment for 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 micro
litre of 672 UM HHC36 solution (1 mg/mL in ethanol) onto the CaP surfaces, and air dried. The

loading process repeated three times.
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6.2.3 Phospholipid coating on CaP

POPC (1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) (genzyme Pharmaceuticals)
and AMP were dissolved in an appropriate volume of ethanol by sonication to give final
concentrations of 26 mM (20 mg/mL) POPC, including 672 uM (1 mg/mL) HHC36. Fifty micro
litre of this solution (POPC-20) pipetted onto the specimen surfaces, and dried in air at room
temperature. The samples were kept in fridge for future experiments. Figure 6.4 shows a cartoon

of multilayered coatings.

Calcium Phosphate

Titania nanotubes

Figure 6.4. Cartoon of multilayered coated Ti. Each layer was impregnated with AMP.

6.2.4 Surface characterization

Surface morphologies, and coating microstructure were studied with a field emission
scanning electron microscope (FE-SEM Zeis Sigma) equipped with energy dispersive X-ray
analysis (EDS), after being sputter-coated with a thin layer of gold. 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 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
Spectrum 100) in the range from 4000 to 400 cm™'. Chemical binding identification of POPC-20
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solution was investigated using liquid chromatography-mass spectrometry (BrukerEsquire-
LC/MS). The ten times diluted solution of POPC-20 (HHC36/POPC=67 uM/2.6 mM in ethanol)
was injected at 10 uL/min infusion rate and the accurate m/z values were obtained from a mass
spectrum average. The mass spectrometer was calibrated using pure POPC and HHC36
standards.

The wettability of surfaces was characterized by contact angles measurements using 1 pL
distilled water by sessile drop method at room temperature. Images were captured and analyzed

using Northern Eclipse software at 10x magnification.

6.2.5 Release profile of AMP

The in vitro AMP release kinetics of the samples were measured using ultraviolet-visible
spectroscopy (UV/Vis) by recording the absorption peak at 280 nm, which is the characteristic
excitation wavelength for tryptophan [318]. Three specimens, 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 temperature. The specimens 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 uL of solution
was sampled and fresh PBS was replenished every time the samples were taken. The samples
were stored at -20°C, and the AMP cumulative release ratio was analyzed for AMP content using
a UV/Vis. A series of standards in the concentration range 2-100 pg/mL of HHC36 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 in triplicate were studied up to 7 days. After each day, the
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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 a FE-SEM.

6.2.6 Antimicrobial activity

Assessment of antibacterial activity against both Gram-positive (S. aureus) and Gram-
negative (P. aeruginosa) bacteria were tested using the disk-diffusion test (Kirby-Bauer). To
obtain bacteria in the mid logarithmic phase of growth, 100uL of bacteria solution was cultured
overnight and was transferred 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 with MHB, to
dilute the solution and provide a final density of ~10° CFU mL™". The bacterial suspension (1
mL) was applied uniformly on the surface of a nutrient MH agar plate before placing the disks
on the plate. The inoculated agar plates were allowed to dry for 5 t010 min, and then the round
disks (1 cm in diameter) POPC-20, POPC-10 (the same samples treated with half concentration
of POPC), 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 twenty four hours.

The antimicrobial activity of POPC samples were also confirmed by SEM imaging of
incubated ~10° CFU mL ™" of the S. aureus, and P. aeruginosa bacteria strains on samples over

night. The nanotube sample without AMP treatment was used as control.

6.2.7 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 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 interval and
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the incubator ambience was maintained at 37°C under 95% humidified atmosphere with 5%
COs,. Cells were washed with 0.1 M PBS and isolated from culture dishes by trypsinization, and
cell number were checked with trypan blue dye exclusion test.

Cytocompatibility level of cells cultured on specimens were 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* of cell dispersion were seeded on nanotube coated Ti without AMP (NT) and
POPC-20 in triplicate. 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 MTT assay was carried out after
1, 2, and 5 days. After each time point, the media was removed, 100 uL. MTT was dissolved in 1
mL serum free medium, and was added to each well, and were incubated for 4 h. Subsequently,
the solution was removed and was replaced with 200 uL. DMSO (dimethylsulfoxide). After
shaking the plates for 15 min, the absorbance was measured at 570 nm, and the reference
wavelength of 690 nm on an ELISA microplate reader (Bio-Tek Instruments).

To study the cell attachment, 10* of MG-63 cell dispersion were cultured on each sample,
and incubated for 4 h. The samples were then washed with 0.1 M PBS for three times and
incubated in 2.5% glutaraldehyde in PBS for 2 h at 4°C. After washing the samples for 3 times
with 0.1 M PBS, specimens were dehydrated using graded ethanol (50, 70, 80, 90, 95, and 100%,
15 min each), and critically point dried (Autosamdri®-815B, Series A). The samples were Au

sputter coated (Moorestown, NJ), and viewed using a FE-SEM.
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6.2.8 Platelet activation and attachment analysis

The blood experiment protocols were approved by the clinical ethics committee of
university of British Columbia. Blood from two healthy consented donors was collected into
3.8% sodium citrated tube with a blood/anticoagulant ratio of 9:1 at Centre for Blood Research,
University of British Columbia. Platelet-rich plasma (PRP) was prepared by centrifuging citrated
whole blood samples at 900 rpm for 10 min in an Allegra X-22R Centrifuge (Beckman Coulter,
Canada). Ten percent hematocrit was prepared first by removing plasma via centrifuging citrated
whole blood samples at 3000 rpm for 15 min and then the red blood cell were subjected to
cleaning by PBS for three times at 1000 x g for 4 minutes.

The level of platelet activation upon interaction with implants was quantified by flow
cytometry. Different samples including NT, CaP coated NT, POPC-20 which had already been
treated with AMP, and pure Ti and POPC coated Ti without AMP as controls, were soaked and
incubated with 740 puL of PRP at 37°C. After 2 h, aliquots of the incubation mixtures were
removed for assessment of the platelet activation state. Five microlitre of post-incubation platelet
rich plasma, diluted in 45 uL of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
buffer, was incubated for 20 minutes in the dark with 5 pL of monoclonal anti-CD62P-PE
(Immunotech). The samples were then stopped with 0.3 mL of phosphate-buffered saline
solution. The level of platelet activation was analyzed in a BD FACSCanto Il flow cytometer
(Becton Dickinson) by gating platelets specific events based on their light scattering profile.
Activation of platelets was expressed as the percentage of platelet activation marker CD62P-PE
fluorescence detected in the 10,000 total events counted. Duplicate measurements were done,
and the mean of which was reported. Controls were done for the flow cytometric analysis. One

U/mL of bovine thrombin (Sigma) was used as a positive control, and HEPES buffer was used as
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a negative control. 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 Au sputter coated (Moorestown,

NJ), and studied using a FE-SEM for platelet adhesion on each sample surface.

6.2.9 Red blood cell hemolysis assay

In RBC hemolysis study, the same groups of samples as platelet activation analysis were
soaked and incubated with 740 pL of 10% hematocrit 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% hematocrit
RBC suspension mixture was added to 1 mL of Drabkin’s solution. The RBC suspension was
then centrifuged at 8000 rpm for 3 minutes, 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
(hemolysis degree) in each sample is measured from the OD of supernatant divided the OD of

suspension solution.

6.2.10 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.
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6.3 RESULTS

6.3.1 Characteristics of TiO, nanotubes

The morphology of titania nanotubes after annealing has been shown in figure 6.5. The
FE-SEM images show that titania nanotubes were about 2 um long with pore size of
approximately 120 nm in diameter; they are oriented vertically to the sample surface. The
nanotube array was uniformly distributed over the substrate (Fig. 6.5a). There were ripples
observed on the side wall of nanotubes due to thickness fluctuations along the nanotubes (Fig.
6.5b). This phenomenon can be explained by periodic oscillations of the current during

anodization [313, 316, 317].

6.3.2 Calcium phosphate coating on titania nanotubes surface

Figure 6.6 shows the titania nanotube surface treated by the drop-and-dry technique.
After four times of super saturated calcium phosphate (SSCP) treatment, the nanotubes were
completely covered with CaP flakes that are about 1 pum long and less than 100 nm thick (Fig.
6.6). The CaP coating morphology was examined by FE-SEM and the presence of CaP coating
was confirmed by detection of corresponding peaks of calcium and phosphorus using EDS. The
calcium:phosphorus atomic ratios was calculated to be 1.31 + 0.04 (n = 3), which is close to that
of octacalcium phosphate (Ca/P =1.33) and CaP coating produced using ELD technique in

chapter four. Too thin layer of CaP didn’t permit further analysis with FTIR or XRD.
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Figure 6.5. SEM micrographs of TiO,nanotubes, (a) Top view, with high magnification showing a close
packed structure, anodized in 75% glycerol solution containing 0.27M ammonium fluoride at 30 V for 6 h
at room temperature, (b) Side view of mechanically fractured sample.

Figure 6.7 represents the FIB-SEM analysis of multilayer coated NT. The results indicate

a very thin coating of 200-300 nm thick.
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Figure 6.6. SEM micrographs of CaP coating on TiO, nanotubes,(a) initial stage, (b) after four times of
drop-and-dry treatment, showing the coverage of NT by CaP crystal flakes.
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Figure 6.7. FIB micrographs of POPC-20 specimen after Pt deposition. Image of coatings at low and high
magnifications showing that the total thickness of multilayers measured between 200-300 nm.

6.3.3 Phospholipid coating

As expected, the FE-SEM analysis of POPC coated samples showed that CaP coating has
been embedded uniformly with POPC all over the sample. The POPC filled up the CaP pores but
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did not completely cover up the CaP coating, so the underneath CaP layer can still be seen (Fig.
6.8). FTIR spectroscopy (Fig. 6.9) was used to investigate and compare the chemical
characteristics of pure POPC and POPC-20 treated with AMP. According to the observed
infrared absorption frequencies, the corresponding assignments of POPC are CH; antisymmetric
stretch, and CH, symmetric stretch at 2923, and 2853 cm™ respectively. The C=0O stretching
vibration band of POPC is depicted at about 1735 cm™'. The wave numbers 1463, and 1231 cm™
are attributed to CH, scissoring, and PO, antisymmetric stretch. The 1030-1090 cm™ range
includes PO," symmetric stretch, and CO-O-CH, symmetric stretch [321].

Identification of the individual molecular species in POPC-20 solution was based on the
m/z value of their monoisotopic H* adducts, as detected by MS. Range of fragments detected by
MS at 760.8 m/z corresponds to the molecular mass of POPC (760.8 g mol™), and the dimer peak
at 1521 m/z depicts the characteristic ions generated from dimer molecules of POPC
(760.8+760.8). A small peak at 1125.1 m/z matches the corresponding molecular mass of POPC
and HHC36 (1488 g mol™) with two positive ions H" adducts [(1488+760+2)/2][312, 322] (Fig.
6.10).

Figure 6.11 shows the degradation of POPC-20 coatings after three and seven days in
PBS. Nanotubes were observable after three days incubation, however degradation was
heterogeneous and different levels of degradation were detected on random spots.

The hydrophilicity of the surfaces has been shown in figure 6.12. Cleaned Ti surface was
used as a control with the contact angle of about 67°. The other samples exhibited a decrease in
contact angle in compare to Ti. The obtained contact angles for CaP, and NT were about 14°, 10°
respectively, and for the POPC, and POPC-20 the calculated contact angles were in the range of

7x1°
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Figure 6.8. SEM micrographs of POPC-20 coating on CaP
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Figure 6.9. ATR-FTIR spectra of pure Ti, NT, POPC-20 in compare to POPC alone coatings. The
inclusion of AMP does not change the chemical characteristics of POPC.
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Figure 6.10. Mass spectrum of ten times diluted solution of POPC-20 (HHC36/POPC : 67uM/2.6mM in
ethanol).
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Figure 6.11. Degradation of POPC-20 after (a) as prepared, (b) 3 day, and (c) 7 day incubation in PBS at
37 °C while gently shaking.
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POPC20

Figure 6.12. Images collected during contact angle measurements indicating the extensive spreading of
water drop on different coatings in comparison to the Ti substrate.

6.3.4 Release kinetics

Figure 6.13 shows the AMP release profiles of POPC-20, and two controls. As expected

burst release of total loaded AMP was observed from both controls during the first few hours

after incubation. However AMP was successfully incorporated, and steady and slow release was

observed from POPC-20 samples.
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Figure 6.13. In vitro release of AMP from POPC-20, and NT, CaP controls, (a) time, (b) log time. Error
bars indicate standard deviation (n = 4).

6.3.5 Cell attachment and cytotoxicity

Analysis of variance showed no statistically 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), and 5
days (p = 0.24) with regard to MTT (Fig. 6.14). This means that the layer modification of the Ti
does not affect the viability and the cell function.

After 4 h incubation with 10* of MG-63 cells, NT, and POPC-20 samples were examined
with FE-SEM. Figures 6.15 represent typical cell morphologies. MG-63 osteoblast-like cells had
spread extensively after 4 h. The cells were polygonal in shape with high extent of filopodia.

However, some thicker cells with elongated appearance were also detected occasionally in
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random area of samples. In general the cells with branched look have scattered all over the

specimens in all directions with no regular orientation. All cells exhibited dorsal ruffles

representing filopodia promoting activity [323, 324].
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Figure 6.14. MTT assay performed to evaluate the cytotoxicity of POPC-20 with MG-63 osteoblast-like
cell in the solution. 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.
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Figure 6.15. SEM photomicrographs of MG-63 osteoblast-like cells on, (a,b) NT after 4 h incubation,
(c,d) POPC-20 after 4 h incubation.
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6.3.6 Antimicrobial activity

Diffusion of AMP from POPC-20 could inhibit both S. aureus, and P. aeruginosa
bacteria strains. Distinct area of clearing around the implants (zone of inhibition) was observed
for POPC-20, and POPC-10. Slightly larger zone of inhibition was observed for POPC-10 (Fig.

6.16).

Figure 6.17 shows the qualitative SEM assessment of incubated bacteria on NT controls,
and POPC-20 overnight. As expected, extensive bacteria covered NT surface. A self-produced
matrix of extracellular polymeric substance from P. aeruginosa can be observed in different
areas in figure 6.16b of control NT sample. Very few bacteria were detected on POPC-20
samples which supports the disk-diffusion test results in figure 6.17, and can be explained by the
elution of AMP from the AMP-loaded POPC-20, and subsequent bactericidal activity (Fig.

6.17¢,d).

Figure 6.16. Evaluation of antimicrobial effects by the disk-diffusion method including confluent (a) P.
aeruginosa, and (b) Staphylococcus aureus bacteria. Titanium was used as control versus POPC-10 and
POPC-20 disks.
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Figure 6.17. SEM micrographs of incubated bacteria over night with (a) S. aureus, and (b) P. aeruginosa
on non-AMP treated NT control (c) S. aureus, and (d) P. aeruginosa on POPC-20. Very few bacteria
were observed on POPC-20 samples.
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6.3.7 Hemocompatibility

To verify hemocompatibility of the POPC-20, platelet activation and adhesion, and
complement activation in human blood were tested. Figure 6.18 shows typical flow-cytometric
plots for quantification of platelet activation status by analyzing P-selection expression, showing
side scatter and positive labelling with the platelet-specific identifier (anti-CD62 antibodies).
These plots illustrate the percentage of positive CD62 which reflect the proportion of activated
platelets in the total population [325]. Figure 6.19 shows the expression of CD62-PE on the
surface of platelets versus controls, and buffer. The POPC-20 showed the lowest platelet
activation levels in the solution phase.

The same samples used in platelet activation test were qualitatively examined by FE-
SEM analysis for platelet adhesion on POPC-20 samples. Signs of platelet activation appeared to
be slightly less on POPC-20 than other samples as indicated by increased pseudopod formation
and platelet spreading. Platelet aggregates of varying size were detectable on all samples. Figure
6.20 presents some typical SEM images of attached platelet after incubation with PRP for 2 h. As
expected, adhesion and aggregation of platelets which is a well known functional aspect of
platelet activation [326] was observed on all samples. Adhered platelets on all samples showed
the presence of pseudopods which are typical for platelets in an activated state (Fig. 6.20c) [327].

From figure 6.21, it can be seen that the hemolytic activity for Ti, NT and POPCs
significantly decreases in compare to positive control. No significant difference was observed
between samples and buffer control. Figure 6.22 shows the interaction of RBC with POPC-20
coating surrounded by activated platelets. The presence of RBC together with activated platelets

on Ti surface when exposed to platelet-rich plasma may indicate that the blood interface
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comprised a fibrin film (which is the reaction product of thrombin and fibrinogen released into

the site) and red blood cells [50].
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Figure 6.18. Flow-cytometric plots for platelet activation, showing side scatter and positive labelling with
the platelet-specific identifier (anti-CD62P antibodies). Lowest platelet activation levels in the fluid phase

were found for

all samples.
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Figure 6.19. P-selection expression percentage in different samples, showed the lowest platelet activation
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Figure 6.20. Platelet adhesion on different surfaces characterized by SEM. (a) Ti, (b) NT, (c) POPC-20
after 2h incubation with PRP. Activated platelets with pseudopods attached to the coating could be
observed on the coating. (d) Slight aggregation of attached platelets was observed on POPC-20 samples.
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Figure 6.21. The haemolytic activity of implants after incubation with 10% hematocrit RBC suspension
for 1 h at 37 °C. Very low hemolysis degree was observed for Ti, NT and POPCs in compare to positive
control (n=3).
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Figure 6.22. Image of an intact red blood cell attached on POPC-20 layer surrounded by activated
platelets.
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6.4 DISCUSSION

The layer-by-layer technique on flat surfaces is a simple but promising method for
coating biological and non-biological substrates impregnated with drugs and other biological
substances for controlled release [328]. Ideal design of multi-layered drug delivery systems as
coatings on orthopaedic implants with respect to release antibiotics in a physiological
environment, should meet a few requirements: (1) selection of proper antimicrobial agents which
neither impair bone growth nor cause the development of multi-antibiotic-resistance, (2)
incorporation of the antimicrobial agent, (3) a tailored Kkinetics of release, and (4) stable
biomaterials with possibility to increase osteoconductivity without compromising
biocompatibility.

To achieve this purpose, layer-by-layer coatings including nanotubes, calcium phosphate
and phospholipid have been developed on Ti substrate in this chapter. In chapters four and five
we fabricated OCP coatings on Ti implants using low temperature electrolytic deposition.
Loading HHC36 AMP into OCP coatings created an antimicrobial coating that can effectively
kill S. aureus, and P. aeruginosa bacteria in short time without negatively affecting MG-63
osteoblast like cells [236, 275]. The purpose of utilizing porous calcium phosphate coatings as
antibiotic vector was to provide bone-implant integration [329-331]. Incorporation of HHC36 in
OCP coatings could moderately enhanced bone growth in vivo [288]. Using ELD technique has
also satisfied the need for application of low-temperature CaP coatings [11, 134, 156]. One
concern however regarding this system was that the AMP could not be included in electrolyte
during ELD process due to the expensive procedure, so the AMP was loaded using simple
soaking technique afterward. Moreover, the electrostatic interactions between Arg, Lys in

HHC36 and phosphate groups in OCP are not strong enough to delay the release of AMP. In
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addition, mechanical strength of the interface between OCP coatings and Ti implants was not
robust enough [275].

Our new proposed drop-and-dry technique in this chapter, took advantages of producing
different thickness of uniform CaP coatings from a few nanometres to few microns based on the
repetitions of coating cycles in low temperature. Unlike the ELD, this technique allows us to
incorporate the AMP into the CaP coating process. The suggested mechanism for CaP film
formation in drop-and-dry technique is evaporation-induced surface crystallization [317]. A
gradual evaporation of a drop of super-saturated calcium phosphate on NT would increase the
saturation 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 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 grow in size and thickness [317].

To further control the burst release of the AMP, we developed a technique to control both
the quantity of loaded AMP, and the release profile in antimicrobial level for longer period. In
this work, thin film of hydrophilic POPC was applied as a barrier layer to control the release
kinetics. Mass spectrometry analysis shows much higher signal intensity for POPC in
comparison to conjugated POPC-HHC36 peak at 1125 which indicates a weak interaction
between two molecules. This interaction is most likely hydrogen bonds between tryptophan
residues and POPC based on Grossfield et al. [332]. Loading POPC with HHC36 including four
Try in its sequence may play a role in the observed interaction. The prominent parameters of CaP
coating thickness, NT diameters, POPC concentrations, and the AMP content loaded in each
layer play significant role in controlling the kinetics of release (see the appendix C). One of the

major advantages to Layer-by-layer assembly of multilayer thin film systems is that the thickness
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of the films can be tuned according to anodization time of NT, processing drop-and-dry cycles of
CaP, and amount and concentration of deposited POPC. Since AMP can be cyclically
incorporated throughout each layer, the total drug loading scales is therefore also tunable (but not
independently). Yamamura et al. reported that application of a hydrophobic lipid layer which
serves as a barrier can retard the drug release from the calcium phosphate surfaces, but only up to
72 h in vitro [134, 156]. Santin et al. studied the ability of phospholipids to bind calcium. He
reported that the calcium-binding phospholipid functional groups appear to act as both crystal
nucleation centers and phospholipid cross-linking domains [333].

To find the best fitting model for the release kinetics of multilayered coated Ti (POPC-
20), the profile was compared to several known models such as zero-order, first-order, Higuchi,
Korsmeyer-Peppas etc. (see appendix C). It was found out that the first-order (Q; = Qg &™),
model is the closest fits for our release kinetics. This relationship can be used to describe the
drug dissolution of water-soluble drugs in porous matrices or barrier membrane coatings (Fig.
6.23).

This means that the system is concentration dependent and we expect the release of AMP
follows the degradation diffusion phenomenon [334]. Upon contact with the PBS, the POPC
structure can undergo swelling with consequent drug dissolution. The outermost hydrophilic
POPC layer (diffusion zone) is supposed to contribute most to the initial burst release behaviour
of AMP. The heterogeneous degradation pattern of the coatings in figure 6.11 suggest that POPC
layer would swell due to the accumulation of PBS during initial stage which eventually leads to
the mechanical failure of the coating, however further studies need to be done on the mechanism

of release or details of transition [334, 335].
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This release profile will sterilize the implant site in early stage and will effectively
prevent any surviving bacteria from multiplying and re-colonizing the surface of the implant.
Exposed implants to high concentration of bacteria overnight indicated the potency of
eradicating infection in vitro for both Gram-positive and Gram-negative bacteria (Fig. 6.16,17).
Cytocompatible release level of HHC36 (less than 200 uM), along with low MIC of HHC36
enable the implants to provide an antimicrobial substrate over a week while maintaining the
osteointegration.

The moderate platelet activation on hydrophilic (Fig. 6.20) implant surface, and lowest
platelet activation levels in the fluid phase were observed in the present study (Fig. 6.18-19). In
vitro studies show favourable cell responses to charged, hydrophilic surfaces, corresponding to
superior adsorption and bioactivity of adhesion proteins [336, 337]. As it is known, the initial
stage of osteoconduction is the migration of osteogenic cells through a provisional fibrin matrix.
Therefore at the first stage of the peri-implant bone healing, both the formation of a fibrin and
the activation of blood cells entrapped at the implant interface are essential [48].

Park et al. reported that the implant/blood interface is composed of a fibrin film
containing platelets and red blood cells [50]. Upon contact platelets should undergo the
morphological and biochemical changes typical of their responses to foreign surfaces. Some of
the changes that have been also observed in these in vitro platelet studies include adhesion,
spreading and aggregation [338-340]. Yun et al. introduced the hemocompatibility of Ti alloys
based on moderate activation of the intrinsic coagulation pathway [341]. Beside platelets, the
major cells in blood which will initially come into contact with the implant surface are the RBCs.
Cherkasov et al. Showed that HHC36 caused minimal red blood cell lysis for concentrations up

to 251 uM [177]. This is confirmed by our hemolytic test. Very low hemolytic assay results
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mean insignificant extent of both the dissolution of erythrocyte and the dissociation of
hemoglobin. It is well known that the larger the hemolysis degree is, the poorer the

biocompatibility is [342-344].

6.5 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. Phopholipid layer as a barrier film successfully hindered the release of AMP. The
coatings were degraded heterogeneously. First-order model is the closest fit for the release
kinetics. This means that the system is concentration dependent and possibly more than one type
of release mechanism could be involved. The films were effective in eradicating the in vitro
growth of S. aureus and P. Aeruginosa. MG-63 osteoblast-like cells attached to the implants and
no cytotoxicity observed after five days. The multi-layer assembly caused moderate platelet
activation on implant surface with minimal activation in solution. Very low red blood cell lysis

was observed on all implants, which is an indication of high biocompatibility.
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CHAPTER 7 CONCLUSIONS AND PERSPECTIVES

7.1

CONCLUSIONS

This dissertation studied the processing and characteristics of two antimicrobial-

containing coatings on Ti implants. In vitro evaluations, and in vivo performances in an animal

model were conducted on implants and the following conclusions were made:

Electrolytic deposition was used to prepare microporous CaP coatings on Ti implants.
The XRD, and FTIR investigations indicated the coating mainly consisted of plate-like
crystals of OCP with the possible inclusion of apatitic phase. The cross-sectional image
of the coating showed an average thickness of ~7um, with increased pore and crystal
sizes from the bottom to the surface. The coating adhered to the Ti substrate without
cracks. AMP was loaded into the coating through simple soaking technique, and using
fluorometry technique the amount of loaded AMP into micro-porous CaP was determined
to be as high as 9 pg/em®. MTT assessment of the peptide-loaded CaP coating on
titanium surface showed no cytotoxicity to osteoblast-like cells. It could kill both S.
aureus and P. aeruginosa bacteria within 30 min in vitro. When examined over longer
periods (4 and 24 h), using the lux assay P. aeruginosa bacteria were still efficiently
inhibited by 92% and 77% respectively. It is concluded that cationic antimicrobial
peptides can be successfully loaded to the CaP-coated Ti substrates. The results indicated
an interaction between the studied peptide (Tet213) and CaP coating. Although burst
release of AMP was observed, the developed local delivery of antimicrobial peptides
through CaP coated implant surfaces could be a potential solution for early stage peri-

implant infection.

127



In the second study cytotoxicity levels of tethered peptides and HHC36
(KRWWKWWRR) noncysteinylated form of Tet213 (KRWWKWWRRC) were
evaluated against MG-63 osteoblast-like cells. The results showed that tethered peptides
exhibit more cytotoxicity than HHC36, while the anitimicrobial activity of both peptide
were almost the same when loaded on CaP coating. For the two potent antimicrobial
peptides compared in this study, HHC36 and Tet213, despite their shared peptide
sequence, the addition of one cysteine in Tet213 substantially lowered the minimal
osteoblast toxicity concentrations from 300 to 75 pg/mL. In this work, the substantial
amount of HHC36 (34.7+ 4.2 pg/cm?) loaded on CaP coating can be attributed to the
affinity between the positively charged side groups of HHC36 and negatively charged
phosphate groups in the CaP and the porous structure of the coating. The main goal of
this study was to investigate the effect of AMP-CaP on in vivo bone growth. In vitro tests
demonstrated that HHC36-CaP coating can effectively kill S. aureus, and P. aeruginosa
bacteria without negatively affecting MG-63 osteoblast like cells. Study showed that
osteoconductive OCP coating loaded with HHC36 AMP has the potential to serve as an
antimicrobial coating while maintaining osteointegration. Loading of AMP HHC36 did
not impair in vivo bone growth onto the implants. There was a significant bone on-growth
on CaP-AMP as compared with the negative control. The ELD calcium phosphate
coating and the simplicity of AMP loading provide substantial advantages for this
antimicrobial coating.

The main objective of third study was to develop Layer-by-layer assembly of multilayer
thin films in order to control the prolonged AMP release on Ti implant. The multi-layers

included a layer of titania nanotubes with thickness of 2 um, with the approximately 120
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nm NT diameter, and a thin layer of CaP coating topped with a POPC phospholipid
barrier film. The NT was formed on Ti through anodization technique, and a new
proposed drop-and-dry technique in this work, was used to produce uniform CaP coatings
with the potential of creating different coating thickness from a few nanometres to few
microns based on the repetitions of coating cycles. After four times treatment with super
saturated calcium phosphate and washing the surface with PBS, the nanotubes were
completely covered with CaP flakes that were about 1 um long and less than 100 nm
thick. The selected AMP (HHC36) was integrated into each layer using different methods
and concentration. Antimicrobial peptide could be loaded into each film, with potential of
altering the total amount of loaded AMP. The coatings were degraded heterogeneously
when placed into aqueous environment and released their loaded AMP through diffusion.
First-order model was the closest fit for the release kinetics. This means that the system is
concentration dependent and possibly more than one type of release mechanism could be
involved. The hydrophilic films were effective in eradicating the in vitro growth of S.
aureus and P. Aeruginosa, without showing any cytotoxicity against MG63 osteoblast-
like cells. The multi-layer assembly caused moderate platelet activation on implant
surface with minimal activation in solution. Very low red blood cell lysis was observed

on all implants, which is an indication of high biocompatibility.
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7.2

LIMITATIONS

There are a few limitations to be addressed in order to reach antimicrobial coated implants.

Cytotoxicity of antibacterial coatings: a key limitation for applying antimicrobial agents
is the question of cytotoxicity. Many of the agents used for antibacterial coatings are
toxic to mammalian cells, and this needs to be investigated more thoroughly as it might
confine the range of applications for some coatings to specific medical devices. Therefore
a lack of firm cytotoxicity data of different therapeutics for various cell lines is a major

limitation.

The antimicrobial coating approaches used in this thesis have been designed for the
prevention of early onset infection which may occur within days to weeks after the

implantation versus delayed infections which may occur months to years after surgery.

Obtaining meaningful measurement for the strength of cell attachment to the surface is a
difficult issue. A number of methods such as micromanipulation, flow cells, jet
impingement and centrifugation [345] have been used which were not available in our lab

facility.

Multi drug resistant organisms are still serious limitations. It is unknown that even novel
antimicrobial agents like antimicrobial peptides may cause bacteria resistance if AMP

being widely used or not!

Mechanical properties of coatings: orthopaedic implants go through aggressive insertion
during surgery procedure. This may put high stress on ideal coating design, like rubbing

off some parts of the coating. Hence, the bonding strength of coating to substrate is a
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7.3

limitation which most of time conflicts with the degradable nature of smart coatings. For
example in this thesis, microporous CaP coatings possess high osteoconductivity while
carrying the AMP, but in contrast it has a low interfacial mechanical strength. Therefore
developing surfaces with excellent tissue-integration ability and good antibacterial

properties that have suitable mechanical strength is challenging.

Antimicrobial agent release kinetics: there have been various ideas regarding the duration
over which antibiotic release is needed. What is the ideal release profile time for the local
antimicrobial delivery to inhibit bacterial adsorption and colonization? Opinions range
from several hours to years and vary from device to device. The exact answer (if there is

one) to this question will be useful for designing more efficient antibacterial coatings.

RECOMMENDATIONS

The following may be recommended for future studies.

Different combinations of AMP content in layers have not been studied in this thesis (e.g.
using anti-biofilm AMP and antimicrobial AMP). Altering the AMP contents will give a
better impression on tuning parameters, and threshold of maximum loading within
cytocompatibility range. By changing the AMP concentration in each layer, CaP coating
thickness, and POPC content, it will be possible to demonstrate a pattern for AMP release
kinetics.

Another proposal is to prepare a mixture of POPC and AMP in ethanol as a ready to use
spray that can be applied on CaP coated Ti at the time of surgery. This practical process
will take a few minutes to set on Ti coating.

The future antimicrobial coatings will be possibly the development and design of smart

coatings that offer triggered release of antibiotics when demand is indicated by a signal,
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such as a bacterial metabolite or enzyme. Design of smart coatings for triggered release

may be a solution for the problems of limited release times and cell cytotoxicity.
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APPENDICES

The appendices (Appendices A-C) are included to give complementary information

corresponding to each chapter.

APPENDIXA  CHAPTER 4 — ADDITIONAL DATA?

Surface wettability plays a major role in protein adsorption and subsequent cell adhesion.
Therefore, hydrophilic surfaces initiate better cell attachment and result in faster osteointegration
[93, 94]. On the other hand hydrophilicity of biomaterial surface is important for bacteria
attachment, hydrophobic bacterial cell surfaces adhere better to hydrophobic biomaterial surfaces
due to a reduction in free surface energy [6]. Figure A.1 compares the hydrophilicity of calcium
phosphate fabricated using ELD technique and pure titanium. The wettability of surfaces was
characterized by contact angles measurements using 1 pL distilled water by sessile drop method
at room temperature. Images were captured and analyzed using Northern Eclipse software at 10x

magnification. The results indicate that CaP coating increases the Ti surface wettability.

Cytotoxicity concentration levels of different tethered peptides were evaluated by
measuring the mitochondrial dehydrogenase activity using a modified MTT (3-(4,5-dimetyl-2-
tiazolyl)-2,5-diphenyl-2H-tetrazolium bromide). To assess the cytotoxicity of specimens, 10* of
cell dispersion were seeded on specimens for 24 hours (Fig. A.2).

To evaluate MG-63 cell attachment and proliferation on CaP coated titanium loaded with

Tet213, 5x10° MG-63/sample were cultured on each sample, and incubated for 4 h and 2 days

* Some data in appendix A has been published. Gao, Guangzheng; Lange, Dirk; Hilpert, Kai;
Kindrachuk, Jason; Zou, Yuquan; Cheng, John T. J.; Kazemzadeh-Narbat, Mehdi; Yu, Kai; Wang,
Rizhi; Straus, Suzana K.; Brooks, Donald E.; Chew, Ben H.; Hancock, Robert E. W.; Kizhakkedathu,
Jayachandran N. The biocompatibility and biofilm resistance of implant coatings based on hydrophilic
polymer brushes conjugated with antimicrobial peptides. Biomaterials, 2011.
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respectively. The samples were then washed with 0.1 m PBS for three times and incubated in
2.5% glutaraldehyde in PBS for 2 h at 4°C. After washing the samples for 3 times with 0.1 M
PBS, specimens were dehydrated using graded ethanol (50, 70, 80, 90, 95, and 100%, 15 min
each), and critically point dried. The samples were Au sputter coated, and viewed using a SEM

(Fig. A.3).

(@) (b)

Figure A.1l. Images collected during contact angle measurements indicating the extensive spreading of
water drop on (a) CaP coating with contact angle of ~7°, and (b) Ti with contact angle of ~ 67°.
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Figure A.2. Cytotoxicity levels of different concentrations of tethered peptides alone incubated with MG-
63, in compare to positive control (cells alone). The diagram shows that tethered peptides exhibit
cytotoxicity vs. MG-63 at high concetrations.
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Figure A.4. Cell proliferation on CaP-AMP after seeding 5x10° MG-63/sample for 2 days.
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APPENDIX B CHAPTER 5— ADDITIONAL DATA

Histology process for sample preparation

The femur was cut parallel to the radius direction of the condyle arc. Figure B.1 shows
some details of surgery procedure. The proper time of euthanization was determined by Micro-
CT scan investigation after six weeks on one control rabbit (Fig B.4). The obtained samples were
fixed, dehydrated, infiltrated, and then embedded in epoxy resin (SPURR, Canemco St. Laurent,
QC, Canada) following a standard histological procedure according to table B-1 (Fig. B.5-6).
After embedding the samples in SPURR, the examining surfaces were ground and polished (Fig.
B.7). The image analysis was performed on the low magnification BSE images using image
analysis software (Clemex Vision PE 3.5, Longueuil, QC, Canada). The quadrilateral defined by
the four corners of caps was considered the sample area. Gray level discrimination was used to
identify epoxy, new bone formation and implant. Figure B.8 shows how Clemex processes the

images.
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Figure B.1. To avoid thermal damage to bone, a 4.37-mm hole was created perpendicular to the distal

femoral condyle bilaterally using sequential low speed drilling of growing diameter (1.95, 3.18, and 4.37
mm) with saline irrigation.

Table B-1. Processes and schedule for fixation, dehydration, and infiltration

Processes Chemicals Temperature Duration Processes
Fixation 10% buffered formalin RT 2 days Fixation
Dehydration 70% Ethanol/Water RT 3 days Dehydration
Dehydration 90% Ethanol/Water RT 3 days Dehydration
Dehydration 100% Ethanol RT 3 days Dehydration
Dehydration 100% Ethanol RT 3 days Dehydration
Infiltration 50% SPURR RT 3 days Infiltration
Infiltration 80% SPURR 4°C 3 days Infiltration
Infiltration 100% SPURR 4°C 3 days Infiltration
Infiltration 100% SPURR 4°C 3 days Infiltration
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Figure B.2. Sterile implants were placed into Cryo-Tubes after preparation.
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Figure B.3. Representative X-ray images of implant press-fitted in 4.37-mm hole at distal femur of
rabbits.
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Figure B.4. u-CT scan was carried out on one rabbit after 6 weeks for investigation of proper
euthanization time. The image is a representative transverse (90°), section of implant located in left leg.
The white circle is the implant, and the light gray is the bone growth.

Figure B.5.The samples were put into cassettes, and were labelled with pencil. All specimens were
infiltrated under vacuum.
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Figure B.6. Embedded samples in 100% SPURR.

Figure B.7. Molded samples in epoxy-resin were ground and polished into three sections at 200, 850, and
1500 um deep from tangent surface of the implant.
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Figure B.8. Representative images for low magnification BSE, and histogram for image analysis, green,
red and purple colors correspond to SPURR, bone and bone cement cap respectively.
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Table B-2. Details of bone growth on different implants.

% [Bone/(Bone+SPURR)]

First section

Second section

Third section

Bunny No [ Implant Left Right Left Right Left Right
1 CaP 30 40.24 31.72 40.96 36.19 22.59
2 (AMP) Failed | *** xxx xxx xxx *xx *xx
3 Ti 22.79 16.07 30.18 16.46 25.28 14.76
4 CaP 30.23 30.25 25 25.97 18.33 19.42
5 AMP 51.84 54.76 44.13 50.38 40.17 41.75
6 CaP 9.44 15.22 8.58 16.93 8.96 16.07
7 Ti 9.54 47.07 11.92 47.69 13.72 48.07
8 AMP 19.08 15.92 19.87 12.82 16.84 11.05
9 AMP 44.13 39.04 41.24 41.19 50.54 43.97
10 CaP 26.48 34.65 28.97 25.78 38.16 30.54
11 AMP 15.03 25.44 26.52 26.29 19.35 40.47
12 AMP 26.51 32.62 28.64 30.23 35.32 23.4
13 CaP 30.26 27.41 33.81 39.36 43.89 41.3
14 AMP 37 33.2 34.06 34.83 40.21 38.53
15 Ti 21.5 38 25.24 37.78 24.36 34.76
16 CaP 27.87 44.43 30.41 34.46 35.26 30.7
17 AMP 32.7 39.63 31.23 31.26 26.91 26.13
18 Ti 23.13 18.17 23.58 15.24 21.52 15.79
19 CaP 14.64 17.61 16.08 16.67 18.24 16.58
20 AMP 41.64 42.56 43.54 35.08 40.74 36.52
21 Ti 48 42.26 44.43 40.19 47.45 37.46
22 CaP 32.36 35.17 4441 33.47 29.19 32.23
23 AMP 32.62 16.13 38.3 17.55 35.24 15.17
24 CaP 27.44 32.62 24.75 43.28 24.31 42.81
25 CaP 45.52 24.61 38.42 32.96 48.88 44.23
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Figure B.9. Bone growth percentage on different samples implanted in left or right legs (a) first section,

(b) second section, (c) third section
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APPENDIX C  CHAPTER 6 — ADDITIONAL DATA®
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Figure C.1. Known HHC36 concentrations (2, 5, 10, 25, 50, 100, and 200 pg/mL) were measured using
UV/Vis spectroscopy at 280 nm based on External Standard Method.

® Some data in appendix C has been published. Ma, Menghan; Kazemzadeh-Narbat, Mehdi:
Hui, Yu; Lu, Shanshan; Ding, Chuanfan; Chen, David D. Y.; Hancock, Robert E. W.; Wang, Rizhi. Local
delivery of antimicrobial peptides using self-organized TiO2 nanotube arrays for peri-implant infections.

Journal of Biomedical Materials Research Part A, 2012.
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Figure C.2. Loading technique: One time AMP (250 puL of 2mg/mL AMP) deposition and drying under
vacuum following one time POPC coating (1 mg/mL AMP was mixed with POPC alternatively).

No washing with PBS

POPC 5 =5mg POPC in 1 mL Ethanol

POPC 5P =5mg POPC and 1 mg AMP in 1 mL Ethanol
POPC 10 = 10mg POPC in 1 mL Ethanol

POPC 10P = 10mg POPC and 1 mg AMP in 1 mL Ethanol
POPC 27 = 27mg POPC in 1 mL Ethanol

POPC 27P = 27mg POPC and 1 mg AMP in 1 mL Ethanol
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Figure C.3. Loading technique: 3 times AMP (250 uL of 1mg/mL AMP) deposition and drying under
vacuum following one time POPC coating/ 8 times CaP coating.

POPC 10 = 10mg POPC in 1 mL Methanol
POPC 10+CaP = 10mg POPC in 1 mL Methanol coated 8 times with CaP after drying POPC
POPC 27 = 27mg POPC in 1 mL Methanol
POPC 27+CaP = 10mg POPC in 1mL Methanol coated 8 times with ACP after drying POPC
POPC 50 = 50mg POPC in 1 mL Methanol

POPC 10+CaP = 50mg POPC in 1mL Methanol coated 8 times with ACP after drying POPC
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Figure C.4. Loading technique: Three time AMP (50 pL drop of 2mg/mL AMP on each sample)
deposition and drying under vacuum following one time POPC coating.

Washing with PBS three times

10P = Loaded with peptide and coated with 10mg POPC in 1 mL Ethanol+2 mg AMP
10N = Not loaded with peptide but coated with 10mg POPC in 1 mL Ethanol+2 mg AMP
27P = Loaded with peptide and coated with 27mg POPC in 1 mL Ethanol+2 mg AMP

27N = Not loaded with peptide but coated with 27mg POPC in 1 mL Ethanol+2 mg AMP
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Figure C.5. Loading technique: Three time AMP (50 pL drop of 2mg/mL AMP on each sample)
deposition and drying under vacuum following one time POPC (and cholestrol) coating.

Washing with PBS three times

10P = Loaded with peptide and coated with 10mg POPC in 1 mL Ethanol+2 mg AMP

10PC = Loaded with peptide and coated with 10mg POPC in 1 mL Ethanol+2 mg AMP +2.5 mg
Cholesterol

25P = Loaded with peptide and coated with 25mg POPC in 1 mL Ethanol+2 mg AMP

25PC = Loaded with peptide and coated with 25mg POPC in 1 mL Ethanol+2 mg AMP +2.5 mg

Cholesterol
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Figure C.6. Comparison between models best fitting to the POP-20 release profile (a) Zero order (b)
Higuchi (c) Korsmeyer-Peppas models.
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