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Introduction

Biomaterials
There are many types of materials used in various medical devices and in 
conjunction with medical intervention. The new accepted term for such ma-
terials is “biomaterials”, although long before this name was established, 
Romans, ancient Chinese and Aztecs used gold in dentistry and throughout 
much of recorded history, glass eyes and wooden teeth have been in com-
mon use [1].  

During recent decades a vast number of implants have been introduced. 
One of the most important developments in clinical medicine has been the 
replacement of diseased joints with artificial implants. Since the early ce-
mented hip replacements of the 1960’s [2] there has been a constant flow of 
new materials and designs for implantable devices and the number is steadily 
increasing as technological progress and medical practise allow for increased 
functionality and safety. 

In the course of a single year hundreds of thousands of patients through-
out the world receive some kind of implant device. Such devices include 
artificial hips, knees, elbows, pacemakers, heart-valves, intraocular lenses 
etc. The materials from which these devices are constructed range from the 
sophisticated and highly specialised to the simple and low technology de-
signs. Implant materials and devices are needed for a number of reasons, 
such as replacing tissue that has become damaged or destroyed by disease or 
trauma. 

Materials which are to be implanted into the human body are subjected to 
an environment which is both hostile and at the same time extremely sensi-
tive. The human body’s combination of elevated temperature, saline solution 
that comprises the extracellular fluid, enzymes, organic acids, dissolved 
oxygen etc, provides a highly corrosive environment. In addition there is the 
crucial fact that the body’s tissues are extremely sensitive to foreign materi-
als and are very easily stimulated into showing signs of poisoning and rejec-
tion. On top of this, mechanical parameters such as tensile strength, fracture 
toughness and elastic modulus of the implant, must be considered. Thus, to 
select materials for use in this environment attention must be paid to both the 
physical function and the biocompatibility of the candidate substrate.
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Biocompatibility has been defined as “the ability of a material to perform 
with an appropriate host response in a specific application” [3, 4]. In other 
words biocompatibility means that the material or any leachable products 
from it, does not cause cell death, chronic inflammation or other impairment 
of cellular functions. 

A material that is intended for use as a drug delivery vehicle will, for ex-
ample, require different properties than one that will be used for tissue re-
placement. A biomaterial designed for hip-replacement will require high 
mechanical strength, have low corrosion and degradation rate in addition to 
having good bone induction, protein adsorption and cell adhesive capabili-
ties. However a material used for vascular reconstruction will need to have 
good flexibility, low degradation rate and low or specific protein and cell 
adsorption properties. Thus when determining the suitability of a biomaterial 
for a specific application both the material and the site of implantation play 
major roles. 

Biomaterials are divided into several groups; animal or human material, 
metals, polymers, ceramics and composites. A short section of each of these 
groups is presented below with emphasis on hard tissue materials. 

Animal or human bone material [5, 6]
The materials of choice for bone repair are usually fresh autografts, due to 
their osteogenic capacity and biocompatibility. But drawbacks such as the 
need for a second site surgery to harvest the autograft (adding to the degree 
of morbidity) and its scarcity have directed research towards other bone-
derived alternatives. These include allogeneic and xenogeneic bone grafts. 
However a higher immunogenic response and less revascularisation of these 
bone grafts in addition to the risk of viral transmission, have led to a wide 
use of man-made materials. 

Metals [7-12]
The high modulus and yield point coupled with the ductility of metals make 
them suitable for bearing large loads without leading to deformation.  
Metallic implants are therefore mostly used to replace hard tissue. Both 
long-term devices such as total hip joints and temporary replacements such 
as fracture fixation devices are often fabricated from metals. Three of the 
most commonly used metals are; titanium, stainless steel and cobalt-
chromium alloys. The metals initially preferred for bone replacement appli-
cations were stainless steel and cobalt chrome alloys. They were primarily 
used for their good mechanical properties. However the high mechanical 
strength of such metallic implants resulted in stress-shielding and bone re-
sorption due to the elastic modulus mismatch with the surrounding bone. 
This drawback combined with findings such as corrosion leading to a 
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reduced mechanical strength and toxic by-products, directed the attention to 
titanium and its alloys. Titanium and titanium alloys have the advantage of 
possessing relatively lower modulus of elasticity and a higher resistance 
against corrosion.  The oxide layer of titanium has also been proposed by 
some authors to have significant influence on the integration of this metal 
with bone tissue [13, 14]. 

Polymers [7-12]
Polymers are long-chain high molecular weight materials consisting of re-
peating monomer units. Besides the chemical composition, other variables 
such as molecular weight distribution and extent of cross-linking influence 
their physiochemical properties. This enormous variation in production pos-
sibilities has contributed to a huge number of polymers available for implan-
tation purposes, e.g. ultra high molecular weight polyethylene (UHMWPE) 
is used for one of the articulating surface components in joint prosthesis, and 
polycaprolactone has been used as resorbable sutures or resorbable screws 
and plates for fracture fixation. Polymers however have physical properties 
that more closely resemble those of soft tissue, and are therefore commonly 
used to replace e.g. skin, tendon, cartilage, vessel walls etc. Polymeric mate-
rials have many advantages over metals. For example, the isotonic saline 
solution that comprises the extracellular fluid has little or no effect on poly-
meric components whereas it is extremely hostile towards metals. Elastic 
modulus mismatch between the polymers and bone is reduced, which de-
creases stress shielding and bone resorption. In addition most polymers can 
be made degradable which means that through the degradation process they 
are gradually replaced by the host tissue, thus eliminating the need for addi-
tional surgery. This approach can however in some cases lead to deteriora-
tion of mechanical properties and in addition adverse tissue reactions might 
occur due to released degradation products, thus restricting the use of these 
materials. 

Ceramics [7-12, 15, 16]
Ceramics used for the repair and reconstruction of diseased or damaged parts 
of the body are known as bioceramics. They include a broad range of 
inorganic/non-metallic compositions, which may be bio-inert (alumina, 
zirconia), resorbable (tricalcium phosphate), bioactive (hydroxyapatite, 
bioactive glasses and glass ceramics), or porous for tissue ingrowth 
(hydroxyapatite coated metals, alumina). Physically, ceramics are stiff, hard, 
brittle materials that are insoluble in water. Applications include 
replacements for hips, knees, teeth, tendons, repair for periodontal disease, 
maxiofacial reconstruction etc. Implants of bioceramic origin have in the last 
couple of years played an increasingly important role. This has mainly 
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occurred for two reasons. First, there is the use associated with improved 
properties such as resistance to further oxidation (thus inertness within the 
body), high stiffness and low friction and wear as articulating surfaces. The 
second application takes advantage of the bioactive surface of some 
ceramics and glass ceramics. These materials provide an interface of such 
biological compatibility with bone forming cells that these lay down bone in 
direct apposition to the material via some sort of chemophysical bonding. 
Despite the favourable characteristics of bioceramic implants, the 
mechanical strength and especially the resistance against fatigue failure is 
low.

Composites [7, 11, 12]
The word “composite” means,” consisting of two or more distinct parts”. It 
is clear when comparing human tissue with the various metals, polymers and 
ceramics that there is a considerable mismatch among their individual prop-
erties. Because of this much attention has been paid to the development of 
composites, thus trying to combine the good properties of different types of 
materials while avoiding some of their drawbacks. An example of this is the 
coating of a bioinert material such as alumina with a bioactive material such 
as hydroxyapatite or bioglas to promote direct bone attachment [17-19] in 
e.g. hip replacements.   

In addition to the physiochemical characteristics described above, biomate-
rials can be characterized with respect to their biological behaviour and in-
terfacial response. A classic approach discriminates between “bio-active”, 
“nearly-inert” and “resorbable” materials [5]. A bioactive material is one 
that elicits a specific biological response at the interface of a material, 
which results in the formation of a bond between the tissue and that material
[5, 6]. By contrast an inert material elicits little chemical activity, and there-
fore shows no interfacial bonds with living tissue, thus leading to the genera-
tion of a fibrous capsule around the implant. 

In the present work a biomaterial classified as a nearly inert ceramic [12] is 
investigated for potential use as a coating on existing hard tissue (bone) im-
plants. The material in question is aluminium oxide prepared in a way novel 
to the field of biomaterials.  Due to the potential area of use an explanation 
of bone structure and morphology is provided. 
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Bone
Bone is a dynamic and highly specialized connective tissue, which forms the 
skeleton of most vertebrates, protects and supports the internal organs and 
provides attachment for muscles. It is a uniquely designed composite of 
complex mineral within a soft organic matrix.  About 20-30% (by weight) of 
cortical bone is organic, 10% is water and the remainder is mineral. The 
organic matrix consists to 90-95% of collagen, predominately collagen I, and 
the rest consists of various noncollagenous proteins mostly glycoproteins 
(alkaline phosphatase, osteonectin, fibronectin, thrombospondin, vitronectin, 
bone sialoprotein) and proteoglycans (decorin and biglycan) [20]. The major 
components of the mineral part of bone are calcium and phosphate with 
small amounts of carbonate, citrate, sodium, magnesium, fluoride, hydroxyl 
and other ions. Bone mineral is a microcrystalline, structurally imperfect 
analogue of hydroxyapatite (HA) (Ca10(PO4)6(OH)2). This makes it a reac-
tive material, which can satisfy the need for normal resorption and redisposi-
tion of bone accompanying growth and repair [21].  

Bone formation
During development there are two primary processes of bone formation; 
intramembranous and endochondral [22]. Intramembranous bone formation 
occurs independently of a pre existing model; in this process mesenchymal 
cells condense and differentiate directly into osteoblasts. This takes place 
predominantly in the craniofacial bones. In the rest of the body endochondral 
bone formation occurs, whereby mesenchymal cells condense to form a car-
tilage matrix later to be invaded by osteoblasts and osteoclasts. While the 
osteoclasts degrade the cartilage the osteoblasts produce a bone specific ma-
trix using the cartilage matrix as a scaffold.  

Bone structure
Macroscopically, there are two types of bone structure, 1. cancellous or tra-
becular bone, lying in the interior and 2. cortical bone, lying immediately 
underneath the periosteum and forming the outer casting [23]. Cancellous 
bone, present in the epiphysis, forms cavities with bone marrow where bone 
turnover occurs with great frequency as a result of the large surface area. 
Cortical bone, which is highly dense, relatively acellular and has low meta-
bolic activity, functions primarily to provide strength. It forms the diaphysis 
of long bone and consists of Haversian systems or osteons. Osteons are con-
sidered the structural units of cortical bone. They are typically 150-250 µm 
in diameter, oriented mainly along the long axis of the bone, usually made of 
4 to 20 lamellae. These are arranged in concentric rings around the  
Haversian canal, which contains blood vessels to provide nutrition. The 
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metabolic substances can be transported by the intercommunicating pore 
systems known as canaliculi, lacunae and Volksmann’s canals, which are 
connected with the marrow cavity. Microstructurally, cortical bone is com-
posed of a matrix of collagen fibers, mineral crystals of calcium phosphate 
and a ground substance or cement containing mucopolysaccarides. 

Bone cells 
There are a number of cell types associated with bone [24], and of these, 
three are of specific importance: osteoblasts, osteocytes and osteoclast. 

Osteoblasts [25]
Osteoblasts are derived from mesenchymal precursor cells (osteogenic mar-
row stem cells) that also give rise to chondrocytes, myeloblasts, adipocytes 
and tendon cells. According to morphological studies, osteoblastic cells are 
categorized in a presumed linear sequence progressing from osteoprogeni-
tors to pre-osteoblasts to osteoblasts and finally to osteocytes. Osteoblasts 
are responsible for bone matrix deposition in both intramembraneous and 
endochondral bone formation. Mineral deposition is the least well under-
stood aspect of skeletal metabolism. It is however clear that mineralization 
requires active cellular transport; the best evidence points to a mechanism 
where extracellular matrix calcification is initiated in plasma membrane 
derived organelles called matrix vesicles (MV). MV have the capacity to 
accumulate calcium and phosphate ions from extracellular fluid, thereby 
initiating calcification [26, 27].  

Osteoblast/material interactions [28]
Interaction of osteoblasts with biomaterials depends on the surface aspects of 
the materials such as their topography, chemistry and surface energy. These 
surface characteristics firstly determine how biological molecules will ad-
sorb to the surface, which in turn will determine the cell behaviour on the 
substrate. Osteoblasts in contact with a surface will first attach, adhere and 
spread. This first phase depends on the interaction between adsorbed adhe-
sion proteins (such as fibronectin and vitronectin) and specific receptor pro-
teins in the cell membrane called integrins. The quality of the cell adhesion 
with the substrate will subsequently influence the cells’ morphology, and 
their capacity for proliferation and differentiation. Osteoblast differentiation 
generally implies alkaline phosphatase activity (ALP) and specific protein 
expression like osteocalcin, osteopontin and type I collagen and the capacity 
to mineralize in vitro.
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Osteocytes [24]
When completely surrounded by osteoid or bone matrix, the osteoblast be-
comes an osteocyte. As mentioned above these cells are derived from mes-
enchymal precursors. Osteocytes are in contact with one another by cyto-
plasmic projections called channels (canaliculi) through the mineralised ma-
trix. The projections join in gap junctions and provide communication across 
the bone. The function of osteocytes is not clearly established but they are 
possibly responsible for the exchange of ions with the bone matrix and the 
rapid release of calcium and phosphorous from mineralised bone. These cells 
have the capacity not only to synthesize, but also to resorb matrix to a lim-
ited extent. 

Osteoclasts [29, 30]
Osteoclasts are multinucleated cells largely responsible for bone resorption. 
These cells originate from the hematopoetic tissue and share a common dif-
ferentiation pathway with macrophages. Active osteoclasts are present at the 
bone surface in small depressions called Howship’s lacunae. Osteoclasts are 
mainly localised on endosteal bone surfaces and fewer on perosteal surfaces. 
The initial event in bone degradation is the attachment of osteoclasts to the 
target matrix. Once attached to bone, the cell generates an acidic isolated 
extracellular microenvironment between itself and the bone surface under 
which the bone minerals dissolve. The demineralised organic components 
are thereafter degraded by lysosomal activity and the products are then exo-
cytosed at the cells antiresorptive surface.  

The figure above illustrates the process of bone remodeling 
(Reproduced with permission from Mr Boris Lyubner, www.borisart.com)
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Mechanical factors of bone (at implantation sites) [31]
Musculoskeletal tissue consists of a highly organized, three dimensional 
network of cells and matrix, giving rise to a tissue structure with remarkable 
mechanical properties. Mechanical signals have a pronounced influence on 
the development and differentiation of mesenchymal tissues. The load carry-
ing ability of bone is dependent on the properties of the extracellular matrix 
produced by the cells. In accordance with the functional mechanical envi-
ronment bone cells can regulate the orientation, mass and physical properties 
of the matrix, thus the adult shape and mass of bones are influenced by the 
functional strains induced within the tissue. Lack of mechanical stimulation 
however, caused by e.g. weightlessness, bed rest or stress shielding at an 
implantation site will on the contrary induce bone losses. Essentially when 
dealing with bone implants especially at load bearing sites it is crucial to 
design an implant that distributes forces at a desirable level of intraosseous 
strains. Optimally the bone implant interface should actually have the bio-
mechanical properties of bone and to some extent provide physioelasticity. It 
should however be taken into account that although flexible implants avoid 
bone resorption, the risk of loosening due to interface debonding and mi-
cromotion increases. 
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Inflammation and host reactions to biomaterials 
The difference between successful tissue integration and a failure may lie in 
how the biomaterial surface interacts with different mechanisms of the nor-
mal wound healing process. Complications of medical devices are largely 
based on both the effects of the implant on the host tissue and the effects of 
the host on the implant. Placing a biomaterial in the in vivo environment 
involves injection, insertion, or surgical implantation, all of which injure the 
tissues or organs involved. This initiates a response by the body and mecha-
nisms are activated to maintain homeostasis and to heal the wound. The de-
gree to which this condition is created and resolved is a measure of the host 
reaction to the biomaterial and may ultimately determine its biocompatibility 
[32]. 

Inflammation is generally defined as the reaction of vascularized living 
tissue to local injury, and serves to contain, neutralize, dilute or wall off the 
injurious agent or process. In addition it sets into motion a series of events 
that may heal and reconstitute the implant site through replacement of the 
injured tissue by regeneration of native parenchymal cells, formation of fi-
broblastic scar tissue or a combination of the two [33]. 

Implantation may lead to acute inflammation which is of relatively short 
duration, lasting from minutes to days depending on the extent of the injury. 
The main characteristics are exudation of fluid and plasma proteins (edema) 
and the recruitment of white blood cells (leukocytes), such as polymor-
phonuclear granulocytes (PMN) (more commonly called neutrophils), 
monocytes and platelets. If the response persists, recruited monocytes differ-
entiate into macrophages that can fuse to form foreign body giant cells and a 
prolonged chronic inflammation takes place. In general a chronic inflamma-
tion is characterized by the presence of macrophages, monocytes and foreign 
body giant cells and the proliferation of blood vessels and connective tissue. 
Chemical and physical properties of the biomaterial may lead to chronic 
inflammation, however motion at the implant site, extensive surgical injury, 
bacterial infection or host factors such as poor blood supply or nutrition can 
also contribute to this prolonged inflammatory state [34].  

During the process of wound healing a granulation tissue is observed. 
This type of tissue is the hallmark of healing inflammation and can be seen 
within 3-5 days following implantation of a biomaterial. Granulation tissue 
derives its name from the pink, soft granular appearance on the surface of 
healing wounds and its characteristic histological features including the for-
mation of new small blood vessels (neovascularization) by endothelial cells 
and proliferation of fibroblasts. The fibroblasts are active in synthesizing 
collagen and proteoglycans. In the early stages of granulation tissue devel-
opment, proteoglycans predominate but later collagen, especially collagen 
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III predominates and forms the fibrous capsule. Non-phagocytosable devices 
may be surrounded by granulomas in which frustrated macrophages fuse into 
multinucleated cells called foreign body giant cells in order to try and ac-
complish phagocytosis, the device soon becomes encapsulated in fibrous 
tissue [33].  

The end stage healing response after implantation of a biomaterial is gen-
erally fibrosis or fibrous encapsulation. The tissue response to an implant is 
however dependent on the form and topography of the implanted device and 
also upon the extent of injury or defect created during the implantation pro-
cedure. Thus repair of implant sites can involve two distinct processes: 1) 
regeneration, which is the replacement of injured tissue by parenchymal cells 
of the same type (common when using porous materials implanted into bone 
or porous materials inoculated with parenchymal cells) or 2) replacement by 
connective tissue (fibrous capsule formation) as described above [34].  

The predominant cell types present at the site of inflammation. 
The intensity and time variables are dependent upon the extent of the injury created 
and the size, shape, topography and chemical and physical properties of the biomate-
rial. (Reprinted from publication Cardiovascular Pathology, 2(3):33S-41S, Anders-
son: Mechanism of Inflammation and Infection With Implanted Devices, copyright 
1993, with permission from Elsevier Inc) 
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Neutrophils
Neutrophils also called Polymorphonuclear granulocytes (PMN) are the 
most abundant circulating white blood cells, representing approximately half 
of the total leukocyte population. They are 10-20 m in diameter and charac-
terized by their multilobed nucleus and distinctive cytoplasmic granules 
[35]. Neutrophils are derived from pleuripotent stem cells in the bone mar-
row. Their life span from stem cell to removal in tissue is approximately 12-
14 days, where the half-life in blood is only 4-8 hours [36]. A normal adult 
releases around 1011 neutrophils per day from the bone marrow into the cir-
culation where they are regarded as one of the first defense lines against 
infection [37].  

Circulating neutrophils will marginate (adhere to endothelial cells) and 
begin to roll along the vascular endothelium, a process mediated by a loose 
binding between selectins (sugar binding proteins) on neutrophils (L-
selectins) and endothelial cells (P-selectins). To support a firm adhesion to 
the endothelium, neutrophils up-regulate the 2-integrins CD11a/CD18 
(LFA-1) and CD11b/CD18 (Mac-1, CR3), which bind to the endothelial 
intracellular adhesion molecule-1 (ICAM-1; CD45), this binding is consid-
ered to stimulate neutrophil secretion of hydrolytic enzymes that faciliate 
diapedesis (migration through the endothelial wall). Following diapedisis the 
neutrophils move toward the site of injury following a concentration gradient 
of local chemotactic factors, by a process known as chemotaxis. Upon arri-
val at the inflammatory site, the neutrophils localize their “prey” which has 
been “spiced” (opsonized) by the immune system. Common opsonins are 
complement fragments and immunoglobulins [38]. 

Neutrophils are equipped with an array of microbicidial weapons e.g. pro-
teases, enzymes that hydrolyze sugars and proteins that disrupt membranes. 
This weaponry is stored in granules in the cytoplasm [39]. Additionally these 
cells have powerful systems for generating large amounts of reactive oxygen 
species (ROS) [40]. Microorganisms are taken up (endocytosed) into an 
intracellular compartment called a phagosome, into which these cytotoxic 
agents are released. It is generally considered that neutrophils use a combi-
nation of oxidative and non-oxidative mechanisms to fight the wide range of 
microorganisms that they encounter [38]. 

Neutrophil granules 
The neutrophil cytoplasm contains three main types of vesicles (granules) 
[41]. In unstimulated neutrophils these granules act as storage containers: 
they isolate the components in a manner which prevents their destructive 
properties from being fully expressed and causing damage either to the  
neutrophil itself or the surrounding normal tissue. However when a 
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neutrophil becomes activated the granule components are released into an 
endocytic vacuole (phagosome) or released to the exterior of the cell by fus-
ing with the plasma membrane [42]. 

Primary granules (azurophilic granules) are the first to appear during neu-
trophil formation [41, 43]. They contain for example antibacterial substances 
such as myeloperoxidase, and defensins and proteases such as elastase and 
cathepsins.

Myeloperoxidase (MPO) [44]
MPO is a basic heme-containing protein with an intense green colour. It is 
made up of heavy and light chains and has a molecular weight of approxi-
mately 150 kDa. MPO is also present in blood monocytes but absent in 
macrophages. In tissue the measurement of MPO has been used to quantita-
tively estimate neutrophil involvement. MPO catalyses the interaction of 
H2O2 with Cl- to form hypochlorous acid (HOCl), which is very toxic for a 
broad range of microorganisms [40]. 

Defensins [44]
Defensins constitute 5-7 % of the total cellular protein of human PMN, and 
30-50 % of the azurophilic granular proteins. They are small (molecular 
weight < 4000 Da) potent antimicrobial peptides that are cytotoxic to a broad 
range of bacteria, fungi and some viruses. Their toxicity is most likely due to 
membrane permeabilization of the target cell. 

Human neutrophil elastase (HNE) [42]
HNE is an abundant primary granule serine protease with a molecular weight 
of about 30 kDa. This enzyme has a broad range of target substrates and can 
therefore digest a large number of proteins such as fibronectin, laminin, col-
lagen and proteoglycans. The biological function of elastase is largely re-
lated to its proteolytic activity and its potential tissue injuring properties. 
HNE can be released into the external environment by leakage from the 
phagosome or by cell death. Normally this is not a problem because of the 
presence of endogenous inhibitors in the external milieu. However when 
there is an imbalance favoring the active enzyme, connective tissue damage 
may occur [45, 46].  

Cathepsins [42] 
There are three different cathepsins in the primary granules, cathepsin G, B 
and D. Cathepsin G is a very basic protein with optimal protease activity at 
near neutral pH. It exists in four forms varying in molecular weights from 
about 25-28 kDa, and shows a high degree of sequence homology with many 
other serine proteases e.g. elastase. The major biological activity of  
cathepsin G is probably related to its proteolytic activity and comprises 
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cleavage of a number of proteins including laminin, fibronectin and pro-
teoglycan. It can also degrade elastin and collagen, but at a very slow rate. 
Cathepsin G also has antimicrobial properties that are independent from its 
catalytic activity. Cathepsin B is a cysteine protease. Although neutrophils 
contain cathepsin B, the macrophage is probably a more relevant source of 
this enzyme at sights of inflammation. Cathepsin B is capable of degrading a 
number of connective tissue macromolecules including proteoglycan and 
collagen. Cathepsin D is an acid hydrolase with optimal catalytic activity at 
pH 3.5-4. It appears to function as a lysosomal protease. However, whether 
this enzyme is involved in significant tissue pathology is unclear.  

Secondary granules also called specific granules are formed later in the 
neutrophil development and are twice as numerous and much smaller than 
primary granules [41, 43]. They contain e.g. lactoferrin, lysozyme, and col-
lagenase. These granules also have receptors in their membrane e.g. for 
laminin, fibrinogen and vitronectin and also for C3, which is involved in the 
mobilization of inflammatory mediators and complement activation [42].  

Lactoferrin [44]
Lactoferrin is produced by several exocrine glands such as the mammary 
gland. Except for being a principal component in the secondary granule, 
lactoferrin is also found in tears, human milk and other secretions. It is a 
slightly basic iron-binding protein with a molecular weight of 78 kDa. The 
biological activity of lactoferrin at sites of inflammation is to sequester free 
iron, thereby preventing the growth of ingested microorganisms and to cata-
lyse the conversion of H2O2 in the phagosome to the highly reactive free 
radical OH .

Lysozyme [44]
Lysozyme is a 15 kDa protein found in both the specific and the azurophilic 
granules of human neutrophils. It is however also produced by a number of 
other cells such as monocytes/macrophages and glandular cells and also 
found in blood plasma, tears, saliva, and airway secretions. Lysozyme de-
grades the polysaccharide components of the bacterial cell wall. 

Human neutrophil collagenase (HNC) [42]
HNC is a protease which acts specifically on collagen. It cleaves all three 
chains of helical type I, II and III collagen (not V and IV). Maximal activity 
is at pH near neutrality, and is dependent on the presence of bivalent cations. 
The molecular weight of HNC is approximately 95 kDa (latent form) and 68 
kDa (activated form). 
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Tertiary granules also called gelatinase granules hold mainly gelatinase. It 
has however been widely debated whether this granule type exists as a sepa-
rate population or if its existence could be interpreted on the basis of the 
existence of only two distinct populations i.e. primary and secondary gran-
ules [42]. 

Human neutrophil gelatinase (HNG) [42]
This enzyme digests the denatured forms of collagen I, II and III (gelatine). 
The physiological role of HNG in neutrophil function however remains con-
troversial. The most plausible hypothesis is that HNG is necessary for the 
neutrophils to digest their way through the vascular basement membrane in 
order to reach the site of inflammatory stimulus. As with collagenase the 
maximal activity is at pH near neutrality, and is dependent on the presence 
of bivalent cations. HNG exists in three molecular weight forms, 220, 135 
and 92 kDa 

Oxidative killing of microbes by neutrophils (the respiratory 
burst)
Neutrophils respond to infection by increasing their oxygen consumption, a 
process referred to as the respiratory burst. The overall result leads to reduc-
tion of oxygen to superoxide (02

-). This takes place with the help of the 
nicotinamide adenine dinucleotide phosphate oxidase (NADPH-oxidase) 
enzyme system [40]. The NADPH oxidase is a multicomponent enzyme with 
a redox center (cytochrome b558) that is responsible for transferring electrons 
from the cytosol into the phagosome where oxygen is reduced to superoxide. 
The overall reaction catalyzed by this enzyme is [47]: 

NADPH + 2O2           NADP+ + 2O2
- + H+

The electron transfer from NADPH to oxygen is a multistep process, during 
which the electrons are transported sequentially along several moieties of the 
oxidase. As part of the activation three cytosolic components, p47phox,
p67phox and p40phox as well as low molecular weight GTP (guanosine tri-
phosphate)-binding protein come together to form the active NADPH oxi-
dase. The electron transfer described above is compensated by the influx of 
protons (H+), which are used to reduce superoxide to hydrogen peroxide 
(H2O2), which can be broken down to oxygen and water in a catalase de-
pendent reaction [48]. Alternatively hydrogen peroxide (H2O2) can combine 
with chloride ions (Cl-) to form hypochlorous acid (HOCl) in a reaction cata-
lyzed by myeloperoxidase (MPO) an enzyme present in the primary gran-
ules. H2O2 can also be broken down into hydroxyl radicals (OH ) with the 
help of the enzyme lactoferrin present in the secondary granules [48]. 



25

The figure above illustrates the process (oxidative killing) taking place inside a 
phagosome when a foreign substance e.g. a bacterium has been endocytosed by a 
neutrophil. (Illustrated by Anders Lönnberg, www.alviz.se) 

Frustrated phagocytosis 
When the “prey” is too large to engulf, as is the case for many implants the 
process described above will become disturbed, “frustrated” [49, 50]. The 
neutrophils spread out (obtain a flattened morphology) in an attempt to en-
docytose the implant. Subsequently release of reactive oxygen species and 
granules to the extracellular environment takes place leaving disintegrated 
cells, debris and granular enzymes on the surface of the material [51]. This 
reduction of the intracellular content will ultimately affect the cells’ ability 
to digest and engulf matter. Thus the cell looses its phagocytic abilities [52]. 
If these cells are not replaced by other viable cells, possible impairment of 
the host defense system may be seen.  
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The figure above illustrates the neutrophil response to a foreign material, which is 
too large to engulf (frustrated phagocytosis). (Illustrated by Anders Lönnberg, 
www.alviz.se) 

An inflammation serves to contain, neutralize, dilute or wall off the injurious 
agent or process. When doing this a series of events are set into motion, 
which may heal and reconstitute the tissue at the site of inflammation. The 
neutrophil has a central role in this process as discussed above; it is however 
important to remember that a number of different factors have to “collabo-
rate” to achieve healing at a wound site. A number of systems are active 
during inflammation e.g. the coagulation system, the complement system 
and the fibrinolytic system. Platelets and macrophages are also active at the 
site of inflammation, and during the end stage fibroblast proliferation with 
collagen formation and endothelial cell capillary formation play an important 
role [53]. Thus it is important to remember that in the complex environment 
of the human body these systems are all interacting and dependent on each 
other. It is however impossible to fit all of this in the scope of this thesis. 
Neutrophils have therefore been chosen as representatives of the inflamma-
tory response to an implant. However to get the complete picture, in vivo
experiments are needed.  
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Present Investigation 

Introduction
Due to the effects of wear and disease, human joints will sometimes fail or 
deteriorate which leads to malfunction and extremely painful conditions. 
Total joint replacement offers the patient restored mobility and long-term 
pain relief [2]. With the advances in modern medicine resulting in greater 
life expectancy and an increasing average population age, the number of 
people requiring total joint replacements will continue to increase. A number 
of different metals, ceramics and polymers have been used in attempts to 
produce optimal bone prosthesis. Among these are alumina and titanium. 
The latter is among the most biocompatible material known today [4, 14]. 
Titanium and titanium alloys have demonstrated a huge success in biomedi-
cal devices such as orthopaedic and dental implants. This is due to a number 
of factors: 1. Its highly biocompatible surface, which in some cases can sup-
port direct ongrowth of local tissue, 2. Its high corrosion resistance, 3. The 
ability to be fabricated into structured surfaces, thus allowing optimisation of 
the morphology and porosity to fit the living recipient tissues, 4. Lightness 
(it weighs 40 % less than stainless steel) and 5. Its elastic modulus being the 
closest of all metallic implants to that of cortical bone [14, 54].   

The bioceramic alumina has also been widely used clinically [55]. The 
first total hip replacement based on this material was performed as early as 
1970, by Pierre Boutin [2, 56]. Since then everything from fingers, wrists, 
shoulders, elbows, ankle joints, knees etc. has been replaced or supported by 
alumina [55]. It has also proved successful as a dental implant material, but 
the main application of alumina bioceramics is in the area of articulating 
surfaces of orthopaedic prostheses, commonly used in total hip replacements 
[56]. The reason for this is its extremely low coefficient of friction and wear 
rate [55]. In addition, alumina has proven to be very biocompatible, inert in 
biological systems and corrosion resistant. Finally, it has also been shown 
that only very thin fibrous capsules are formed around alumina implants [16, 
55, 56].   
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This thesis presents a way of combining the two biomaterials mentioned 
above to make a composite material with even better bone implant proper-
ties. We have used a technique called anodisation, which is a widely used, 
low cost commercial process for producing corrosion resistant aluminium 
parts [57, 58]. With the help of this technique it might be possible to produce 
a thin nano-porous alumina layer on top of a titanium/titanium alloy implant 
which would lead to a decrease in friction at articulating surfaces but at the 
same time maintain the lightness and good elastic modulus of titanium, thus 
decreasing bone resorption due to stress shielding. The alumina layer could 
also prevent possible metal corrosion from the titanium and thus deposition 
of metal elements in the body. In addition, the pore structure produced on 
these ceramic coatings is expected to be suitable for loading with bioactive 
material to further enhance their biological properties. Higher cell viability 
on alumina than on titanium has also been reported by some authors [59].  

Initial studies showed that a strongly adherent nano-porous, alumina ce-
ramic coating with excellent mechanical properties could be produced on 
titanium (paper I) however when developing a new material for implant use 
its biocompatibility (the biological responses that occur at the im-
plant/environment interface) has to be examined at an early stage.  The ma-
jor part of the work behind this thesis has therefore been focused on the be-
haviour of human bone cells on nano-porous alumina in an in vitro system 
(paper II), as well as an investigation of the in vitro inflammatory response 
to this material, evaluated by using human neutrophils (papers III, IV). 

Alumina ceramics have been used as implant material for a number of 
years as mentioned above, but never to the author’s knowledge has it been 
used in the form of an anodised nano-porous coating. 
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Experimental procedures 

Sample preparation and mechanical testing (I) 

Sample preparation (I) 
Samples were prepared by depositing a thin film (1-5 µm) of aluminium on 
polished and cleaned implant materials (titanium, titanium alloy), in the form 
of disks, by using an electron beam evaporator. During deposition the 
specimens were held under vacuum at either room temperature or at 300°C.  
The samples were then prepared for anodisation by making electrical contact 
to the backside of the disk and then transferred to a reaction vessel contain-
ing electrolyte solution, after which anodisation was carried out (see Fig.1). 
The applied potential and resulting current were controlled and monitored by 
computer. The anodisation potential (160V) was maintained until the current 
had dropped to a sufficiently low value, usually less than 1 mAcm-2, which is 
typical for the anodisation of uncoated Ti alloy substrates. At this point it 
was assumed that all the aluminium had been oxidized and the anodisation 
process of the aluminium had stopped. 

Figure 1. Schematic picture of anodisation apparatus set up.  
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Anodisation (I) [57, 58, 60-63]
When aluminium is anodised in certain acid electrolytes such as phosphoric 
acid, sulphuric acid and oxalic acid, a thin film of alumina is formed, which 
grows into a hexagonally packed array of cylindrical cells, at the centre of 
which a straight hole is located. The pores are roughly parallel to each other 
and run perpendicular to the film plane (see Fig.2). 

Figure 2. Schematic diagram of a porous anodic film on aluminium, showing pores 
in cross section and at a plane through the oxide, each in a hexagonal cell. 

This occurs by a process known as potentiostatic anodisation (i.e. constant 
voltage with current change due to increased resistance in the oxide). As the 
alumina film grows to form a barrier layer it is dissolved by the electrolyte. 
Formation of penetration paths starts at sites with tiny channels or pits where 
the aluminium oxide is slightly thinner than average thickness. These pene-
tration paths are the precursors of regular pores. Al3+ ions are lost to the solu-
tion leaving no mechanism for the healing of the penetration paths. In each 
path the electric field is increased. This results in field assisted dissolution 
where the increased field polarises the Al-O bonds allowing alumina to dis-
solve more readily, in other words the Al-O bonds increase in length because 
the field is trying to pull the O2-/OH- ions into the film and push the Al3+ ions 
into the solution.  
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This field-assisted dissolution occurs at a rate several orders of magnitude 
greater than chemical dissolution and results in the deepening and widening 
of the penetration paths to form the beginning of pores. As a result of this 
pore development the electric field and ionic current become concentrated in 
the barrier layer underneath the pores, which results in the formation of scal-
loped regions beneath each pore. When the scalloped regions merge at the 
metal/film interface, their further spread is confined, and the hexagonal ar-
rangement of the cell base pattern is created. As a result, more uniform local 
current densities are generated and the cell film material thickens relatively 
uniformly, with the pore and cell diameters remaining constant, i.e. steady 
state conditions are observed. This is a result of the dynamic equilibrium 
between the oxidation of aluminium at the aluminium-alumina interface and 
the electric field assisted dissolution of the oxide at the base of each pore. 
The pore size and spacing are directly proportional to the anodisation volt-
age. Thus, pore size has been found to increase by 1 nm/V and the pore spac-
ing by 2,5 nm/V [63]. Different electrolytes are however used for different 
anodisation voltages to balance the different diffusion rates of the anions. 
Higher anodisation voltages imply higher oxidation rates. Because of the 
incorporation and thus consumption of the anions into the growing alumin-
ium oxide the concentration of the anions at the pore bottom decreases, lead-
ing to a decrease in current. Since phosphate ions are smaller and more mo-
bile than for instance oxalate ions they have a higher diffusion rate into the 
pores, and are therefore more suitable to use at higher voltages.  

During the film growth the following reaction is suggested to occur be-
tween the Al3+ ions and the adsorbed electrolyte anions (in this case phos-
phoric acid) at the film electrolyte interface:  

Al3+ + PO4
3- ––> AlPO4

But owing to the relatively low coverage of the film surface by adsorbed 
anions compared with the coverage by water molecules, the main film form-
ing reaction is: 

2Al+ 3 H2O ––> Al2O3 + 6H+ + 6e-

Phosphoric acid electrolyte was chosen in the present study since it permits 
anodisation at high voltages without excessive current flow and heat evolu-
tion [64].  Also as a result of the stable anion species  (PO4

3-) being incorpo-
rated into the anodic films, the alumina has a 6-8 wt% phosphate content 
which may improve the bioactivity and be beneficial for bone mineralisation. 
The phosphate ion distribution is not entirely uniform. Instead, the resultant 
compositional profile is such that the core alumina regions are relatively 
pure with the inner surface of the pore walls being relatively rich in phos-
phate.
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Mechanical testing  (I) 
In order for the shear and tensile strength of the coating to be measured, well 
defined areas of the coated ingots were glued onto steel test pieces and tested 
for failure at constant strain rate (6 mm/min). Standards have been devel-
oped for testing the mechanical properties of coatings in both shear and ten-
sion (ASTM F1044-95 and ASTM F1147-99 respectively). One should keep 
in mind that when performing these types of measurements the strength of 
the glue is an obvious weakness and failure is likely to occur at the 
metal/glue interface. The adhesive selected here is however very strong and 
therefore gives an idea of what stress and shear the coating is likely to with-
stand.

Shear strength (I) 
Mechanical testing was performed on alumina fabricated on titanium alloy 
substrates. For tests of the coating shear strength the specimens were cleaned 
and glued using Evostik epoxy adhesive to a steel backing plate. The area of 
the coating to be tested was defined by applying weakly adhering tape 
around the edges of the coating. It was assumed that the adherence of the 
tape to the coating and of the adhesive to the tape was sufficiently poor as to 
have a negligible effect on the measured failure stress of the sample. A test 
plate similar in dimension to the backing plate was then glued to the exposed 
coating to form the test structure. When the shear testing was performed, 
appropriate spacers were used to keep the interface vertical to achieve stress 
conditions as close to pure shear as possible (see Fig.3). 

Figure 3. Schematic picture of shear strength rig 
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Tensile testing (I) 
A test rig as shown in the figure below (Fig.4) was used for the tensile test-
ing. The discs were first glued to the larger diameter support and then the 
smaller diameter support was glued to the coating. Insulation tape was 
wound round the central section of the assembled sample under some strain 
to allow the viscoelastic properties of the tape to help keep the sample coax-
ial. The area over which the coating was tested in tension was controlled by 
the test plate diameter.  

Figure 4. Schematic picture of the tensile test rig 

Surface characterisation of nano-porous alumina (II,III) 
AnodiscTM alumina membranes provided by Whatman International Ltd 
(Maidstone, England) were used for the tissue culture experiments [65]. 
These membranes are produced in the same way and with properties similar 
to those of the coating mentioned above. Using purchased membranes gave 
us the advantage of obtaining large numbers of samples from the same batch. 
In addition, by working with these membranes, which are transparent (when 
wet), the adsorbed cells could easily be examined at all times using optical 
microscopy. The membranes are 13 mm in diameter and 60 µm thick, with 
narrow pore size distribution. Membranes with two pore-sizes (200 nm and 
20 nm in diameter) were included in this study.  
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Crystal structure determination (II) 
The crystal structure of the anodised Whatman membrane was determined 
using X-ray diffraction (XRD) and transmission electron microscopy (TEM). 
The XRD was run on a Siemens D5000 using the -2- method and CuK
radiation ( = 1,54Å). The TEM was run on a Jeol TEM 2000 FXII, in the 
electron diffraction mode with an acceleration voltage of 200 kV.  

Pore area estimation (III) 
A scanning electron microscope (SEM) was used in order to estimate the 
pore area on the surfaces of the two types of membranes. The SEM was 
equipped with a field emission gun (FEG) as electron source and an in-lens 
detector, which made it possible to obtain high-resolution pictures with low 
probe currents in order to avoid charging. The acceleration voltage and the 
working distance were 2 kV and 2 mm, respectively. 

Surface roughness (III) 
To evaluate the surface roughness on the two different membranes, atomic 
force microscopy (AFM) was used. Samples with 20 nm pores and 200 nm 
pores were analysed on three areas on each of two samples. The analysis was 
performed under contact mode using a conical silicon tip with a tip radius of 
less than 20 nm scanning a surface area of 10 x 10 µm. Best results were 
obtained when a droplet of water was applied over the membrane and the 
AFM tip, thereby eliminating the static electricity effect generated by the 
contact between the silicon tip and the alumina sample. Both the investigated 
types of membranes showed extremely good wettability, suggesting that the 
applied droplet of water should not interfere with the AFM investigations. 
Root-mean-square (r.m.s.) roughness values were computed with the soft-
ware TOPOMETRIX v.3.06.0 from the square root of the power spectral 
density evaluated over the 300 x 300 pixel points in the image. 

Elemental composition (III) 
The elemental composition of the membrane surfaces was analysed with X-
ray photoelectron spectroscopy, XPS (also known as ESCA, electron spec-
troscopy for chemical analysis) using a monochromatic AlK source and a 
pass energy and step length of 93.8 eV and 0.8 eV, respectively. 
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In vitro tissue culture studies (I, II, III, IV) 
In vitro biocompatibility testing involves studying the behaviour of various 
cell types in response to a particular test agent e.g. by monitoring cell viabil-
ity, proliferation and activation when in contact with a biomaterial. In vitro
testing has a number of advantages over in vivo testing such as the possibil-
ity of evaluating a variety of cells (determine the effects of the individual 
factors) over a shorter time period in a reproducible manner. On the con-
trary, in vivo tests, which usually involve implantation of a test device into 
an animal model yields information on the long-term biocompatibility of the 
material and allows evaluation of the “total” response (i.e. studying the result 
of the interplay between the different systems in the body).  In vitro testing 
however is usually carried out before in vivo testing and involves culturing 
of appropriate cell types on the material concerned. 

In this work the in vitro responses of three different cell types to nano-
porous alumina were evaluated using MG63 cells (osteoblast like cell line, 
isolated from human osteosarcoma) [66, 67], primary human osteoblast-like 
cells (HOB) isolated from femoral head trabecular bone [68] and human 
polymorphonuclear leukocytes (PMN) isolated from heparinized blood [69]. 

Cell viability study (Alamar Blue) (I, II, IV) [70]
The oxidised form of the Alamar Blue reagent is added to growing cells in 
culture where it is converted to the reduced form by mitochondrial enzyme 
activity (e.g. NAD+ + 2H+ + 2e-  NADH + H+) of the viable cells being 
tested. As a consequence of the reduction, the reagent changes its colour as 
well as its fluorescence. The extent of this conversion is a reflection of cell 
viability and can be quantified by determining optical density or fluores-
cence intensity (for greater sensitivity). The reagent is extremely stable, wa-
ter soluble and virtually non-toxic to the cells, allowing continuous monitor-
ing of the cultures. 

This assay was used to determine the viability of human osteoblastic cells  
cultured on nano-porous alumina in papers I and II. In addition alamar blue 
was used in paper IV when evaluating MG63 cell viability in response to 
neutrophil activation and release of granula enzymes.  

Total DNA analysis (Hoechst 33258) (II) [71]
The amount of DNA (number of cells) in the osteoblasts that adhered to the 
nano-porous substrate was quantified using the fluorochrome bisbenzimida-
zole (Hoechst 33258). This is a well established technique which allows 
accurate measuremens throughout the range of 10 ng/ml to 10 µg/ml. The 
interaction is based on the enhanced fluorescence and shift in the emission 
wavelength of the fluorochrome upon binding to cellular DNA. This results 
in a linear relationship between fluorescence intensity and DNA content.  
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For the DNA to be exposed to the fluorochrome it is necessary to disrupt the 
cell membranes, this is most commonly done by freezing the cells in distilled 
water.  The reaction is highly specific and other cellular components such as 
RNA, protein or carbohydrate do not cause significant fluorescence. 

Determination of cell proliferation (Thymidine incorporation) (II) [72]
3H-thymidine incorporation was used to obtain information on the rate of 
proliferation of the osteoblasts on the nano-porous alumina membranes. The 
obtained values were expressed as percentage of the total DNA.  

This assay is based on the fact that 3H-thymidine is selectively incorpo-
rated into newly formed DNA during the S phase (S = synthesis, replication 
of DNA) of the cell cycle. Thus by adding radiolabelled thymidine to grow-
ing cells, incubating them for a desired time period (usually 24 h) followed 
by lysing the cells, newly formed DNA, (proliferation) can be determined by 
measuring the radioactivity.

Alkaline Phosphatase analysis  (II) [20, 73, 74]
The dimeric membrane bound glycoprotein alkaline phosphatase (subunit 
MW ~ 80kD) appears to be essential in bone maturation and is produced in 
high levels during the initiation of mineralization, thus making it a good 
marker for the osteoblastic phenotype. Although down-regulation in prolif-
eration followed by an increase in alkaline phosphatase (ALP) activity often 
is considered to be the hallmark of the osteoblastic lineage, its precise func-
tion has not yet been determined. ALP is postulated to: 1. Release phosphate 
from other constituents (such as ATP), thereby increasing the local concen-
tration of this ion, 2. Destroy inhibitors of hydroxyapatite precipitation and 
3. Act as a calcium-binding protein.   

Analysing ALP content from osteoblasts cultured on nano-porous alu-
mina was done by lysing the cells and adding the synthetic substrate p-
nitrophenylphosphate. ALP cleaves the phosphate group via hydrolysis to 
produce p-nitrophenol, which because of its yellow nature ( max = 405 nm) at 
alkaline pH, easily can be detected and measured in a spectrophotometer.  

Fibronectin detection (II) 
Since fibronectin is known to play a major role in a number of reactions such 
as cellular adhesion, osteoblast differentiation and mineral formation [75-
78], we found it of importance to prove its adsorption to our substrate. This 
was done using the two techniques, SDS-PAGE and Western Blotting. Alu-
mina membranes were incubated in medium with 10 % fetal bovine serum 
(FBS), similar to that used for the cellular studies. The proteins adsorbed on 
the substrate were removed by incubation in sodium dodecyl sulfate (SDS) 
and thereafter loaded onto a polyacrylamide gel. After electrophoresis the 
gels were either visualized by silver staining or elecctrophoretically blotted 
onto a nitrocellulose membrane. 
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SDS-PAGE (II) [79, 80]
This method is based on the migration of proteins in an electric field. It uses 
a highly cross-linked gel of polyacrylamide as the inert matrix through 
which the proteins migrate. The gel is prepared by polymerisation from 
monomers; the pore size of the gel can be adjusted so that it is small enough 
to retard the migration of the protein molecules of interest, thus functioning 
as a molecular sieve. The protein samples are pre-treated by mixing them 
with a solution containing sodium dodecyl sulfate (SDS) and mercaptoetha-
nol. SDS is an anionic detergent that binds to hydrophobic regions of the 
protein molecules. The bound SDS contributes a large net negative charge, 
rendering the intrinsic charge of the protein insignificant. In addition, it 
causes the proteins to unfold into extended polypeptide chains giving most 
proteins a similar shape and thus similar ratio of charge to mass. The reduc-
ing agent mercaptoethanol is also added to the protein solution. It breaks S-S 
linkages in the proteins so that the constituent polypeptides in multisubunit 
molecules can be analysed separately. As a result a complex mixture of pro-
teins is fractionated into a series of discrete protein bands arranged in order 
of molecular weight. After electrophoresis the proteins can be visualized by 
staining the gel with e.g. silver stain [81], which exclusively binds to the 
proteins and not to the gel itself. 

Western Blot (II) [82, 83]
After fractionation by SDS-PAGE the proteins are transferred to nitrocellu-
lose paper by blotting, thus giving a replica of the pattern of protein bands on 
the gel. A specific protein can then easily be identified by the following 
three-step procedure. First the membrane is exposed to a primary antibody 
directed toward the protein. A second antibody (conjugated to an enzyme 
e.g. horseradish peroxidase), specific for the primary antibody is then added. 
Finally a coloured product is formed by reaction of horseradish peroxidase 
with the substrate mixture, 4-chloro-1-naphtol and hydrogen peroxide.  

Aluminium analyses  (Al 3+) (II) 
Due to various reports of aluminium toxicity, manifesting itself in preventing 
mineralization and reducing the number and activity of osteoblasts [84-88], 
we found it important to analyse the amount of aluminium leaching out from 
our substrates.

Alumina membranes, with and without cells, plus pure media controls 
were incubated for different periods of time, after which samples of the sur-
rounding media were collected and analysed (using elemental ICP-MS, In-
ductively coupled plasma mass spectrometry) by an accredited laboratory. 
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Chemiluminescence assay (III,IV) [89, 90]
Neutrophil activation was studied by the luminol amplified chemilumines-
cence technique which allows real-time sensitive and rapid measurement of 
oxygen radical production generated by the NADPH-oxidase system [40]. 
The amplifying molecule luminol reacts with the oxygen species to produce 
an excited state intermediate that emits light (chemiluminescence) upon re-
laxation to the ground state. The luminol molecule can diffuse through bio-
logical membranes, and the detection system, thus measures reactive oxygen 
species (ROS) released from cells (extracellular activity) as well as oxygen 
species originating from phagosomes  (intracellular activity).  

Elastase activity assay (IV) [42, 91]
As previously mentioned, human neutrophil elastase (HNE) is an abundant 
primary granule protease that can be released into the external environment 
by leakage from the phagosome or by cell death.  

Released and adsorbed elastase was determined by using the elastase spe-
cific chromogenic peptide substrate, N-methoxysuccinyl-ala-ala-pro-val-p-
nitroanilide [91]. When elastase catalyses the hydrolysis of this substrate the 
chromogenic product p-nitroaniline is released, which because of its yellow 
nature ( max = 405 nm) easily can be detected and measured in a spectropho-
tometer.

Myeloperoxidase (MPO) detection (Radio immuno assay) (IV) 
As previously mentioned MPO is a primary granule enzyme that catalyses 
the interaction of H2O2 with Cl- to form hypochlorous acid (HOCl), which is 
very toxic for a broad range of micro-organisms [40].  

Adsorbed MPO (released from PMN granules) was determined by incu-
bating the alumina substrates with a radio labelled anti MPO monoclonal 
antibody (125I-mab). After washing off unbound antibody the radioactivity 
was measured using a gamma counter. 

Total protein determination (IV)
The amount of protein bound to the nano-porous alumina membranes was 
determined by using the BCATM protein assay [92]. This is a highly sensitive 
and quantitative colorimetric method. It utilizes bicinchoninic acid (BCA) as 
the detection agent for Cu1+, which is formed when Cu2+ is reduced by pro-
tein (peptide bonds and the amino acids cysteine, cystine, trypthophan and 
tyrosine) in an alkaline environment. The purple reaction product is formed 
by the chelation of two molecules of BCA with one cuprous ion (Cu1+). This 
water-soluble complex exhibits a strong absorbance at 562 nm; its intensity 
is proportional to the protein concentration.  
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Cell quantification (III) 
Quantification of cells (PMN) was done by using optical microscopy at a 
magnification of 1000 x. Five areas per sample were counted and 4 samples 
per group were analysed and compared.   

Cell morphological studies (I, II, III, IV) 
The morphology of the three cell types cultured on the nano-porous alumina 
was studied using both optical microscopy and scanning electron microscopy 
(SEM). In addition transmission electron microscopy (TEM) studies were 
performed to more intimately examine how/if the nano-porous structure had 
any specific effect on the organization of the osteoblastic cellular protru-
sions.
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Results and Discussion 

Paper I 

E. P. Briggs, M. Karlsson, A. R. Walpole, E. Pålsgård, P. R. Wilshaw. 
(2004). Formation of highly adherent nano-porous alumina on Ti based 
substrates (a novel bone implant coating). Journal of Materials Science: 
Materials in Medicine, 15;1-9 

In the present work we have used a simple deposition and anodisation proc-
ess to produce adherent, nano-porous alumina coatings on hard tissue  
implant materials. Investigation of the mechanical performance of the  
interfaces between the implants and coating were performed, as well as  
initial studies of bone cell response to nano-porous alumina membranes with 
similar characteristics to the alumina coatings produced on the implant  
materials.  

Selection of suitable implant materials for anodisation
When attempts were made to anodise implant materials such as titanium, 
titanium alloy, stainless steel and cobalt chrome alloy specimens the two 
latter were dissolved in the electrolyte (phosphoric acid). This indicated 
them to be unsuitable for the present process, because it would not be possi-
ble to completely anodise the aluminium layer deposited on top of them 
without experiencing a vigorous reaction when the electrolyte reached the 
underlying substrate towards the end of the anodisation procedure. Titanium 
and titanium alloy were however able to withstand these conditions and 
therefore considered suitable substrates for aluminium deposition and subse-
quent anodisation. It might however still be possible to use implants made of 
stainless steel and cobalt chrome alloys covered with a layer of nano-porous 
alumina if titanium is deposited between the substrate and aluminium layer 
or if the anodisation is interrupted before reaching the underlying reactive 
material.

Coating morphology and mechanical testing  
When the aluminium was deposited on the polished substrates (Ti and Ti-
6Al-4V) at room temperature the result was a surface layer with a mirror 
finish. After anodisation this produced a porous layer with a smooth surface. 
However mechanical measurements on such specimens showed poor adhe-
sion between the alumina layer and the underlying substrate. 
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It is likely that the weak adherence of these layers was due to contamination 
by organic residue between the substrate and deposited aluminium layer or 
due to the thin native oxide present on the titanium or titanium alloy sub-
strates. In each case the interlayer would have prevented direct contact and 
hence bonding between the metal substrate and deposited aluminium layer, 
resulting in a weak interface. The effect of heating the substrate can then be 
understood in terms of removing any organic material present and/or causing 
diffusion through, and break up of, the native oxide. Under these conditions 
the layer however had a cloudy appearance indicating that it was not smooth. 
Optical microscopy showed this to be due to growth of individual aluminium 
grains within the layer leading to surface roughening. The topography of this 
specimen was thus considerably less regular and much rougher than that 
generally associated with anodised aluminium (see Figs. 5a and 5b). The 
adhesion of the layers deposited at 300 °C instead of room temperature were 
however good as assessed by mechanical testing, and it was these layers, 
after anodisation, that were further investigated. 

5a                   5b 

Figure 5 a) SEM micrograph of a commercial anodised aluminium oxide membrane 
(used for in vitro cell culture). b) SEM micrograph of an anodised aluminium layer 
formed from anodisation of aluminium deposited at 300°C onto Ti-6Al-4V sub-
strate. Surface roughness due to grains in the layer is visible. 

The mechanical measurements of the coatings made from aluminium depos-
ited on the titanium alloy specimens at 300°C were limited by the strength of 
the adhesive used to mount the specimen in preparation for testing. For every 
specimen except one, failure was due to the glue rather than the coating. 
Since a failure either within the alumina layer itself, or at the interface be-
tween the alumina and substrate would have been detected these results im-
ply that the implant coatings are likely to withstand stresses, in excess of 20 
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MPa in shear and 10 MPa in tension. These values compare favourably with 
the shear strength of bovine cortical bone which has been measured at 34 
MPa [93] and with previously published data for the shear strength of hy-
droxyapatite deposited on polished Ti 6Al 4V surfaces, which was found to 
be ~12 MPa [93]. Furthermore, it is possible to roughen the surface of the 
implant material prior to aluminium deposition so increasing its surface area. 
This is expected to increase the effective coating/substrate interface strength 
both in shear and tension.  

The surface preparation above is not optimal due to the irregular pores and 
roughness of the layer. We do however believe that an improved surface 
preparation procedure will allow strong coatings to be prepared also when 
using alumina deposited at room temperature.  

The coating technique presented resulted in materials with good mechanical 
properties and a promising bone cell response (discussed in paper II). How-
ever, when designing bone implants it is important to obtain rapid and direct 
bonding between the bone and the implant. It was hypothesized that for this 
to happen the bioactivity of the anodised aluminium layer may need to be 
somewhat enhanced. This may be achieved by “filling” the pores with bioac-
tive agents such as hydroxyapatite, bioglass or growth factors. This would 
lead to a novel hard tissue implant with the mechanical qualities of titanium 
combined with the properties of a bioactive alumina ceramic.  
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Paper II 

M. Karlsson, E. Pålsgård, P. R. Wilshaw, L. Di Silvio. (2003). Initial in vitro 
interaction of osteoblasts with nano-porous alumina. Biomaterials, 24;3039-
3046

This work was inspired by the promising mechanical properties of the poten-
tial bone implant coating described in paper I. We analysed the initial inter-
action of primary human osteoblast-like cells to anodised nano-porous alu-
mina membranes (pore size 200 nm in diameter) purchased from Whatman 
(AnodiscTM). These membranes are produced in the same way as the coating 
mentioned in paper I. Using purchased membranes gave us the  
advantage of obtaining large numbers of samples from the same batch.  
In addition, by working with these membranes, which are transparent, the 
adhered cells could easily be examined at all times using optical microscopy. 

In vitro tissue culture
All assays performed in this study indicated promising cellular response (see 
Fig. 6 below).  

Figure 6. 
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Both Alamar blue (also used in the studies reported in paper I) and DNA 
tests showed an increase in cell number within the first two weeks, followed 
by a decrease when alkaline phosphatase activity increased, hence following 
normal osteoblastic growth pattern and indicating that the osteoblastic phe-
notype was retained on the material. Proliferation was seen to peak at day 3, 
with the alumina membranes giving slightly higher incorporation values than 
the thermonox control. 

When looking at the SEM and TEM (cross section) micrographs (see Figs. 
7a and 7b below) it seems as if some cell protrusions (filipodia) penetrate in 
to the pores of the alumina. It is well known that vascular tissue does not 
appear in pores which measure less than 100 µm [16], but with the pores on 
the anodised alumina (200 nm) being about the same size as the tip of cellu-
lar filipodia, these structures seem to function as anchorage points for the 
cells and might therefore lead to firm adhesion. This phenomenon however 
needs to be further evaluated e.g. by cell membrane staining. 

7a                   7b 

Figure 7. a) SEM micrograph of HOB cell on 200 nm pore-size alumina. b) TEM 
cross section of HOB cell on 200 nm pore-size alumina. 

Worth to notice is that during the manufacturing of the nano-porous alumina 
by anodisation with phosphoric acid (see paper I) the oxide layer produced is 
not entirely pure, but contains some of the ions present in the electrolyte. 
The phosphate ion distribution is such that the pore walls contain a higher 
concentration of phosphate than the rest of the membrane structure [60]. 
This could lead to an increased concentration of phosphate ions in the local 
cellular environment, which may be beneficial for the mineralization proc-
ess.
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Crystal structure determination  
As proven by XRD and TEM electron diffraction the crystal structure of 
anodised nano-porous alumina is amorphous. This may be beneficial in 
many ways, e.g. in preventing grain “pull out” (causing implant loosening 
and inflammation) which is a major problem when using sintered alumina 
[56].  

Authors Naji Abdessamand et al. have also suggested that amorphous 
alumina has a slightly bioactive nature [94], which would be extremely 
beneficial when/if used as a coating on implant material. We can however 
not fully confirm this in our study, since the only mineralization parameter 
examined was alkaline phosphatase production. 

Recently a novel type of ceramic material called nano-phase alumina has 
been presented in the literature. It is distinguished by its small grain size 
(less than 100 nm) and is proposed to selectively enhance adhesion and func-
tion of osteoblasts [95, 96]. It is suggested that the adsorption of greater 
quantities of vitronectin on nanophase than on conventional alumina may 
partially explain this phenomenon [97, 98]. The increased protein adsorption 
might be associated with the enhanced wettability of these types of ceramics 
and/or the smaller pore sizes, which may be a better “fit” for the small vi-
tronectin molecules [97].  

Similarities between this novel ceramic and the presented anodised alu-
mina can be seen: 1. Anodised  alumina is also very hydrophilic, 2. because 
of the amorphous structure the grains are even smaller than in nano phase 
ceramics, and 3. the pores produced by anodisation are also in the nanometer 
range. One advantage when using anodisation is the ability to control with 
ease the size of the porous structure on a nano-scale. Thus, by varying the 
pore size one might be able to control the binding of proteins (type, orienta-
tion and amount) to the coating [99], and hence be able to govern cellular 
attachment, differentiation, mineralisation etc.  

Aluminium leakage analysis  
Aluminium is the most common metal in the earth´s crust [100] and is sur-
prisingly abundant in human and animal tissues and serum. Human serum 
contains 0.5-5 µM of aluminium [101-103]. 

Cultured mammalian cells offer the opportunity to study the biological 
actions of Al3+. A negative effect of aluminium ions on bone mineralisation 
has been widely reported [84-88]. We therefore found it important to meas-
ure the amount of aluminium ions leaking out from the membranes during 
the conditions used in this study. The results showed a very small leakage 
from the controls, that is, membranes without cells, and a slightly higher 
leakage, that levelled out with time for the membranes with cells. Thus the 
cells seemed to affect the membranes in such a manner as to cause a slight 
increase in the aluminium leakage. The amount of ions leaking out from the 
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membranes was however very small (< 150 nmoles (50 M) after nine 
days), corresponding to ~ 0.03 % of the original membrane weight (~14 mg). 
When comparing these values to the literature, one can draw the conclusion 
that the amount is far from toxic (> 200 M) and is in fact in a range that has 
been shown to stimulate osteoblast proliferation and differentiation (10-50 

M) [104-106].  
The effect of aluminium is however an area of continuing debate [107]. It 

has been suggested that Al3+ may interfere with the crystallisation of calcium 
phospate, thereby leading to low bone remodelling and/or defective miner-
alisation [84-88]. There are however also reports of Al3+ stimulating prolif-
eration and bone formation of osteoblasts both in vivo [108-110] and in vitro
[104-106] e.g. by forming a complex with fluoride (a known bone formation 
stimulator) [111, 112]. A complex series of events needs to be examined in 
detail before the skeletal effects of aluminium are understood. It is however 
likely that the influence of the ion is dependent on the concentration and also 
on the state of differentiation of the osteogenic cells, as well as on interac-
tions with systemic and/or local bone growth factors. 

What should be noted for the present study is that no adverse effect on 
cell activity was observed on our substrate. On the contrary, high cellular 
proliferation (fast thymidine incorporation), and quick differentiation com-
pared to the controls could be seen.  

Protein adsorption and fibronectin detection  
The glycoprotein fibronectin (FN) is regarded as one of the most important 
cell adhesion proteins [75]. We therefore found it important to prove its ad-
sorption on our substrate. Both SDS-PAGE and western blot measurements 
showed clear evidence that fibronectin was able to adsorb to the alumina 
membranes after incubation with 10% serum.  

Even though a number of groups have shown that vitronectin seems to be 
the most important protein for initial in vitro adhesion of osteoblasts to  
ceramic materials [113, 114], authors A.M. Moursi and R.K. Globus have 
shown the extreme importance of FN for differentiation of osteoblasts and 
thus for mineral formation [76-78]. When FN adsorbs it is important that it 
changes its conformation so that the cell binding receptors become exposed. 
It has been shown both visually [115] and biochemically [116] that this is 
more likely to occur on hydrophilic surfaces. Since the alumina used in the 
present study is extremely hydrophilic and has shown very promising cellu-
lar response, it is likely that FN does obtain the “right” conformation on our 
substrate; however, further evaluations will have to be made to prove this 
theory.  
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Paper III 

M. Karlsson, A. Johansson, L. Tang, M. Boman. (2004). Nanoporous alumi-
num oxide affects neutrophil behaviour. Microscopy Research and Tech-
nique, 63;259-265

Leukocyte interaction with artificial surfaces is an important factor when 
studying a new potential biomaterial, since these cells are involved in the 
early inflammatory responses after implantation [117]. In this paper, the 
interaction of freshly isolated human neutrophils with the potential bone 
replacement material aluminium oxide, was evaluated and related to the 
nano-porous structure of the oxide surface. 

Substrate characterization 
It has long been known that substrate topography can affect cell morphology 
and cell behaviour, as reviewed by Dunn, 1982 [118] and Desai, 2000 [119]. 
Investigators have demonstrated that shapes such as ridges/grooves, spikes, 
holes, spirals and their dimensions and distributions can have a significant 
effect on cell behaviour [120-122]. Such features alone or in combination 
with chemical modification have been used to e.g. control direction and rate 
of cell migration and to investigate activation and adhesion of cells such as 
neutrophils [123-125], thus knowing the exact surface structure and chemis-
try of a material under evaluation is of major importance, especially when 
comparing two different substrates. We therefore thoroughly evaluated the 
surfaces of two types of alumina membranes (with pore diameters of 20 and 
200 nm respectively) using SEM, AFM and XPS, and could thereafter  
conclude that no difference could be seen either in roughness or chemical 
composition between the membranes.  

Neutrophil Morphology and Quantification 
The leukocytes were isolated from whole human blood and then incubated in 
vitro on the surface of each type of membrane. The cellular responses on the 
different membranes were monitored using SEM and optical microscopy. As 
can be seen on the SEM micrographs (Figs. 8a and 8b) there is a significant 
difference in cell morphology between PMN cultured on the membrane with 
the 200 nm pore diameter and the cells cultured on the 20 nm pore size 
membrane. Specifically, more intact (rounded), that is non-activated cells, 
can be seen on the 200 nm membrane (Fig. 8a). However, on the 20 nm 
membrane quite a large number of cells have obtained a flattened morphol-
ogy, typically seen with activated cells (Fig. 8b). A lot of lysed membranes 
and cell debris was also seen on the alumina surface. This is most probably 
caused by frustrated phagocytosis followed by degranulation and cell death.  
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8a                   8b 

Figure 8. Micrographs of neutrophils exposed to nano-porous alumina membranes 
for 30 min. a) 200 nm pore-size membrane b) 20 nm pore-size membrane 

When comparing cell numbers on the two alumina membranes we concluded 
that the adhesion densities of PMN, on the different surfaces were approxi-
mately the same. Thus the difference in degree of activation was not due to 
an increased amount of cell attachment to the 20 nm alumina.  

Neutrophil activation 
The generation of oxygen free radicals over time from neutrophils interact-
ing with the different alumina membranes was studied by measuring lumi-
nescence (CL) intensity. The reactive oxygen species (ROS) production was 
measured every 5 minutes for 40 minutes. The figure below (Fig. 9) shows 
that CL-levels are initially higher and peak much earlier on the 20 nm mem-
brane. On the 200 nm membrane however the activation time is longer and 
the production of ROS starts decreasing much later.  

Figure 9. Chemiluminescence profiles for neutrophils exposed to nano-porous  
alumina membranes with pore diameters of either 20 or 200 nm 
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The difference in cell morphology and activation seen when culturing PMN 
on the two alumina substrates seem to be a direct effect of pore size. It can 
be speculated that the different pore sizes of the two substrates may lead to 
activation of different cell membrane receptors and/or of different signaling 
pathways. It is however also possible that the adsorption of proteins (se-
creted by the cells) prior to cell attachment may vary in terms of protein 
type, composition and conformation thus leading to different patterns of 
exposure of cell ligands. In such a case the pore size would have an indirect 
effect on cell behaviour. The relative percent of solid alumina matrix, may 
however also play an important role. On the 20 nm membrane 75 % of the 
surface consists of matrix compared to only 15 % on the 200 nm membrane. 
Due to the larger pore area on the 200 nm alumina, a higher percentage of 
the surface is hydrated and the cells are thus presented with a more natural 
environment, minimising contact between the cell and the foreign material. 

Another explanation could of course be related to the cell granules pro-
duced by the activated neutrophils. When the “prey” is too large to engulf, as 
is the case for many implants and also for the membranes used in this ex-
periment the normal neutrophil process of engulfing the infectious agent will 
become disturbed, “frustrated” [49, 50]. The neutrophils spread out and ob-
tain a flattened morphology (as can be seen on the 20 nm membrane), in an 
attempt to endocytose the implant. Subsequently release of reactive oxygen 
species and granules to the extracellular environment takes place leaving 
disintegrated cells, debris, granules, and their enzymes on the surface of the 
material [51]. The granules which are of the size range 200-500 nm [43] 
contain reactive species designed to destroy invaders such as bacteria. Be-
cause of their size it is thus likely that some of the smaller granules or frag-
ments of them fall into the 200 nm pores. In this way the released products 
are less likely to reach the surrounding cells and “alarm” them of the foreign 
body. An indication of this was seen in the present study as shown in Fig. 10 
below (unpublished data). 

Figure 10. 200 nm pore-size alumina membrane after exposure to PMN. Note the  
granules of different sizes on the surface or in the pores. 
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One or several reasons discussed above could be the explanation for the dif-
ference seen between the two membranes. At this stage it is however impos-
sible to know exactly what causes this event. Further evaluations are clearly 
needed. The activation of neutrophils in vivo depends on many more factors 
than the topography and chemistry of a particular substrate. After implanta-
tion, a biomaterial spontaneously acquires a layer of host proteins from the 
blood and seconds thereafter platelets invade the area to be followed by neu-
trophils, monocytes and macrophages [117]. We have however chosen to 
work with an isolated system to try to determine the effects of the individual 
factors. Naturally, the next step to be evaluated is thus the alumina-plasma 
protein interaction, followed by the neutrophil-protein interaction (paper IV).  
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Paper IV 

M. Karlsson, L. Tang (2004). Granule enzyme release from human neutro-
phils affects osteoblastic behaviour on nano-porous alumina (submitted) 

During surgical procedure a biomaterial will encounter blood, and almost 
instantly the surface will be covered with plasma proteins [53]. Because this 
adsorption of proteins is much more rapid than the migration of cells, the 
proteinaceous film is most probably important for the subsequent attraction, 
adsorption and activation of phagocytes [117]. 

In this article we have shown that neutrophils react differently depending 
on the type of protein that has been pre-adsorbed to nano-porous alumina 
membranes and that released granule components bound to the membranes 
affects osteoblasts..  

Protein adsorption
The following proteins were used in this study, collagen I, fibrinogen, IgG, 
albumin and serum. Collagen I was chosen because of its presence in bone 
and cartilage [126], (since the substrate nano-porous alumina is evaluated for 
hard tissue replacement), [127-129]. Fibrinogen was chosen as a negative 
control because of its reported pro-inflammatory properties [130-132] and 
serum was used to more closely mimic the in vivo situation.

Adsorption of albumin and IgG was also evaluated because of their high 
concentrations in serum and well known passivating (albumin) and activat-
ing (IgG) effects on neutrophils [133]. According to a study made by Takami 
et al. [134], albumin adsorbs to an alumina surface more readily than IgG 
when incubated in plasma. This is of course fortunate since an albumin-
coated surface is less likely to trigger neutrophil and platelet adhesion [133, 
135]. It has also been reported by Jenney et al. [136] that surfaces which 
strongly adsorb IgG promote long-term macrophage adhesion which is unfa-
vourable since this might lead to chronic inflammation. Additionally, IgG- a 
known stimulator of the complement system- has also been found to promote 
platelet adhesion and activation [135]. Our study shows that on both the 20 
and 200 nm membranes approximately 50-60 % more albumin than IgG was 
adsorbed. This experiment was done on a single protein basis, it is however 
very likely that the difference will become even more pronounced with se-
rum since the albumin concentration is approximately 45 mg/ml compared to 
only 10 mg/ml of IgG [137]. This assumption was in fact supported, by pre-
liminary studies investigating the adsorption of proteins from diluted serum 
to nano-porous alumina using two-dimensional polyacrylamide gel electro-
phoresis (2D-PAGE) (unpublished data). The desorption pattern showed 
virtually no sign of IgG while albumin could be detected in high amounts.  
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For all proteins used, less adsorption was seen on the 20 nm membranes. The 
difference in amount of bound protein between the 20 and 200 nm pore sized 
membranes was however more pronounced for collagen and fibrinogen than 
for albumin and IgG. This is most likely due to the sizes and shapes of the 
proteins. It is reasonable to assume that the smaller proteins albumin and IgG 
will more easily diffuse into and bind to the internal surface of the 20 nm 
pores while the larger proteins collagen and fibrinogen mainly bind to the 
macroscopic surface.*  

Incubation with serum gave the highest protein content on both mem-
branes. This might be due to the fact that apart from the much higher con-
centration (3500 g protein/ml compared to 250 g/ml used for the single 
protein solutions) and the large amounts of albumin, serum also contains 
many other proteins of various molecular weights, which are likely to bind to 
both the macroscopic and microscopic alumina surface. For the single pro-
teins the largest adsorbed amounts were detected for collagen and albumin.  

Neutrophil morphology and activation 
When comparing the protein adsorption results with the observed PMN 
morphology and activation one can clearly see on both the SEM pictures 
(Figs. 11a and 11b) and CL-intensity graphs (Fig. 12) that collagen and se-
rum seem to be the most beneficial surface coatings (regardless of membrane 
pore-size) for preventing activation of neutrophils. Fibrinogen on the other 
hand seems to be more activating on the 20 nm pore-size alumina compared 
to the 200 nm pore-size membrane. The reason for this could be related to 
the size and shape of fibrinogen as discussed above leading to an accumula-
tion of the protein on the macroscopic surface. A pore-mediated orientation 
of the adsorbed protein might also be a likely explanation.  It has been sug-
gested that fibrinogen molecules adsorbed on artificial surfaces undergo 
conformational changes, which may render the surface pro-inflammatory 
[138]. In such a case protein concentration and time of adsorption may play 
an important role. We therefore coated the 20 nm pore-size alumina mem-
brane with fibrinogen of different concentrations (0.05 mg/ml - 0.5 mg/ml) 
for a time period of either 1 h or 24 h and subsequently exposed the mem-
branes to neutrophils. Approximately the same amount of fibrinogen was 
adsorbed independent of concentration and time exposure and no significant 
difference in PMN activation was seen  (unpublished data). 

*Albumin (65 kD) has the dimensions 8 x 8.7 x 6 nm [139], IgG (150 kD) has the dimensions 
5.9 x 13.1 x 14.3 nm [140], fibrinogen (350 kD) has the dimensions 45 x 9 x 6 nm [141], 
collagen I (231 kD)  is a triple helix of 300 x 1.5 nm [142] which forms micro fibrils with a 
width of about 4 nm [143]  that in turn can form fibrils with diameters from 30-500 nm [144]. 
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11a                   11b 

Figure 11. SEM micrographs of neutrophils on 200 nm pore-size alumina mem-
branes a) pre-coated with collagen. b) pre-coated with fibrinogen. Note the flattened 
morphology of the cells. 

Figure 12. Chemiluminescence profiles for neutrophils exposed to non-coated and 
protein-coated nano-porous alumina membranes with pore diameters of 20 nm and 
200 nm. 

In contrast to our results Monboisse et al. [145] report that collagen I triggers 
PMN activation when coated on 96-well tissue culture plates. The reason for 
these contradictory results is most likely due to the fact that very different 
surfaces were used. Because of the nano-porous structure and the hydro-
philic nature of the alumina, the surface is highly hydrated and presents an 
environment more similar to the in vivo situation. This characteristic should 
prevent adsorbed proteins from changing their native conformation due to 
hydrophobic interactions when adhering to the substrate [115]. Exposure of 
the reported activating sequences [146, 147] of collagen and subsequent 
PMN activation might thus not occur on the alumina.  
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IgG has also been reported to be less activating when adsorbed to a hydro-
philic surface [148]. In addition un-coated surfaces with different wettabili-
ties have been shown to influence neutrophil activation. As an example Wa-
kabayashi et al. [149] have shown that activation of neutrophils on polysty-
rene can be diminished by sulfonation of the surface (increasing the negative 
charge and hydrophilicity).  

As demonstrated in paper III [150], non-coated alumina membranes show 
a clear difference in neutrophil activation depending on the pore size. Higher 
initial ROS levels were seen on the non-coated 20 nm pore-size membranes 
compared to the 200 nm membranes, where the activation time was longer 
and the production of ROS started decreasing later. Thus the cells seem to be 
significantly affected by the nano-porous structure. However our present 
finding indicates that pore size in the nano-range has very little influence on 
neutrophil activation when the membrane is pre-coated with a single protein 
or with serum.

It is important to remember that a slight inflammation is mandatory for 
healing the wound site and preventing infection. Preliminary experiments 
have been performed in which N-formyl-methionyl-leucyl-phenylalanine 
(FMLP, a formylated peptide derived from bacterial cell products) [151] was 
added as a second stimulator (unpublished data). A shift in CL-intensity was 
seen on all surfaces, independent of protein coating, suggesting that the neu-
trophils were still capable of activation and thus fighting “unwanted invad-
ers”.

Measurement of granule enzymes 
Neutrophils as mentioned above are one of the first cells to enter an inflam-
matory site and, when doing so, normally become activated to release a wide 
variety of products that mediate the overall host response (e.g. the granule 
enzymes elastase and myeloperoxidase, MPO (see page 22)) [45, 46]. Al-
though the ability of adherent neutrophils to specifically release their granule 
components extracellularly in response to non-phagocytosable materials 
(frustrated phagocytosis) has been well established [50, 152], the effect of 
the granule enzymes on other cells present at the sight of implantation has 
been less well studied. As mentioned above PMN activation was seen to a 
higher extent on the non-coated, and fibrinogen coated alumina surfaces than 
on the serum and collagen coated membranes. These results were in agree-
ment with the measured elastase activity and amount of MPO bound to the 
membranes (after exposure to neutrophils), both showing lower values when 
pre-coated with collagen and serum compared to non-coated and fibrinogen 
coated alumina (see Figs. 13a and 13b). From these results one can conclude 
that PMN activation, and thus release and binding of extracellular granule 
components, were higher on the latter surfaces.  
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13a                    13b 

Figure 13. a) Elastase activity on nano-porous alumina surfaces after 30 min expo-
sure to neutrophils. b) Amount of MPO on nano-porous alumina surfaces after 2h 
exposure to neutrophils. 

Effect of granule enzymes on osteoblast viability 
Subsequently, when culturing osteoblasts on non-coated and collagen-coated 
alumina (after neutrophil exposure), a clear difference in cell viability could 
be seen as assessed with optical microscopy (Figs. 14a and 14b) and Alamar 
blue (Fig. 15). Very few osteoblasts had established and spread on the non-
coated surface after 24 h compared to the collagen coated alumina. 

14a                   14b 

Figure 14. a) Light microscopy picture of a non-coated 200 nm pore-size alumina 
surface exposed to neutrophils and thereafter to osteoblasts for 24h. b) Light micros-
copy picture of a collagen-coated 20 nm pore-size alumina surface exposed to neu-
trophils and thereafter to osteoblasts for 24h. 

Elastase has a broad range of target substrates and can therefore digest a 
large number of proteins e.g. fibronectin and collagen [42]. This is not pref-
erable for the osteoblastic cells since both fibronectin [76-78] and collagen 
[153, 154] are needed for adhesion, differentiation and mineral formation. 
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A high concentration of elastase on a surface might thus be lethal for the 
osteoblasts. Myeloperoxidase catalyses the interaction of H2O2 with Cl- to
form hypochlorous acid (HOCl), which is very toxic [40]. Here we only 
performed quantification and no activity measurements of this enzyme. Its 
presence on the alumina does however give us an idea of the extent of re-
leased primary granules.  

Figure 15. Alamar blue assay results from osteoblastic cells cultured on non-coated 
and collagen coated alumina membranes after 2h exposure to neutrophils. 

The results clearly show that the neutrophils influence the osteoblastic vi-
ability by releasing enzymes that adhere to the substrate. The adsorbed gran-
ule components may keep their activity long after the (short-lived) neutro-
phils have died. These aspects are therefore clearly important to take into 
consideration when evaluating the biocompatibility of an implant. Associa-
tion between neutrophil activation and tissue destruction has been seen in 
e.g. periodontites and peri-implantites (destruction of tissue around dental 
implants and teeth) due to accumulation of neutrophils and thus release of 
potent tissue destructive substances [155].  

Overall, these studies have shown that one can minimize the activation of 
neutrophils, and thus increase osteoblastic cell viability to nano-porous alu-
minium oxide, by coating the material with collagen I, and that IgG has less 
tendency to bind to this substrate than albumin. These facts contribute to 
make nano-porous alumina a good candidate for implant use. The outcome 
of an implantation however depends on many more factors. Platelets, 
macrophages and the complement system e.g. play a very important role at 
the site of implantation as well as osteoclasts, chondrocytes etc (at hard tis-
sue implant sites).  
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Conclusion and Future Work 

The results obtained in this thesis indicate that it might be possible to pro-
duce a novel bone implant coating by anodisation of aluminium deposited on 
titanium and titanium alloys. The coating technique resulted in materials 
with good mechanical properties. Promising bone cell response was also 
obtained on purchased alumina membranes produced in the same way with 
similar characteristics as the coating mentioned above. Furthermore inflam-
mation, as assessed by neutrophil activation, could be substantially  
suppressed when coating the nano-porous substrate with collagen I, which is 
beneficial considering the fact that this protein also is essential for bone  
formation.

Although encouraging osteoblastic behaviour on nano-porous alumina mem-
branes was shown, a more thorough investigation needs to be done e.g. by 
measuring production of specific osteoblastic bone markers such as osteo-
calcin, osteopontin and collagen I. In addition, it will be necessary to  
examine mineral deposition.  

Visual observations revealed that some cell protrusions (filipodia) penetrate 
in to the pores of the 200 nm pore size alumina. They seem to function as 
anchorage points thus leading to firm adhesion of the cells. This phenome-
non however needs to be further confirmed e.g. by cell membrane staining, 
by culturing the osteoblasts on nano-porous alumina with different pore sizes 
in a flow system, by using micropipette aspiration or by optical tweezers. 

Bone is built up of many cell types and so far we have only investigated 
human osteoblasts. Osteoclasts also play a major part in the constant bone 
turnover process by degrading the bone matrix. Due to its resorbing and 
acidifying nature this cell type will most likely have an effect on the implant. 
Investigation of pit formation on the alumina and release of aluminium ions 
will be performed. 

The bioactivity of the anodised aluminium layer may need to be somewhat 
improved. Initial studies indicate this to be possible by dipping the nano-
porous alumina in a sol of bioactive glass. A more controlled process how-
ever needs to be developed to optimize the deposition of bioglass and/or 
other bioactive agents, such as hydroxyapatite and growth factors, and sub-
sequently to evaluate cell response to these fillings.  
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Although neutrophils play a major part in the immune response, the outcome 
of an implantation depends on many more factors. The effects of other parts 
of the immune system caused by e.g. platelets, macrophages and the com-
plement system also need to be addressed. This can be done by evaluating 
each factor separately or preferably together in whole blood experiments.  

The final and ultimate investigation is of course in vivo implantation. This 
would yield information on the long-term biocompatibility of the material 
and allow evaluation of the “total” response (i.e. studying the result of the 
interplay between the different systems in the body) in a dynamic system, in 
contrast to the static in vitro experiments. 

If the biological evaluations look promising it should definitely be worth 
pursuing further development of the nano-porous aluminium oxide coating 
for manufacturing of hard tissue implants.  
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Summary in Swedish 

Sedan urminnes tider har människan försökt reparera eller ersätta skadade 
eller förlorade kroppsdelar, organ och vävnader med olika material. Guld 
användes exempelvis för att laga tänder, såväl i Romarriket som i det antika 
Kina och hos Aztekerna. Den vedertagna benämningen på ett material i kon-
takt med kroppsvävnad är ”biomaterial”. I dagens sjukvård används bioma-
terial i en allt större omfattning. Förutom tandimplantat är knä, höftledspro-
teser, konstgjorda blodkärl och hjärtklaffar, exempel på medicintekniska 
produkter där biomaterial används. Under de senaste årtiondena har ett 
mycket stort antal nya implantatmaterial introducerats. De syntetiska materi-
alen delas normalt in i fyra grupper: metaller (tex stål och titan), keramer 
(tex aluminiumoxid och kalciumfosfat), polymerer (plastmaterial tex plexi-
glas) och kompositer (kombinationer av  ovan nämnda material).  

Valet av material för en given medicinsk tillämpning styrs av de krav som 
ställs med avseende på mekaniska egenskaper, kemisk stabilitet och biolo-
giska aspekter. Ett material som används i kroppen exponeras för en omgiv-
ning som är både fientlig och på samma gång oerhört känslig. Kroppens 
insida med relativt hög temperatur och salthalt, närvaro av enzymer, orga-
niska syror mm utgör en extremt korrosiv miljö. Vidare är kroppens vävna-
der mycket känsliga för främmande material och förgiftas lätt eller stimule-
ras till avstötning. Ett absolut krav, i samtliga tillämpningar, är därför att det 
använda materialet skall vara biokompatibelt, vilket innebär att det måste 
tåla den biologiska miljön och inte får ge upphov till negativa biologiska 
reaktioner.

Dagens material, vilka till stor del utgörs av konventionella konstruk-
tionsmaterial ursprungligen utvecklade för helt andra ändamål, ger i de flesta 
fall acceptabla kliniska resultat. Det finns dock utrymme för förbättringar i 
många medicinska tillämpningar. Önskemålet är att nästa generation av 
biomaterial skall ha egenskaper optimerade för specifika medicinska ända-
mål. Det kan tex vara önskvärt att använda biomaterialets egenskaper till att 
styra eller påskynda inläkningen av ett implantat. En viktig gren av forsk-
ningen har därför inriktat sig på att förstå hur olika materials strukturella 
och/eller kemiska egenskaper påverkar biologiska reaktioner på olika nivåer. 
I många fall är de relevanta egenskaperna starkt kopplade till materialets 
ytstruktur.  
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Olika metaller, keramer och polymerer har testats i försök att konstruera den 
optimala benprotesen. Hitintills framstår titan och vissa titanlegeringar som 
de i särklass mest biokompatibla materialen. Dessa fungerar mycket väl i 
tand- och ortopediska implantat. Detta beror på ett antal faktorer: 1. Titanets
biokompatibla yta som i vissa fall tillåter direkt påväxt av omgivande väv-
nad, 2. Dess höga motståndskraft mot korrosion, 3. Dess lätthet och dess 
elasticitet som överenstämmer bättre med benvävnad än någon annan metall. 
     Biokeramen aluminiumoxid har också använts i relativ stor omfattning. 
Den första totala höftledstransplantationen baserad på detta material utfördes 
redan i början av 1970-talet och sedan dess har allt ifrån fingrar, vrister, 
skuldror, armbågar, ankelleder och knän bytts mot, eller lagats med, alumi-
niumoxid. Huvudanvändningen för detta material har dock varit i ledbildan-
de slitytor på grund av dess extremt låga friktionskoefficient, motstånd mot 
förslitning och korrosionstålighet (dvs  låg påverkan av den biologiska mil-
jön). Slutligen har man också visat att den fibrösa kapselbildningen blir 
mycket begränsad runt implantat av aluminiumoxid. 

Denna avhandling handlar om ett försök att kombinera de bästa egenska-
perna hos titan/titanlegeringar med aluminiumoxidens, för att skapa ett kom-
positmaterial med optimala egenskaper, genom att belägga titan med ett 
mycket tunt skikt av aluminumoxid. På detta sätt bibehålls titanets positiva 
mekaniska egenskaper (dess till ben väl avpassade elasticitet) medan  
implantatytan får aluminiumoxidens låga friktionskoefficient och goda slit-
styrka. För detta ändamål har en tvåstegsmetod använts. I det första steget 
deponeras ett tunt skikt av aluminium (1-5 m) på en titanyta med hjälp av 
förångning under vacuum. Aluminiumskiktet omvandlas därefter till amorf 
aluminiumoxid genom elektrolytisk oxidation i fosforsyra. Under processen 
bildas hexagonalt packade rader av cylindriska celler med parallella nanopo-
rer (10-400 nm beroende av betingelserna) orienterade vinkelrätt mot ytan. 
Denna metod som kallas anodisering har sedan länge används i industrin för 
att i stor skala och till låg kostnad tillverka korrosionsresistenta aluminium 
delar. Preliminära försök har visat att porerna kan fyllas med cell och ben-
bildnings stimulerande ämnen såsom tillväxtfaktorer och silica.  

Det är viktigt att ytbeläggningen förblir intakt under belastning, eftersom 
fragmentering kan leda till en försämrad funktion av implantatet och en sti-
mulering av immunförsvaret. Detta kan i sin tur resultera i att implantatet 
lossnar pga tex frisättning av vävnadsnedbrytande enzymer från de inflam-
matoriska cellerna. Därför undersöktes hur hårt aluminiumoxidlagret satt fast 
på den underliggande titan- (titanlegerings-) ytan. Detta gjordes genom mät-
ning av skjuv och draghållfasthet. Studierna visade att en starkt vidhäftande  
nanoporös keram beläggning av aluminiumoxid kunde produceras på titan-
legeringar.
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Vid utvärdering av ett nytt potentiellt implantatmaterial är det väsentligt att 
undersöka dess biokompabilitet på ett tidigt stadium. Den största delen av 
avhandlingsarbetet har därför fokuserats på in vitro studier av humana oste-
oblasters (bencellers) kolonisering av och tillväxt på den nano-porösa alumi-
niumoxid ytan, samt på studier av ytans pro-inflammatoriska egenskaper 
(utvärderade in vitro med hjälp av humana neutrofiler).  

Humana osteoblaster odlades på komersiella aluminiumoxidmembran 
med 200 nm porer, producerade på samma sätt, med i stort sätt samma  
ytegenskaper som det aluminiumoxidbelagda titanet. Cellernas vidhäftnings-
förmåga, livsduglighet, förökning och fenotyp studerades med mikroskopis-
ka metoder, samt genom att mäta deras reduktionsförmåga, ökning av 
DNAmängd, upptag av tritierat tymidin och produktion av alkaliskt fosfatas. 
Utsträckta osteoblaster kunde iakttagas på membranen och i vissa fall kunde 
man även se att cell filopodier (”cellens armar”) hakats fast till porerna.  
Osteoblasterna visade ett normalt tillväxtmönster med ökande cellantal de 
två första veckorna, efter vilka cellväxten avtog medan produktionen av 
alkaliskt fosfatas ökade. Dessa resultat indikerar att osteoblast fenotypen inte 
ändrats på aluminiumoxiden och att mineraliseringen påbörjats.  

När ett konstgjort material (biomaterial) kommer in i kroppen inducerar i 
allmänhet immunförsvaret en inflammation. Detta är kroppens livsviktiga 
svar vid infektion eller vävnadsskada, och absolut nödvändigt för att initiera 
läkningsprocessen. En alltför kraftig inflammatorisk reaktion kan emellertid 
göra mer skada än nytta. För att få en uppfattning om den nanoporösa alumi-
niumoxidens pro-inflammatoriska egenskaper gjordes in vitro studier med 
humana neutrofiler. Denna cell, även kallad polymorfonukleär granulocyt 
(PMN), är den vanligaste förekommande cirkulerande vita blodcellen och 
utgör ungefär hälften av den totala leukocytpopulationen. I en frisk, vuxen 
människa frisätter benmärgen varje dag ca.1011 neutrofiler. Deras halverings-
tid i blodet är 4-8 timmar och de anses utgöra en väsentlig del av den första 
försvarslinjen vid infektion. Neutrofilerna spårar upp och fagocyterar (”äter 
upp”) mikroorganismer och andra främmande partiklar, som därvid hamnar i 
en sk fagosom (inne i cellen) där de bryts ned av fria radikaler och från gra-
nula frisatta hydrolytiska enzymer. Aktivering och morfologi av humana 
neutrofiler i kontakt med nanoporösa aluminiumoxid membraner med två 
porstorlekar (20 och 200 nm i diameter) undersöktes mha ljusmikroskopi 
och SEM, samt genom att mäta bildning av fria syre radikaler (via kemilu-
miniscens) och genom att undersöka frisatta och på membranen deponerade 
granulaenzymer.

Neutrofilaktivering observerades på båda membrantyperna (dock i mindre 
omfattning på membranen med 200 nm porer). I båda fallen syntes en 
minskning i aktivering när membranen (innan tillsats av neutrofiler) hade 
belagts med fibrinogen, kollagen I eller serum (mer uttalad minskning för de 
två senare protein beläggningarna). På den fibrinogenbelagda aluminiumox-
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iden kunde många utsträckta celler observeras vilket indikerar frustrerad 
fagocytos (när det främmande objektet blir för stort för att kunna fagocyte-
ras, vilket ofta är fallet med implantat, blir neutrofilerna störda och antar en 
utsträckt form på det attackerade objektet i ett försök att fagocytera detta och 
frisätter därvid sina granula och övriga cell innehåll som därmed kommer i 
kontakt med implantatet).  

När osteoblaster tillsattes ickebelagda respektive kollagenbelagda mem-
bran, efter det att de exponerats för neutrofiler, etablerades många fler celler 
på den kollagen täckta ytan.  

De uppnådda resultaten indikerar möjligheten att tillverka ett nytt benim-
plantat material med utmärkta mekaniska egenskaper genom anodisering av 
aluminium deponerat på titan, och att detta material utgör ett bra substrat för 
rekrytering, bindning och tillväxt av osteoblaster. Vidare kan neutrofilaktive-
ring till stor del undertryckas genom att ytan beläggs med kollagen I, vilket 
är fördelaktigt med tanke på att detta protein är essentiellt för benbildningen. 

Det bör dock poängteras att resultatet av en implantatoperation beror på 
många fler faktorer än de ovan utvärderade. Osteoklasternas (bennedbrytan-
de celler) och kondrocyternas (broskbildadde celler) interaktion med den 
nanoporösa aluminiumoxidytan måste också studeras. Trombocyter, mono-
cyter, makrofager och komplementsystemet är några exempel på celler och 
system som, utöver neutrofilerna, reagerar på främmande material och kan 
bidra till inflammation och därför måste studeras innan man med säkerhet 
kan fastställa implantatets duglighet Den sista och ultimata undersökningen 
är självfallet in vivo försök där den mottagande organismens totala respons 
utvärderas, dvs resultatet av växelverkan mellan de olika förekommande 
systemen och celltyperna i den komplexa miljö som en levande organism 
utgör.
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