
 

Insulin-coated titanium implants 
– a potential therapy for local 

bone regeneration 
 

 

 

Behnosh Öhrnell Malekzadeh 
 

 

Department of Orthodontics 
Institute of Odontology 

Sahlgrenska Academy at University of Gothenburg 
 

 

 

 

 

 

 

Gothenburg 2017 

 



 

 

Cover illustration: Microcomputer tomography images of a rat tibia (Source: 
Behnosh Öhrnell Malekzadeh).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Insulin-coated titanium implants – a potential therapy for local bone 
regeneration 
© Behnosh Öhrnell Malekzadeh 2017 
behnosh.malekzadeh@gu.se 
 
ISBN 978-91-629-0149-3 (print), 978-91-629-0150-9 (PDF). 
http://hdl.handle.net/2077/51877 
 
Printed in Gothenburg, Sweden 2017 
Ineko AB 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“När plan A misslyckas har vi alltid resten av alfabetet” 

Loesje 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT 
Background: Insulin is a hormone that regulates glucose metabolism, 
however, it is also important for bone formation. The anabolic effect of 
insulin on bone could open up alternative therapies when it comes to local 
bone regeneration. However, this requires a method for local administration 
of insulin. 
Aim: The overall aim was to determine whether local administration of 
insulin, coated on a titanium surface has the potential to regenerate bone 
locally. 
Materials and methods: The surface characteristics and release kinetics of 
the insulin coating were analysed by interferometry, ellipsometry, SEM, 
XPS, and ECLIA. The biological activity of the released insulin was 
evaluated in vitro, in osteoblast-like cells (MG-63), by a Neutral Red and 
alizarin red assay. The gene expression and bone formation in healthy and 
ovariectomised rats were evaluated using quantitative real-time PCR, 
microcomputer tomography, and histomorphometry. 
Results: The insulin-coated titanium surface showed a smooth surface 
topography on a micrometer level and the coating generated a heterogeneous 
protein layer. The insulin coating demonstrated a high initial release, with the 
release continuing over a 6-week period. Titanium surface modifications, 
increased coating thickness, and incubation in serum-enriched cell culture 
medium increased the amount of insulin release, while storage decreased the 
amount of insulin release. When serum-enriched medium was used, the 
insulin was partially substituted by serum proteins. The remaining insulin 
layer had direct surface effects by stabilising the structures of protein 
competitors and supporting the precipitation of CaP on the surface. The 
released insulin retained its biological activity, as demonstrated by a 
significant increase in cell number and mineralisation capacity. Insulin-
coated implants increased local bone formation in healthy rat tibias, 
decreased the expression of the early pro-inflammatory cytokine interleukin-
1β, and increased periosteal bone formation in osteoporotic rats.  
Conclusion: An insulin-coated titanium implant surface represents a 
potential therapy for local bone regeneration. 
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SAMMANFATTNING PÅ SVENSKA 
Bakgrund: Insulin är ett hormon som reglerar glukosmetabolismen, men 
som även är viktigt för benbildningsprocesser. Insulinets positiva effekt på 
benbildning öppnar möjligheter för alternativa terapier för lokal 
benregeneration. Det behövs dock en metod för lokal administration av 
insulin. 
Syfte: Det övergripande syftet var att undersöka om administration av insulin 
från en titanyta kan vara en potentiell terapi för lokal benregeneration. 
Material och metoder: Ytegenskaper och avgivningskinetik för de 
insulinbelagda titanytorna analyserades med interferometri, ellipsometry, 
SEM, XPS och ECLIA. Det avgivna insulinets biologiska aktivitet 
analyserades i humana osteoblaster (MG-63) med Neutral Red upptag och 
alizarin red färgning. Det lokalt administrerade insulinets effekt på 
genuttryck och benbildning analyserades med kvantitativ real- time PCR, 
mikrodatortomografi och histomorfometri i friska och ovariektomerade 
råttor.  
Resultat: Den insulinbelagda titanytan uppvisade en slät yttopografi på 
mikrometer nivå med ett heterogent proteinlager. Insulinet avgavs från 
titanytan med en hög initial avgivning som avtog under en 6 veckors period. 
Ytmodifiering av titanytan, ökning av insulintjockleken samt inkubation i 
cellodlings medium med serum ökade avgivningen medan förvaring av 
diskarna minskade avgivningen. Vid inkubation i cellodlingsmedium med 
serum skedde ett utbyte av insulin och serumproteiner. Det kvarvarande 
insulinlagret stabiliserade sammansättningen av de konkurrerande 
proteinerna från serum samt medierade CaP precipitation på ytan. Det 
avgivna insulinet uppvisade bibehållen biologisk aktivitet genom att cellantal 
och mineralisationskapacitet ökade. Insulinbelagda titanimplantat ökade lokal 
benbildningen i friska råttor och minskade genuttrycket av det pro-
inflammatoriska cytokinet interleukin-1β samt ökade den periostala 
benbildningen i osteoporotiska råttor.  
Konklusion: Den insulinbelagda titanimplantatytan representerar en 
potentiell terapi för lokal benregeneration.  
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1 INTRODUCTION 

1.1 Rationale 
Development of biomaterials used for bone regeneration is a rapidly growing 
area of research. In medical technology, knowledge of material surfaces is 
used to engineer surface modifications, which can change the biological 
responses to the material. In a population that has longer life expectancy, 
increased incidence of bone related diseases, and stringent demands for 
positive treatment outcomes, the use of biomaterials (i.e. titanium), that could 
regulate bone formation is of great interest. However, controlling bone 
formation is a major challenge, as numerous substances regulate the complex 
process of bone cell signalling, with many of the components still unknown.  

Titanium is commonly used in medicine for bone-anchored prostheses such 
as teeth1,2, hearing aids3, hip4, extremity5, and the fixation of fractured bone 
fragments, orthognatic and reconstructive surgery6,7. Even though titanium is 
mostly successfully used in these cases, complex bone defects and 
compromised bone quality remain as significant challenges. In 2014, 31,500 
patients received 78,000 dental implants in Sweden (Swedish Social 
Insurance Agency). Recent studies of the effectiveness of dental implants, 
analysed in a randomly chosen Swedish population, showed the loss of at 
least one implant in 7.6% of the studied patients8. Moreover, approximately 
17,000 patients undergoes hip replacement surgeries in Sweden each year; 
5%–10% of which will undergo a revision during the life-time of the 
recipient9. The risk of failure is higher for revision surgery and bone grafting 
is needed more often for these patients9,10. Even though the treatment of hip 
fractures with intramedullary or extramedullary fixation is associated with 
high success rates, approximately 10% of the patients (mostly the oldest 
patients) suffer from complications, requiring revision interventions, which 
are linked to high mortality and morbidity. One of the most common 
complications is the perforation of the hip joint by the lag screw (i.e., cut-
out), which is very painful and disabling11. Pseudarthrosis or “false joint” is 
still the most common type of failure after spinal fusion, and the literature 
reports an incidence of pseudarthrosis in the range of 0%–56%12-14.  
To meet these challenges and to improve the treatment modalities, there is a 
need to devise therapies that stimulate bone formation at the afflicted site, 
for example with an osteoinductive, large-scale reproducible and 
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inexpensive substance. In this thesis, the surface of a titanium implant is 
coated with the hormone insulin, this to avoid the induction of the systemic 
endocrine effect, while taking advantage of the local osteoanabolic effect of 
insulin.   
 

 

Figure 1. X-ray images of  (upper panel): dental implant for tooth replacement and 
titanium fixation plates after orthognatic surgery, (lower-left panel); intramedullary 
fixation of a femoral fracture with a cut-out complication, and (lower-right panel); 
patient with bilateral total hip arthroplasties with a cemented hip prosthesis (left) 
and a non-cemented hip prosthesis (right). Courtesy of Lars-Olof Öhrnell, Alicja 
Bojan, Mahziar Mohaddes, respectively. 
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1.2 Bone 
Bone is a highly specialised connective tissue that consists of several types of 
cells; osteoblasts, osteocytes, bone-lining cells, and osteoclasts. The 
extracellular matrix consists of 65% of the wet bone weight of organic 
components (i.e., osteoid), 25% inorganic components (i.e., mineral crystals), 
and 10% water, which give the tissue its mechanical strength and flexibility. 
The main functions of bone are: Providing support and protection; 
facilitating locomotion; acting as a reservoir of growth factors; formation of 
blood and immune cells; and maintaining mineral homeostasis15-17. 

Bone is involved in the mineral homeostasis and acts as a reservoir for 
phosphate and calcium ions. Mineral homeostasis refers to the concentrations 
of phosphate and especially calcium ions in the extracellular fluid, which are 
crucial for the body to function normally. Systems that are dependent upon 
calcium ions include those involved in the transmission of nerve impulses, 
muscle contraction, and blood coagulation17,18. If the calcium levels in the 
blood are altered, the body will respond by releasing parathyroid hormone 
(PTH), which is produced by the parathyroid glands or calcitonin, which is 
produced by the thyroid gland. These molecules in combination with 1,25-
dihydroxyvitamin D3, restore normal mineral homeostasis19,20. The mineral 
homeostasis regulates the serum levels of minerals rather than the health of 
the bone tissue, even though it is integrated in the remodelling process17,18. 
PTH is released when the calcium levels are decreased and it stimulates 
osteoclast-mediated bone resorption and renal calcium resorption from the 
kidney, in order to increase the levels of calcium ions in the blood. 
Subsequently, 1,25-dihydroxyvitamin D3 increases calcium absorption from 
the intestine18,20. However, intermittent usage of PTH is known to increase 
bone formation and, therefore, the drug teriparatide (a recombinant form of 
the first amino acid sequences of parathyroid hormone) is used for 
osteoporosis therapy21. In contrast, calcitonin inhibits osteoclast bone 
resorption but plays a smaller role in the regulation of the physiologic 
calcium level in adult humans17,18,22.  

1.2.1 Skeletal bones 
The skeletal bones in vertebrates can be classified based on localisation or 
form. Regarding localisation, the appendicular skeleton supports the 
appendages, while the axial skeleton comprises the bones of the head and 
torso. A more common way to categorise bone is based on form, i.e., short, 
flat, long, and irregular types of bone. Short bone (e.g., tarsals and carpals) is 
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characterised by its size; it has the same dimension in all directions. In 
contrast, flat bone (e.g., cranial bones, scapula, mandible, and sternum) and 
long bone have one dimension that is longer than the others. Long bones 
(e.g., femur, tibia, humerus, metacarpals, metatarsals and phalanges) are 
more or less cylindrical and have three regions: Diaphysis, metaphysis, and 
epiphysis. Irregular bone (e.g., vertebra and maxilla) is characterised by its 
non-uniform shape16,23.  

1.2.2 Bone structure 
The macro-architecture of the bone tissue is divided into the trabecular (also 
known as spongy or cancellous bone) and compact (also known as hard or 
cortical bone) types. Trabecular bone represents 20% of the total skeletal 
mass, while cortical bone represents the remaining 80%. The internal and 
external surfaces of bone are lined with layers of cells, called the endosteum 
and periosteum, respectively15,16. The periosteum, which is a thin innervated 
and vascularised membrane, consists of an outer fibrous layer and an inner 
cambrium layer that contains progenitor cells and osteoblasts24. The outer 
layer also consists of Sharpey´s fibres or perforating fibres, which are 
bundles of collagen type I fibres that connect the periosteum to the bone. In 
animal studies, it has been demonstrated that removal of the periosteum 
dramatically affects bone healing25. At specific sites between the bone 
trabeculae, the red bone marrow is found, which contains multipotent stem 
cells and the site of production of red and white blood cells. Even though 
trabecular and compact bones have similar matrix composition and structure, 
they differ in mass, in that trabecular bone has a lower mass-to-volume 
ratio16. Thus, trabecular bone is associated with higher metabolic activity, 
while compact bone is associated with greater mechanical strength. 
Trabecular and compact bones can be either woven (primary) or lamellar 
(secondary). Woven bone, which has a scattered, irregular structure, is seen 
in embryonic bones and during the early phase of fracture healing, and it is 
subsequently remodelled to bone that has a more organised structural 
arrangement16,26,27.  

The micro-architecture of bone tissue consists of ‘packets’ in trabecular bone 
(semi-lunar form) and ‘Haversian systems’ in cortical bone (cylindrical 
form). Since the trabecular packets have no central canal with blood vessels, 
they are remodelled exclusively from the outer surface. Haversian systems or 
osteon units consist of concentric sheets (lamellae) arranged around a central 
canal that contains blood vessels, lymph vessels, and nerves. Interstitial 
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lamella is found between the osteons, while circumferential lamella is found 
in the outer layer of the bone. Volkmann’s canals are located between the 
central canals and the circumferential lamellae. Tunnel-like structures (called 
‘canaliculi’) are responsible for communication and transportation of 
nutrition to the osteocytes trapped between the osteons. Consequently, bone 
is a highly dynamic tissue in which signalling and communication are 
occurring continuously. On the outer border of each osteon there is a cement 
line, which separates the lamellae. The canaliculi and collagen fibrils do not 
cross this cement line. If a crack in the bone matrix develops it tends to 
follow the cement line rather than extend across the osteons15,16,23,28.  

1.2.3 Bone cells 
Bone cells are either bone-forming or bone-resorbing cells based on their 
origin. Osteoblasts, osteocytes, and bone-lining cells originate from 
mesenchymal stem cells (MSC), whereas osteoclasts originate from 
hematopoietic stem cells. Their locations also differ, with osteoblasts, 
osteoclasts, and bone-lining cells being found along the bone surface, while 
osteocytes are entrapped in the bone matrix27-29.  

Osteoblasts 
Osteoblasts originate from multipotent MSC located in the bone marrow, 
endosteum, and periosteum. The recruitment and differentiation of 
mesenchymal cells are crucial steps in bone formation. Runt-related 
transcription factor 2 (Runx2) is a key molecule in the cellular signal 
transduction pathway that directs progression towards the osteogenic lineage. 
Osterix (Osx) is another transcription factor that is important for 
osteogenesis, and it is suggested to work down-stream of Runx223,29. The 
mechanism by which the pre-osteoblasts develop to a mature osteoblast is 
complex and is dependent upon multiple signalling molecules, including 
bone morphogenic proteins (BMP), WNT proteins, transforming growth 
factor-beta (TGF-β), fibroblast growth factor (FGF), platelet-derived growth 
factor (PDGF), and insulin-like growth factor-1 (IGF-1)29,30.  
An active osteoblast is cuboid in shape and lines up on the bone surface with 
high secretory capacity when bone formation is proceeding30. Osteoblasts are 
responsible for the production and secretion of the organic matrix collagen 
type 1 and non-collagenous proteins, including proteoglycans (e.g., 
aggrecan), glycoproteins (e.g., osteonectin, bone sialoprotein, alkaline 
phosphatase (ALP)), and gamma-carboxylated protein (osteocalcin/Gla-
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OCN)16,19,23,30. Osteoblasts are also involved in the subsequent mineralisation 
process23,26,27.  

 

Figure 2. Schematic illustration of the recruitment and differentiation of MSC to 
mature osteoblasts, a process that is regulated by many signalling molecules, 
including the transcription factors Runx2 and Osterix. In due course, the osteoblasts 
undergo either apoptosis or further development into bone-lining cells or osteocytes. 

Osteocytes 
Eventually, osteoblasts will develop into different forms, including apoptotic 
cells, metabolically low-activity bone-lining cells or entrapped dendritic 
osteocytes. The osteocytes are proposed to undergo numerous differentiation 
stages: Osteoid-osteocyte, pre-osteocyte, young osteocyte, and mature 
osteocyte. These cells are long-lived and represent the majority (90%–95%) 
of the bone cells in the adult skeleton27,30.  
The mature osteocytes have developed cytoplasmic processes that are in 
contact with the adjacent osteocytes through gap junctions (allowing cell-cell 
interactions). They also communicate with other bone cells on the bone 
surface by small signalling molecules transported via canaliculi19. Osteocytes 
are believed to have a bone remodelling-regulatory function. When micro-
fractures occur in the bone, caused by, for example, fatigue, osteocytes are 
believed to signal the need for remodelling. However, they are also proposed 
to secrete sclerostin, which decreases bone formation by inhibiting the ‘Wnt/ 
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β-catenin’ signalling pathway in osteoblasts29,31. Moreover, osteoblasts and 
osteocytes are believed to produce matrix metalloproteinases (MMPs), which 
is involved in the degradation of collagen during bone resorption30.   

Osteoclasts 
Osteoblasts produce both macrophage colony-stimulating factor (M-CSF) 
and receptor activator of NF-κB ligand (RANKL), which are cytokines that 
are necessary for the recruitment and activation of osteoclasts. The 
RANKL/RANK interaction mediates further the expression of additional 
osteoclast-specific genes for such as TRAP (tartrate-resistant acid 
phosphatase) and cathepsin K19,32. Osteoblasts also produce osteoprotegerin 
(OPG), which is a soluble decoy receptor for RANKL and that inhibit 
osteoclastogenesis. Thus, osteoclast recruitment, differentiation, and activity 
are dependent upon osteoblast/osteocyte signalling as well as cytokines and 
growth factors23,33,34.  
After recruitment and activation, osteoclast precursors will fuse into large 
multinucleated osteoclasts. They are responsible for bone resorption in the 
bone remodelling process, bone healing, as well as during pathological 
conditions33. Osteoclasts anchor to the bone surface by integrins, which bind 
to among others, osteopontin in the bone matrix. After anchorage, the cell 
polarise, forming different membrane domains creating a “sealed zone”, 
within which the ruffled border is located and resorption can proceed. 
Osteoclasts express, furthermore, Tcirg1, which encodes proton (H+) pump 
sub-unit that participates in decreasing the pH level. In the sealed resorption 
zone, the lower pH dissolves the mineral crystals and the proteolytic 
enzymes (e.g., cathepsin K) degrade the remaining organic compartment. 
The degraded products are endocytosed across the ruffle border and 
transported to the functional secretory domain in the cell membrane16,19,32.  

1.2.4 Bone formation 
The mechanism of bone formation encompasses the production of osteoid 
matrix by osteoblasts, followed by the deposition of hydroxyapatite crystals. 
Collagen type I fibres, which represent 90% of the proteins in bone, are 
secreted in an organised manner by osteoblasts. In addition, non-collagenous 
proteins, which represent the remaining 10% of proteins, are produced and 
incorporated into the collagen matrix. The subsequent mineralisation process 
involves the nucleation and growth of hydroxyapatite crystals. The 
nucleation and deposition of hydroxyapatite crystals occurs adjacent to the 
collagen fibrils, where the concentrations of calcium and phosphate ions are 
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increased. It has been suggested that crystal deposition also occurs in 
osteoblast-derived matrix vesicles, which subsequently break and expose the 
crystals to the extracellular matrix16,35,36.  
There are two different models of bone formation, which operate in 
embryonic development, as well as fracture healing: Intra-membranous and 
endochondral ossification. Intra-membranous bone formation starts as 
“ossification centres” composed of MSC and pre-osteoblasts in the fibrous 
connective tissue, which after differentiation initiate bone formation. In 
endochondral bone formation, the initial formation of hyaline cartilage 
creates the patterns used for bone construction. Intra-membranous bone 
formation is responsible for most of the bones in the skull and clavicles, 
usually flat bones, whereas endochondral bone formation is responsible for 
all the long bones17,19.  
The anatomy of skeleton formation is determined by the genome. However, 
modelling and remodelling of bone are further dependent on systemic and 
local factors16,23,37,38.  

1.2.5 Bone healing 
Upon bone trauma, a haematoma is created initially, which controls blood 
loss and activates different molecular cascades. The haematoma consists 
mainly of aggregated platelets, polymerized fibrin molecules, growth factors, 
and bone marrow cells. The innate (non-specific) immune system activates 
and dominates the subsequent events, even if the adaptive (specific) immune 
system contributes. The coagulation cascade, the complement system, and 
cytokine release act as the “first line of defence” during cellular injuries. This 
process including increased permeability of the blood vessels, results in 
dolor, calor, rubor, tumor et functio laesa (pain, heat, redness, swelling and 
loss of function)15,39-41. The complement system plays an important role in 
the inflammatory process, through the actions of opsonin (phagocytosis 
enhancer) and anaphylatoxins, and also in the bone-regenerative process. 
Both C3 and C5 anaphylatoxin receptors are up-regulated during osteogenic 
differentiation42,43. Resident cells in the tissue, injured cells as well as 
platelets, release crucial pro-inflammatory cytokines, such as tumour 
necrosis factor-α (TNF-α), interleukin (IL)-6 and IL-1β34,39. In rats, the 
expression levels of these early pro-inflammatory cytokines peak during the 
first 24 hours following injury, and rapidly decrease to almost undetectable 
values after 3 days34,39,44. It is further suggested that osteoclast regulatory 
cytokines (OPG, RANKL, M-CSF) are highly induced within the first 24h 
after trauma34. The cytokines and growth factors have multiple functions, 
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including the chemoattraction of haematopoietic cells (polymorphonuclear 
leukocytes, monocyte/macrophages) and MSC to the site of injury, the 
regulation of osteoclast function, and the initiation of angiogenesis. In 
addition, mast cell degranulation and histamine release recruits further 
phagocytes41.  
The inflammatory response is regulated so as to protect the body against 
excessive tissue damage, and anti-inflammatory cytokines, such as IL-10, are 
released from regulatory T cells and other cell types to control the 
inflammatory responses. Furthermore, the MSC are stimulated to proliferate 
and differentiate to osteoblastic or chondroblastic lineages. Osteoblasts have 
been detected on titanium implant surfaces already after 1 day.  After the 
formation of woven bone, the remodelling process is essential for replacing it 
with more organised bone15,23,32,40.  
Bone is a tissue with the capacity to heal without forming a fibrous scar. 
Bone healing is dependent of a variety of cell types, molecular mediators and 
overlapping biological events. The biological mechanism leading to 
osseointegration is usually described as intra-membranous healing, while the 
mechanism of fracture healing is described primarily as endochondral 
healing. However, the healing mechanism is not only dependent of the 
therapy, but also the healing conditions. Thus, primary stability of implants 
and reduction of the fracture gaps and rigid fixation of fracture fragments, are 
crucial for the bone healing. Furthermore, if the fracture gap is reduced 
optimally, and minimum movement is allowed, as in direct bone healing, the 
fracture will heal in an intra-membranous fashion. While mobility and 
supressed blood supply favour chondrogenesis, as in indirect bone healing. 
However, intra-membranous and endochondral bone formation may also take 
place in parallel15,39,40,45,46.  

1.2.6 Bone remodelling 
The bone remodelling process, which is active throughout life, is necessary 
to maintain tissue strength and flexibility, through the replacement of old 
fragile bone with new bone. An equal amount of resorbed bone is replaced 
when the bone remodelling is balanced20,23. Approximately 10% of the bone 
mass will be replaced by new bone each year, even though the rate of 
remodelling decreases with age. The rate of bone remodelling is higher for 
trabecular bone than for compact bone, which explains why pathological 
conditions that affect the remodelling process are detectable earlier in 
trabecular bone.  The remodelling is controlled by both local (e.g., autocrine 
and paracrine cytokines, and growth factors) and systemic endocrine factors 
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(e.g., glucocorticoids, oestrogen, and insulin), as well as by mechanical 
pressure16,17,19,20,22,37.  

 

Figure 3. Schematic illustration of remodelling of: trabecular bone with bone cells 
lining the trabeculae surface (upper panel) and within cortical bone or Haversian 
canals (lower panel). T-cells, macrophages and precursors of osteoclasts and 
osteoblasts are recruited from bone marrow or blood. Reprinted with permission. 
Source;20. Copyright 2017 Creative Commons Attribution-Noncommercial-No 
Derivate Works 3.0 United States License. https://creativecommons.org/licenses/by-
nc-nd/3.0/us/ 

Bone remodelling can be divided into five stages: Activation; resorption; 
reversal; formation; and termination. After an initiating remodelling signal, 
activation continuous with degradation of the non-mineralised osteoid on the 
bone surface by collagenases from the bone-lining cells and matrix 
metalloproteinases, produced by the osteoblasts/osteocytes. This process 
exposes RGD (Arg-Gly-Asp)-binding sites in the bone matrix proteins where 
the osteoclasts can anchor to the bone surface and subsequently resorb bone. 
The resorption stage concludes with the osteoclasts undergoing apoptosis or 
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it may divide into monocytes16,23,32. In the reversal stage, mononuclear cells 
of unidentified lineage remove the collagen remaining on the resorbed 
surface and form osteopontin-rich surfaces along the resorption track, 
thereby enabling osteoblast attachment and the deposition of osteoid matrix. 
When new bone is formed, the remodelling phase ends.  
This interaction of bone cells, also called bone multicellular unites (BMU), 
can be described in terms of creating temporary anatomical structures20. 
Other cells that are present during the remodelling process are among others 
T-cells and resident macrophages (or Ostemacs)23.  While the initiation of 
remodelling is not fully understood, it can be signalled by mechanical, 
hormonal or pro-inflammatory stimuli. Although the termination signals 
remain unknown, it has been suggested that osteoblast-inhibiting signalling 
via sclerostin plays a role16,20,23,30,32. If the balance between bone resorption 
and bone formation, i.e., the remodelling process is disturbed, pathological 
conditions resulting from either osteolysis or osteosclerosis appear18,37,38.  

1.2.7 Pathological bone remodelling 
Pathological bone remodelling is a process through which the balance 
between bone formation and bone resorption is disrupted. Pathological bone 
remodelling occurs in several conditions, such as periodontitis, peri-
implantitis, loosening of acetabular cup implants, osteoarthritis in joints, 
intra-osseous bone cysts and tumours, as well as bone metastasis. The most 
common condition with pathological remodelling is osteoporosis18,37. 

Osteoporosis 
While the pathogenesis of osteoporosis is complex and multi-factorial, it is 
essentially the creation of an imbalance between the osteoblast and osteoclast 
activities, leading to an increase in bone resorption relative to bone 
formation17,18,37. The condition can be primarily caused by oestrogen 
deficiency and ageing or secondarily caused by among others, endocrine 
conditions, alcohol abuse, anorexia, medication or bodily immobilisation. In 
females, primary osteoporosis pre-dominates owing to the biology of 
menopause. However, in men the proportion of those who suffer from 
secondary osteoporosis are larger. Osteoporosis is associated with decreased 
thickness of the trabecular bone, increased trabecular space, and loss of 
trabecular plates, leading to a progressive reduction in bone mineral density 
(BMD), decreased mechanical strength, and pre-disposition to 
fractures17,18,47,48. The α-form of the oestrogen receptor (ERα) has been 
proposed as playing a crucial role in bone turn-over. However, oestrogen 
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deficiency, in both females and males, is one of the major causes of 
osteoporosis in the adult population. The consequences of oestrogen 
deficiency include decreased production of OPG, increased production of 
cytokines, and decreased secretion of growth factors. Deficiencies of calcium 
and vitamin D (Calcitriol), as in secondary hyperparathyroidism, are 
additional mechanisms underlying the imbalance of remodelling in 
osteoporosis. Furthermore, ageing itself affects bone remodelling due to, for 
example, impaired mineralisation, aberrant periosteal responses to trabecular 
bone loss, and increased adipogenesis18,27,33,37,49.  

Diabetes mellitus 
Diabetes mellitus (DM) is another condition associated with secondary 
pathological remodelling of bones. Insulinopenia (e.g., diabetes mellitus type 
I) is associated with decreased BMD, an increased risk of osteoporosis, and 
fragility fractures50,51. In animal models, this condition is associated with 
abnormal bone formation, altered bone micro-architecture, and affected bone 
healing which can be normalised through systemic treatment with insulin52,53. 
In clinical trials, the low BMD of diabetic patients has been associated with 
reduced mean levels of plasma IGF-1, ALP, and OCN54. In contrast to 
osteoporosis, which is considered a disease of the aging population, bone loss 
linked to DM type I occurs at a very young age, in that the BMD may be 
affected already at the time of diagnosis. However, the metabolic 
consequences of the disease over time have been suggested to be as 
important as the genetic pre-disposition50,51. 
The pathogenetic profiles of DM types I and II differ in that insulin 
resistance, rather than the lack of insulin production, causes DM type II. 
Furthermore, DM type II predominantly affects the adult population. The 
studies in the literature are controversial regarding the potential linkages 
between BMD and fracture risk and insulin-resistant diabetes52. In a mice 
model of DM type II, Kawashima et al. demonstrated a decrease in bone 
volume, even though the BMD was not affected; this resulted in slender 
bones of decreased strength55. In clinical trials, DM type II has not always 
been associated with decreased BMD, but more often has been associated 
with normal or even increased BMD. However, both diabetic populations 
have shown associations with a higher risk of bone fractures and impaired 
fracture healing56. Hyperglycaemia, advanced glycation end-products 
(AGEs), reactive oxygen species (ROS), and prolonged inflammation, with 
consequent increased osteoclast activity, have all been proposed as factors 
that influence bone quality51,52,56,57. Visual impairment and peripheral 
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neuropathy, also contribute to a higher risk of falling for patients with DM 
type II, and this is pertinent to the increased risk of fracture52, despite a 
potential increased BMD. It is further suggested that oestrogen plays a 
crucial role in insulin-glucose homeostasis58, and ERα-knockout mice 
develop insulin resistance and are associated with increased body weight and 
abnormal glucose homeostasis58,59.  

70,000 osteoporosis-related fractures occur in Sweden60 annually. In Europe, 
the highest age-adjusted hip fracture incidences were found in women in 
Denmark and Sweden (574 and 539/100,000 respectively). The majority of 
the patients, who will require revision surgery because of post surgery 
complications, will result in temporary or permanent immobilisation and 
consequently significant costs for the sociaty11,48,61. Both primary and 
secondary osteoporosis have impact on osseointegration and fracture 
healing62,63. In animal models, osteoporosis has been associated with 
decreased primary stability of the implant and decreased bone formation. In 
clinical trials, however, the outcomes for osteoporotic and healthy patients 
were not different, in terms of either implant stability or fracture healing40,64-

66. It remains unclear as to whether these clinical outcomes are due to a 
modified surgical technique, compensating for the poorer bone quality or the 
difficulty associated with performing comparable clinical trials with 
acceptable quality64. In contrast, DM has been associated with impaired and 
delayed fracture healing, although not with increased failure rates for 
titanium implants in clinical trials 50-52,56,63. 

1.3 Insulin  
Insulin is a peptide hormone (5808 Da), comprising 51 amino acid residues 
in two polypeptide chains (A-chain and B-chain), linked by disulphide 
bonds. The amino acid sequence of insulin hormone is similar among 
vertebrates, suggesting that the amino acid chains are highly conserved. The 
hormone is produced by beta cells in the islets of Langerhans, located in the 
pancreas. Subsequently, insulin is stored in vesicles in the form of stable 
hexamers. Upon signalling, the insulin is secreted as monomers (the active 
form, which is less stable over time). The release of insulin is not continuous 
but instead oscillates, thereby avoiding the down-regulation of insulin 
receptors during prolonged exposure to higher concentration of insulin17,18,67. 
Numerous cells in the body, including osteoblasts and osteoclasts, express 
insulin receptors68-71. The insulin receptor is a trans-membrane receptor of 
the tyrosine kinase family. It consists of an α- and a β-subunit, which upon 
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ligand binding dimerise with the adjacent α- and β-subunits, which results in 
the auto-phosphorylation and activation of the insulin receptor substrate 
(IRS)72. 

 

Figure 4. The insulin hexamer is torus-shaped and the monomers are held together 
by zinc ions. The hexamer has a diameter of 50 Å and is 35 Å high73. Reprinted with 
permission. Source;74. Copyright 2017 American Chemical Society. 

The IRS further mediates the signal transduction via different pathways, such 
as those involving MAPK/ERK and PI3K/Akt75-77. The insulin receptors and 
IGF-1 receptors have similar structures, with insulin and IGF-1 capable of 
binding to each other´s receptors to activate similar signalling pathways, 
albeit with lower affinities than when they bind to their own receptor17,78,79.  
The importance of a rapid response to altered blood glucose levels coincides 
with the short plasma half-life of insulin (3–4 minutes)18. However, it is 
believed that the mean residence time of insulin until clearance is up to 70 
minutes. Therefore, leaving the circulation is not equivalent to rapid 
destruction; it rather implies the effectiveness of its action. Furthermore, 
insulin-degrading enzyme (IDE), which builds a complex with the insulin 
molecule upon degradation, presumably exerts regulatory functions on 
steroid receptors and proteasomes. The clearance of insulin is mainly via 
hepatic uptake in the liver through internalisation into endosomes, where 
degradation takes place. The clearance of insulin has been suggested to play 
an important role in the development of pathological conditions, such as DM 
type II and obesity, in which hepatic clearance is reduced17,67. Currently, 
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biosynthetic human insulin is available for therapeutic usage, mainly for 
diabetes mellitus. To generate insulin derivatives with different properties, 
such as fast-acting and slow-acting, several analogues with minor changes to 
the amino acid sequence have been introduced18. Insulin is well known to 
aggregate in the interfaces and in solutions under specific conditions. The 
aggregation process is initially reversible and later irreversible, resulting in 
amyloid-like fibrils. These conformational changes may reduce its biological 
activity, which imposes limits on the storage of insulin80.   

Insulin has effects on metabolism and other bodily functions, e.g., glucose 
homeostasis, vascular compliance, cognitive function and normal skeletal 
growth. Insulin regulates the blood glucose level in the body by signalling to 
the cells to activate some of the GLUT family receptors, which mediate 
intracellular uptake of glucose. Glycogenesis, which is the storage of glucose 
in the form of glycogen, is then started by hepatocytes and myocytes in the 
liver and muscles. Insulin is also known to increase amino acid uptake and 
the production of triglycerides17,18,67,81. Insulin is also a well-investigated 
hormone in cardiovascular disease, being identified as an anti-inflammatory 
factor. This hormone decreases the adhesion of leukocytes and platelets to 
the endothelium, and increases vasodilation82. Insulin administration also 
decreases the induction of TNF-α after induced acute myocardial infarcts, 
both in vivo and in vitro83. Dandona and co-workers have suggested that 
systemic treatment of obese non-diabetic patients, with insulin, has a 
significant acute anti-inflammatory effect84. In that study, the patients were 
injected with insulin for 4 hours and blood samples were collected. The level 
of intra-nuclear NF-κB in the mononuclear cells (MNC) was significantly 
reduced at 4 hours, the level of IκB (an inhibitor of NF-κB) in the MNC was 
significantly increased at 2 hours, and ROS generation by MNC was 
significantly decreased at 2 hours. Furthermore, alteration in both peripheral 
and CNS insulin action has been associated with memory impairment as in 
Alzheimers´s disease. Insulin administration has been shown to enhance 
memory and performance in these patients85,86.  

1.3.1 An osteoanabolic hormone 
Over the past decade, numerous investigations have elucidated the 
importance of insulin for normal bone growth68,69,72. Mice that lack insulin 
receptors on their osteoblasts have impaired post-natal acquisition of 
trabecular bone, as demonstrated by a decrease of >47% in the trabecular 
bone volume in relation to total volume. The affected trabecular bone was 
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associated with decreased osteoblast cell numbers and thickness, and 
increased trabecular spacing70. Furthermore, in vitro studies of insulin 
receptor-knockout osteoblasts from mice have shown decreased cell 
numbers, decreased cell differentiation, and increased sensitivity to apoptotic 
signalling69,70. Insulin has a potential role in regulating bone remodelling, 
while bone participates in the regulation of insulin secretion and cell 
sensitivity to insulin. It has been proposed that insulin mediates increased 
osteocalcin production and decreased OPG production. The altered 
OPG/RANKL ratio results in increased osteoclast activity, which contributes 
to acidification of the resorption lacuna. The low pH promotes the 
decarboxylation of osteocalcin. The under-carboxylated osteocalcin (Glu-
OCN) has a reduced affinity for hydroxyapatite. This enables osteocalcin to 
enter the blood circulation, now as a hormone, and it promotes the insulin 
sensitivity of adipocytes and pancreatic insulin secretion70,87,88.  

 
Figure 5. The insulin-receptor binding results in decreased OPG production. The 
decrease in the OPG/RANKL ratio results in increased expression of Tcirg1 and 
increased osteoclastic activity. The acidic environment in the resorption pit promotes 
the under-carboxylation of osteocalcin. The under-carboxylated osteocalcin (Glu-
OCN) enters the blood and increases adipocyte insulin sensitivity and insulin 
secretion from the pancreas. Reprinted with permission. Source;88. Copyright 2017 
John Wiley and Sons.  

In in vitro cell models, insulin treatment has been shown to induce osteoblast 
proliferation and differentiation, and the production of matrix proteins and 
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alkaline phosphatase69,75,89. Furthermore, except for the indirect stimulatory 
effect of osteoclasts, by decreasing OPG, contradictory inhibitory effects of 
insulin on osteoclastogenesis and osteoclastic bone resorption have been 
demonstrated in vitro and in vivo55,68,90. While other groups have found that 
insulin does not exert any stimulatory or inhibitory effect on osteoclasts 
either in vitro or in vivo91,92. Bosetti et al. analysed the effects of among 
others; insulin and IGF-I, on human primary osteoclast differentiation. 
Insulin did not increase either the differentiation or the resorption activity of 
the osteoclasts, in contrast to IGF-I (as demonstrated by calcium release and 
visually counting the bone-resorption lacunae on dentin slices)91.  
The possibility of using insulin as an osteoinductive agent has attracted 
interest earlier. In 1931, Walter G. Stuck investigated whether “insulin could 
be used against delayed union of fractures”. He used a fibula fracture model 
in rabbits and injected insulin daily in the test group. He concluded that 
calcification of the callus seemed to be more advanced in the test group 
when examined microscopically, but not grossly detectable at 14 and 28 
days. However, 5/15 rabbits in the test group died during the experiment due 
to side-effects of the systemic insulin treatment93. In 1996, Cornish and 
colleagues investigated the effects of insulin on bone in vivo, using daily 
injections for 5 days over the right hemicalvariae of adult mice. In the mice 
injected with insulin, they found significant increases in the osteoid area, 
osteoblast surface, and osteoblast number, as compared to the controls92. In 
2005, Gandhi et al. presented the first attempt to improve bone healing (in a 
fracture model), using locally delivered insulin. However, this was 
conducted in a diabetic rat model and with palmitic acid as the carrier94. 
They demonstrated that local slow release of insulin normalised the fracture 
parameters, such as cell proliferation, mineralised tissue, and mechanical 
strength.  Subsequent studies have been conducted to evaluate bone healing 
in rat fracture models95-97 and lumbar spinal fusion14, in non-diabetic 
subjects. Paglia et al., showed increased expression levels of osteogenic 
markers (Col-1 and osteopontin), as well as increases in vascularity, 
mineralised tissue, and mechanical strength (4 weeks) in the insulin-treated 
group; however, the control group showed similar levels of mechanical 
strength after 6 weeks96. Dedania et al. showed histomorphometrically 
increased bone formation in the fracture gap (3mm) of rat femur. 
Furthermore, at 6 weeks, the insulin-treated group demonstrated bridging 
and union (n=7/7) of the defect, whereas the control group revealed no bony 
union (n=0/8). No control group without palmitic acid was included in this 
study, since the only control group consisted of palmitic acid carrier without 
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insulin95. Park et al. used a rat femur fracture model as well to demonstrate 
increased bone formation (radiographic evaluation) and increased 
mechanical strength after 4 weeks in the insulin-treated group, as compared 
to the control group, even though no increase in callus formation was 
evident after 2 weeks97. Koerner et al., discovered a significantly higher 
fusion rate after postero-lateral inter-transverse lumbar fusions from L4 to 
L5, when the rats were allografted with insulin-palmitic acid implants, 
combined with a bony autograft, as compared to blank allografts. Manual 
palpation after 8 weeks revealed fusions in 6 out of 10 rats in the test group, 
while the control group demonstrated fusion in only 1 out of 9 rats14.  

Various delivery models have been used for local delivery of insulin, not 
only for evaluating bone healing but also wound healing in non-diabetic as 
well as diabetic systems. The models presented in the literature for local 
insulin delivery include: Direct injection of insulin into the site; the use of a 
palmitic acid carrier or calcium phosphate carrier and insulin incorporation 
into PLGA microspheres with and without fibrinogen gels14,95-100.   

1.4 Titanium and osseointegration  
Titanium is one of the most commonly used metals in medical applications, 
as it is biocompatible and has good physical properties. Biocompatibility, or 
the ability of a material to perform with an appropriate host response in a 
specific application, is determined partly by the rate of corrosion and the 
toxicity of the metal ions101,102. Upon exposure to air, a few-nanometres-thick 
oxide layer is produced on the titanium surface, mainly consisting of 
TiO2

103,104. This oxide surface passivates the metal, such that titanium 
implants exhibit strong resistance to corrosion in physiological 
environments101. Moreover, the titanium metal has a high strength-to-weight 
ratio, which means that it is a strong material with low weight. In the medical 
field, commercially pure (CP) titanium has historically been the most 
frequently used. CP titanium is graded on a scale of 1–4, where grade 1 is the 
softest and grade 4 is the strongest. The majority of dental implants used 
commercially today are CP titanium grade 4, however titanium alloys, in 
particular those of grade 5 (Ti6Al4V), are also used. The Ti6Al4V alloy is 
mainly used for orthopaedic purposes, but also as dental implants. Ti6Al4V 
has a higher resistance to fatigue and increased tensile strength, however, its 
capacity to osseointegrate has not been proven to outperform CP titanium of 
grade 4105,106.  
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Since the first titanium implant was placed in humans in 1965, the definition 
and underlying biological mechanism of osseointegration has been debated. 
Intensive research studies have attempted to clarify the biological mechanism 
of osseointegration. Osseointegration was first defined as a direct bone-to-
implant contact without intervening fibrous tissue103, thus capable of load 
bearing of medical and dental devices. However, osseointegration can further 
be defined as the capacity of a material to mediate calcium and phosphate 
precipitation on the surface of that material, which will affect the subsequent 
bone response and may also ensure some mechanical stability earlier than the 
bone ingrowth. Thus, the formation of an apatite layer, derived from 
simulated body fluid, is a method used to predict the in vivo bone-bonding 
ability of a material. For instance, titanium is known to mediate apatite 
precipitation, whereas polyether ether ketone does not107.  A recent study 
using advanced analytical tools has provided detailed information regarding 
the chemical composition of the bone-implant interface at the atomic level of 
resolution104. After the healing process in the bone, the titanium oxide layer 
showed incorporation of calcium ions, presumably derived from the living 
tissue. Adjacent to the oxide layer, a thin layer with an increased amount of 
calcium ions was observed, and this was followed by an amorphous calcium 
phosphate phase with subsequent dense bone showing sparse vascularisation. 
The surrounding bone did not show any measurable incorporation of 
titanium, indicating the passivity of the oxide layer. Thus, an inorganic 
interface was formed after replacement of the previous adsorbed protein 
layer104. Albrektsson and co-workers have further suggested that 
osseointegration is driven by the immunological response, which over time 
develops in to a sub-clinical chronic inflammation: “The foreign body 
equilibrium”, with osteosclerotic bone encapsulation of the implant108.  

1.4.1 Titanium surface modification 
In 1981, Albrektsson and co-workers presented six parameters of importance 
for the establishment of osseointegration: The implant material; implant 
design; implant finish; status of the bone; surgical technique; and implant 
loading conditions103. The implant finish and the surface properties have been 
thoroughly investigated. Different techniques or combinations of techniques 
have been used to modify the surface properties so as to improve the bone 
responses109,110. Since osseointegration has been suggested to depend on 
biomechanical bonding (ingrowth of bone into irregularities of the titanium 
surface), the roughness of the implants was studied early. Wennerberg and 
co-workers presented guidelines as to how to analyse and present surface 
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topography in a standardised way. Furthermore, it has been suggested that a 
surface roughness level of about 1.5 µm Sa is optimal for osseointegration111. 
This is rougher than the original Brånemark implant, which had a surface 
roughness of about 0.5 µm Sa

112,113
. In order to modify surface roughness, 

blasting with small particles of different materials has been used109. 
Commercially available implants with this surface modification include 
TioBlastTM (Astra Tech), which is blasted with TiO2

114,115
. Aside from 

changing the topography, efforts have been made to achieve chemical 
bonding between the titanium implant and the adjacent tissue. Materials that 
have the capacity to bond to living tissues are defined as “bioactive”. In the 
1970s, the first bioactive material, Bio-glass hydroxyapatite, was described. 
However, this material was found to have poor mechanical properties and 
consequently deemed to be unsuitable for load-bearing and clinical 
applications. Therefore, a plasma-spraying technique was used to coat the 
titanium surfaces with hydroxyapatite (HA), which demonstrated an initially 
beneficial bone response, although subsequently the coating cracked and the 
implants failed. The experimental sol-gel coating represents an alternative 
approach to plasma spraying of HA. The sol-gel process involves the 
transition of a liquid phase to a solid phase. With further drying and heat 
treatment, the ”gel” is converted into a dense ceramic, and thin films can be 
produced109.  Alternative techniques have been presented to enhance bone 
formation. Incubating the implants in different acidic or alkaline solutions 
with or without subsequent heat treatment (alkali-heating), can be used to 
change the topography, incorporate different ions, and change the oxide 
properties. OsseotiteTM (3i) 115 and OsseospeedTM (Dentsply implants) are 
commercially available implant systems that have surfaces that have been 
subjected to etching processes116. Incubating the implants in solutions with 
different electrolytes and concentrations, and applying a voltage (anodising), 
results in alterations to the surface chemistry, oxide thickness, surface 
roughness, and pore configurations109. TiUniteTM (Nobel Biocare) is a 
commercially available implant with an anodised /electrochemically oxidised 
surface117. One can also combine different process, as in the case of the 
SLATM surface (Straumann), which is a surface that has been subjected to 
both blasting and etching115.  

1.4.2 Protein surface modification 
Immediately after implant insertion into the host tissue, complement factors, 
as well as coagulation factors will be activated and the titanium surface will 
be subjected to layering with adsorbed proteins in a provisional matrix. The 
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adsorbed layer consists of a large number of different serum proteins, such as 
C3, fibrinogen, albumin and globulins in different orientations and stages of 
denaturation118,119. Over time, the composition of this protein layer undergoes 
both conformational (denaturation) and orientational changes, with a 
continuous exchange of proteins with the enviroment120. The composition of 
the protein layer depends on the surface chemical properties, such as charge 
and hydrophilicity as well as the protein concentrations in the bodily fluids 
and is suggested to mediate further biological responses119 121.  

 
Figure 6. Schematic illustration of the time dependent biomaterial-tissue interactions 
at the interface, which will start immediately until equilibrium is reached and 
organic components are attached. These will attract pre-osteoblasts, whom after 
differentiation will continue the bone formation. Reprinted with permission from 
publisher/authors. Source;122. 

The main goal in studying the interactions at the bone-implant interface is to 
understand how the surface structure and chemistry can be modified, so as to 
be able to control the cell responses that occur at the interface121. It is 
proposed that an artificial surface with precision immobilisation would 
control protein adsorption and subsequent biological responses. 
To achieve this goal, titanium has been subjected to bonding (by 
immobilisation) of different molecules onto its surface, with the aim of 
creating a surface that can act as a delivery vehicle for proteins, peptides, and 
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drugs (e.g., BMPs, TGF-β, IGF-I, RGD, bisphosphonates)123-126. BMP-2 and 
BMP-7 are approved by the Food and Drug Administration (FDA) for 
clinical use in specific conditions, such as open fractures of long bone and 
non-unions, however the growth factors are incorporated into a collagen 
matrix, and is released upon degradation127. 
There are different methods to deliver molecules to the implant-tissue 
interface including: 1) Spontaneous adsorption of the molecule onto the 
surface before implantation or self-assembling monolayers (SAM); 2) 
incorporation of the molecule into a coating material-matrix; and 3) 
covalently or partially covalently immobilising the molecule to the implant 
surface. The latter requires pre-treatment of the surface to increase the 
number of available binding sites for the molecule. All three techniques have 
different disadvantages and advantages regarding the control of the number 
of molecules that are coated and the kinetics of release of the carried 
molecules.  

In the present project, an immobilisation technique was used that is based on 
partial covalent binding of insulin to the titanium surface. This 
immobilisation technique has previously been used to immobilise proteins 
such as collagen, albumin, immunoglobulin G, fibrinogen, catalase, and 
bisphosphonates to different surfaces in multi-layers128-130. The technique is 
based on an initial silanisation step, followed by cross-linking of the protein 
to the silane via carboxyl activation and the formation of partial amide 
bonds131. This technique has not previously been used to immobilise the 
hormone insulin onto a surface. 
 

 

Figure 7. Schematic of the immobilised protein (e.g., insulin) layer on titanium-
surface after silanisation (e.g., APTES + GA) and cross-linking of the protein.  



 

 23 

2 OVERALL AIM 
The overall aim of this PhD thesis was to determine whether local 
administration of insulin, coated on a titanium surface has the potential to 
regenerate bone locally. 

2.1 Specific aims  
I. To investigate if local administration of insulin delivered from an 

implant surface enhances bone formation in non-diabetic rats.  

II. To analyse the release of insulin immobilised onto a titanium surface, 
over time and under different conditions, and to investigate the 
released insulin’s biological activity in MG-63 osteoblast-like cell 
cultures. 

III. To characterise immobilised insulin behaviours on titanium surfaces, 
in biologically relevant cell culture medium, without and with the 
addition of serum proteins. 

IV. To evaluate the effects of local administration of insulin delivered 
from an implant surface on gene expression and bone formation in 
osteoporotic rats. 
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3 MATERIALS AND METHODS 
Table 1. Overview of the performed experiments 

Study Study model Evaluation of: Evaluation 
time 

Evaluation 
technique 

Implants/ discs 

Pilot In vitro Optimisation of 
the coating 
technique  

- Ellipsometry Si-samples 

Characterisation 
of the titanium 
surface 

- SEM Titanium grade 4, 
turned surface, 
mini-implants 
(2.1×2.0 mm), and 
Si-samples 

I In vivo Healthy 
male rats, 
implant 
insertion in 
the tibia 

Bone formation 4 weeks Ellipsometry, 
Interferometry, 

Histomorphometry 

Titanium grade 4, 
oxidised surface, 
mini-implants 
(2.0×5.0 mm) 

II In vitro Incubation 
in cell 
culture 
medium 

Insulin release 
from the titanium 
surface 

1, 3, 9, 24, and 
72 hours, and 1, 
2, 3, 4 and 6 
weeks 

Ellipsometry, 

ECLIA 

Titanium grade 4, 
turned or etched 
surface, discs 
(10.0×1.0 mm) 

MG-63 cell 
culture 

Cell number 3 days Ellipsometry, 

NR staining 

Titanium grade 4, 
turned surface, 
discs (10.0×1.0 
mm) Mineralisation 

process 
Approximately 
1 month 

Ellipsometry,  

Alizarin Red 
staining 

III In vitro Incubation 
in cell 
culture 
medium 

Chemical 
composition 

1 and 10 days Ellipsometry,  

XPS 

Ti6Al4V alloy, 
turned surface, 
discs (8.0×1.0 
mm) 

IV In vivo Ovx rats, 
implant 
insertion in 
the tibia 

Bone formation 1 day  Ellipsometry,  

qPCR 

Titanium grade 4, 
turned surface, 
mini-implants 
(2.1×3.0 mm)  

3 weeks Ellipsometry, 
Interferometry,  

Histomorphometry, 
qPCR, micro-CT, 
body weight, blood 
glucose 

Titanium grade 4, 
turned surface, 
mini-implants 
(2.1×2.00 mm) 

Healthy 
and Ovx 
rats 

General health 3 weeks Micro-CT, body 
weight, blood 
glucose 

- 
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3.1 Implant and sample preparation 

3.1.1 Implants 
Screw-shaped mini-implants (grade 4) and disc-shaped implants (grade 4 and 
grade 5) with different dimensions were used.  

Surface modifications and qualities: 
Turned: Titanium discs or mini-implants, CP grade 4, were used in Studies 
II and IV. The surface was machined in a turning process, giving a smooth 
surface103,112. 
Anodised: The Ospol mini-implants used in Study I had calcium reinforced 
titanium-oxide surface (e.g., oxidised with the calcium ions present in the 
electrolyte) with micro-pores (1.0–1.5 mm in diameter). The 1–2-mm-thick 
outermost layer contained 11% calcium ions132.  
Etched: Some of the discs used in Study II were subjected to an etching 
procedure, to modify the surface chemistry, by incubation for 2–3 minutes in 
98% H2SO4 plus 30% H2O2 (volume ratio of 1:1). 
Titanium alloy: In Study III, discs of the Ti6Al4V titanium alloy (grade 5) 
with turned surfaces were used.  

3.1.2 Cleaning procedure  
The implants were washed twice for 5 minutes each with 15 ml of Extran AP 
15 (Merck, Darmstadt, Germany) plus 600 ml distilled water in an ultra-sonic 
water-bath set at 70°C. The implants were then rinsed three times with 
distilled water and twice with 70% ethanol (Solveco, Rosersberg, Sweden), 
and stored in ethanol over-night. The implants were dried on a sterile bench 
and sterilised in an autoclave (GE2609; Getinge, Sweden) at 134°C. 

3.1.3 Immobilisation technique 
The first step in the coating process was silanisation, whereby the ethoxyl 
group of (3-Aminopropyl)triethoxysilane (APTES; (Sigma-Aldrich, 
Steinheim, Germany) bound to the hydroxyl group of the titanium surface. 
Thereafter, an amine-reactive, homo-bifunctional (di-aldehyde) cross-linker, 
glutaraldehyde (GA; Sigma-Aldrich), was added. One of the aldehyde groups 
of GA bound to the terminal amino group of APTES and the second 
aldehyde group of GA bound to the amine group of insulin. Further cross-
linking of insulin, via carboxyl activation (EDC-NHS), was achieved through 
the formation of partially amide bonds. Carboxyl activation was facilitated 
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by a carbodiimide, in the form of so-called zero-length cross-linkers. They 
are termed ‘zero-length’ because the carbodiimide facilitates the cross-
linking without leaving a spacer molecule. Similar techniques have been used 
with other materials, such as silicon, stainless steel, collagen-based 
biomaterials and titanium128,130,133,134. 

          

Figure 8. The titanium oxide surface is first amino-functionalised with APTES. 
Coupling of insulin is then achieved via a di-aldehyde (GA). The aldehyde groups of 
glutaraldehyde (GA) will bind to the terminal amino group of the APTES and the 
amino group on the peptide/protein (in this case, insulin).  

The test implants and null ellipsometry reference Silicon (Si)-samples (1×1 
cm) were subjected to the following insulin immobilisation process at room 
temperature133,134. First, the samples were incubated for 30 minutes in 1% 
APTES in xylene (VWR, Stockholm, Sweden), followed by rinsing with a 
series of 99% xylene, 70% ethanol, and distilled water, respectively. 
Thereafter, the samples were incubated for 30 minutes in 6% GA in 
phosphate-buffered saline (PBS; Sigma-Aldrich) (pH 9), and rinsed with 
PBS (pH 9). The recombinant, human insulin (in Study I: 95%, HPLC, semi-
synthetic powder; Sigma-Aldrich and in Study II, III and IV: 10 mg/ml in 25 
mM HEPES; Sigma-Aldrich) was diluted in PBS (pH 5.7) to a concentration 
of 1 mg/ml. The implants were incubated in the insulin solution for 15 
minutes and then rinsed with PBS (pH 5.7). Between each layer of insulin, 
cross-linking and carboxyl group activation was achieved as mentioned 
above by incubating the implants in a PBS buffer (pH 5.7) that contained 0.2 
M N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC; Sigma-Aldrich) 
and 0.05 M N-Hydroxysulfosuccinimide sodium salt (NHS; Sigma-Aldrich) 
for 15 minutes. The incubation in insulin solution and EDC-NHS was 
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repeated multiple times, depending on the experimental set-up. Thereafter, 
the discs were rinsed three times with PBS (pH 5.7) followed by distilled 
water, and finally dried with flowing nitrogen. As the EDC solution is 
unstable at room conditions, new solutions were prepared every 2.5 hours.   

3.1.4  The insulin coating 
To evaluate the reproducibility of and the possibility to increase the thickness 
of the insulin coating, additional experiments were performed. Multiple 
changes were made to the above-mentioned coating process including: 

1. After each incubation with insulin and EDC/NHS solution, 
additional drying with flowing nitrogen was performed.  

2. Omitted the exchange of EDC/NHS solution every 2.5 hours.  
3. Increased the incubation time from 15 minutes to 30 

minutes. 
4. Compared the insulin powder from Study I with the insulin 

solution from Study II, III and IV.  
5. Replaced the washing step post-silanisation with flowing nitrogen.  
6. Exchanged the insulin solution after 2.5 hours.  
7. Instead of moving the samples with tweezers, in-between 

the incubation solutions, the solutions were exchanged and 
the samples were not moved.  

To maintain a reference thickness of the insulin coating, ellipsometric 
measurements, as described below, were carried out at three different 
locations on five Si-samples after: a) the first washing step; b) incubation in 
APTES and GA; and c) the 1st, 5th, 6th, 7th, and 8th insulin incubations.   

3.2 Surface analysis 

3.2.1 Interferometry 
To measure (in µm) the surface topography, optical interferometry was used. 
In this method, the incident light is split into two beams, one that targets the 
sample and one that is on a reference plane. The technique measures the 
phase changes of the light reflected from the sample in relation to the 
reference plane. The measurements will be different at different locations 
depending on the roughness of the surface, thereby allowing a numerical 
description of the surface topography112.  
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Insulin-coated and non-coated implants were evaluated topographically in 
Studies I and IV. In Study II, the turned and etched non-coated discs were 
topographically evaluated using the MicroXamTM optical surface 
profilometer (ADE Phase Shift Inc., Tucson, AZ, USA). Discs and implants 
was measured over a 200× 260-mm2 area, as described by Wennerberg et 
al112. The implants were measured over the threaded area consisted of tops, 
valleys, and flanks. To measure the top and valley areas, the implants were 
placed in a horizontal position. To measure the flank areas, the implants were 
tilted. The raw data were processed with a form and tilt removal and 
extraction of the edges. A Gaussian filter (50×50 mm) was used to remove 
shape and waviness before the surface roughness was calculated. One height, 
one spatial, and one hybrid parameter were chosen to describe the surface 
topography numerically, as follows: 

• Sa: the arithmetic mean height deviation from a mean plane. 
• Sdr: the developed interfacial area ratio (i.e., the ratio of the 

increment of the interfacial area of a surface to the sampling area).  
• Sds: the density of the summits (i.e., the number of summits of a unit 

sampling area).  

3.2.2 Ellipsometry 
Ellipsometry is an optical tool that is used for measurements of (at the sub-
nanometre scale up to a few microns) thin films on a bulk material. It is 
based on a light source that is elliptically polarised by a generator and 
directed towards the sample. The light reflected after interaction with the 
sample, i.e., the change in polarisation, is detected and analysed.  

The immobilised insulin film was quantified by null ellipsometry (HeNe 
laser-equipped Auto-El III ellipsometer; Rudolph Research Analytical, 
Hackettstown, NJ, USA) that was programmed for measurements in air. 
Since the titanium oxide has complex geometry, measurements were 
performed on reference Si-samples to establish a reference thickness of the 
film. These measurements were made at three to five different spots per 
sample, and the mean thickness of the bonded insulin was calculated after the 
thicknesses of the underlying APTES and GA layers were subtracted. The 
coat thickness was calculated according to the McCrackin evaluation 
algorithm135 and converted to an approximate adsorbed amount per unit area 
using de Feijter's formula136. The assumed refractive index of insulin was 
nf=1.465137 and a 1-nm ellipsometric thickness of adsorbed molecules was 
equivalent to approximately 0.12 µg/cm2 138.  
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3.2.3 Scanning electron microscopy 
SEM was used to image the surface morphology by scanning a focused 
electron beam over the surface. After interaction with the atoms in the 
sample, secondary electrons were collected, providing information on the 
surface morphology.  

To visualise the thin insulin film on the surfaces of the titanium implants, 
SEM (Leo Ultra 55 FEG; Zeiss, Oberkochen, Germany) was applied to two 
control implants and two test implants. Additional imaging was performed on 
Si-samples non-coated, APTES–GA-coated, and insulin-coated. The 
instrument was equipped with a field emission electron gun (FEG) operated 
at 10 kV and images at a magnification up to ×50,000 were recorded.  

3.2.4 X-ray photo-electron spectroscopy 
XPS was used to detect the chemical composition (in atomic %) of the 
outermost nanometres of the surface. The different functional groups, 
chemical bonding, and oxidation state of the sample could be recorded. Upon 
emitted photoelectrons a shift of the kinetic energy and peak intensity will be 
obtained.  

In Study III, a Kratos Axis Ultra DLD X-ray photo-electron spectrometer 
with a monochromatic Al Kα source operated at 150 W was used to detect the 
XPS spectra. A hybrid lens system with a magnetic lens and a charge 
neutralisation system were used. The binding energy (BE) scale was set at 
285.0 eV and referenced to the C 1s line of aliphatic carbon. The Kratos 
software and CasaXPS packages were used for processing the spectra. 
Thereafter, curve-fitting of high-resolution C 1s and N 1s spectra was 
performed. Shirley background subtraction was carried out with spectral 
components corresponding to expected chemical states, two for the N 1s 
spectra and 3–4 for the C 1s spectra. The binding energy position and 
FWHM of the components were not fixed (however, they were not allowed 
to exceed 1.6–1.7 eV). The binding energy accuracy determination was 0.1 
eV, and in atomic ratio: 8%–10 % rel.  

3.3 In vitro study methods 

3.3.1 Electro-chemiluminescence immunoassay 
In Study II, the insulin concentrations in the cell culture medium samples (1 
ml/sample) were analysed using an electrochemiluminescence immunoassay 
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(ECLIA, Cobas 8000 - e602 module) by the Clinical Chemical Laboratory at 
Umeå University Hospital, Umeå, Sweden. 

ECLIA is based on an antigen sandwich technique. A biotinylated insulin-
specific antibody captures the insulin in the culture medium, which then 
forms a complex with the ruthenium-labelled insulin-specific antibody. The 
complex generates a solid phase when treated with streptavidin-coated 
micro-particles attached to a magnetic electrode surface. Upon the 
application of a voltage, the electrode releases the chemiluminescence, which 
is measured with a photo-multiplier, revealing the insulin concentration in 
the sample.  

3.3.2 Cells and cell culturing 
The human osteosarcoma cell line MG-63 (Sigma-Aldrich) was used in 
Study II. Compared to a human osteoblast, an attached MG-63 cell is 
smaller, its size does not differ with different cell densities, and it has a 
shorter doubling time139.  

Depending on the experimental set-up, different numbers of cells were 
seeded in cell culture plates of different sizes. The cells were seeded in 
Eagle´s Minimum Essential Medium (EMEM; Sigma-Aldrich) that was 
supplemented with 0.7 mM GlutaMAX, 1% benzyl-penicillin/ streptomycin, 
MEM non-essential amino acids (Sigma-Aldrich), and 10% FBS, in 
accordance to the supplier’s recommendations. The cells were incubated in a 
humid atmosphere that contained 5% CO2, and the cells were split using 
0.25% Trypsin-EDTA (Sigma-Aldrich).  

3.3.3 Neutral Red uptake assay 
The Neutral Red (NR) uptake assay was used in Study II. This assay relies on 
the cell´s ability to maintain different pH levels in different cell organelles. 
At neutral pH, the dye has no charge so it can enter the cell membrane. 
However, after entering the lysosome, which has a lower pH, the dye 
becomes charged and is captured inside the lysosome matrix in viable cells. 
Unbound substances are removed, so that only the intracellular NR can be 
extracted and measured by spectrophotometry as the optical density (OD) at 
540 nm.  

The cells were plated in 98-well plates and incubated overnight. Cell culture 
medium, without FBS and with or without the insulin, was added. The added 
insulin was from an insulin solution (10 mg/ml in 25 mM HEPES; Sigma-
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Aldrich) diluted to different concentration or from insulin-coated discs 
incubated in the medium. After 3 days, the cell number was measured by the 
NR uptake assay, as described by Repetto et al140 to evaluate the cell 
numbers in the different groups. 

3.3.4 Mineralisation assay by Alizarin Red staining 
Alizarin Red staining was used to evaluate the formation of calcium-rich 
deposits of the cells in Study II. Calcium and Alizarin Red dye form a 
complex. The coloured mineral deposits can be visualised and quantitatively 
measured, since the dye can be extracted from the stained cell layer and 
measured spectrophotometrically.  

At 100% cell confluency, the medium was exchanged every second day for 
30–33 days. The mineralisation assay medium contained ascorbic acid and 
beta-glycerophosphate (Sigma-Aldrich) with and without insulin (from either 
an insulin solution, or released from insulin-coated titanium discs, as for the 
NR assay). The cells were then fixated in ice-cold 70% ethanol and washed 
with distilled water. Alizarin Red dye (ACROS Organics, NJ, USA) was 
added and the samples were incubated for 20 minutes at room temperature in 
the dark. The cultures were washed, dried, and visually inspected141. For 
quantification, the dye was extracted by incubating the culture plates at room 
temperature for 1 hour with 10% (w/v) cetylpyridinium chloride (CPC) 
(Sigma-Aldrich) in sodium phosphate (Na3PO4) (Sigma-Aldrich), and the 
absorbance was measured at 540 nm using the Multiscan FC (Thermo 
Scientific)142.  

3.4 In vivo study methods 

3.4.1 Animals 
The local Ethical Review Committee for Laboratory Animals (at Gothenburg 
University, Sweden) approved the animal experiments in Studies I and IV. 
The rats (Janvier Labs, Saint-Berthevin, France) were housed at the 
Laboratory of Experimental Biomedicine (EBM) at Gothenburg University, 
in accordance with institutional guidelines.  

The Sprague Dawley rat, which is an outbred strain commonly used in 
medical research, was chosen for the present studies. These rats are 
characterised as a stable, heterogeneous stock. In Study I, healthy male rats 
(450 g in mean body weight) were used, and in Study IV, Ovx (470 g in 
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mean body weight) and healthy female rats (340 g in mean body weight) 
were used. Rats were kept at 2–3 per cage with access to water and food ad 
libitum. Each rat acted as its own control, except for the healthy rats in Study 
IV, which were compared to the Ovx rats. The Ovx rat model is approved by 
the Food and Drug Administration (FDA) as a pre-clinical model for 
studying potential interventions directed at affected bone metabolism in post-
menopausal osteoporosis143. When the rats were 12 weeks of age, the 
provider performed an ovariectomy and delivered the animals to EBM.  To 
ensure that the animals had developed osteoporosis, they were included in 
the study 5 weeks after the ovariectomy144.  

3.4.2 Surgery 
The surgical procedure was performed under aseptic conditions and the 
animals were treated under general anaesthesia: in Study I, with intra-
peritoneal injection of one part fentanyl–flunizone (0.2 mg/ml Hypnorm Vet; 
Janssen, Saunderton, England), two parts sterile water (Fresenius Kabi, 
Sweden), and one part midazolam (5 mg/ml Dormicum; Roche, Boulogne-
Billancourt, France); and in Study IV, with isoflurane inhalation (Isoba Vet; 
Schering-Plough, Uxbridge, England). After weighing, the hind leg of each 
rat was cleaned with 0.5% chlorhexidine (Apoteksbolaget, Malmö, Sweden) 
and shaved. Identification of the animals was facilitated by pencil marks on 
the tails in Study I or with microchips injected subcutaneously between the 
scapulae (Agnthos AB, Lidingö, Sweden) in Study IV. Local anaesthetics 
(2% xylocaine-adrenaline; AstraZeneca, Sweden) were administered, 
followed by skin incision on the medial aspect of the proximal tibia 
metaphysis. Dissection of the muscles and periosteum was made until the 
tibia was exposed. The osteotomy was made using a rotary instrument (800 
rpm) with a 1.4-mm and a 1.8-mm round drill under saline irrigation. The 
implants were installed unicortically into each tibia. The wound was closed 
in three layers with absorbable sutures (4/0 Vycril and 5/0 Monocryl; 
AstraZeneca). The animals received buprenorphine hydrochloride (0.03 
mg/kg, TemgesicTM; Reckitt Coleman, Hull, England) at the surgery and on 
the first post-operative day. The animals were monitored in separate cages, 
until mobile. All the animals were thereafter checked daily. The animals 
were sacrificed with an injection of pentobarbital (100 mg/ml; 
Apoteksbolaget). 
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Figure 9. The medial side of the tibia was exposed and the osteotomy site was 
prepared by drilling under saline irrigation. The test (insulin) and control implants 
were installed in different tibia in order to avoid any possible influence on each 
other. The wound was finally closed by suturing in s layers. Lower right panel: When 
two implants of the same group were installed in the same tibia, one was placed 
proximally and one distally. Only implants from the same group were installed 
adjacent to each other.  
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The tibia was exposed once again. Implants for qPCR analysis were removed 
carefully with a hand-held screwdriver, and immediately placed in RNAlater 
(Qiagen GmbH, Hilden, Germany). After additional soft tissue removal, the 
implants with surrounding bone were harvested en bloc and fixed in 4% 
neutral-buffered formaldehyde.  

3.4.3 Blood glucose measurement 
To evaluate potential systemic effects of the insulin-coated implants, the 
blood glucose levels were measured using a blood glucose device with test 
stripes (Accu-Chek Aviva; Apoteket, Sweden) in Study IV. The blood was 
collected using an injection needle from the lateral tail veins of healthy and 
Ovx rats with and without insulin-coated implants.  

3.4.4 Micro-computer tomography 
The specimens (in Study IV) that consisted of a proximal implant and a distal 
empty osteotomy site were scanned and reconstructed into a three-
dimensional (3D) structure with the SkyScan1176 micro-CT (Bruker, 
Antwerp, Belgium) using settings of 55 kV and 431 µA for the scanning, and 
a 1.0-mm aluminium filter. The exposure time was set at 1500 ms, with X-
ray projections at 0.47° intervals and scanning angular rotation of 360°, 
resulting in an 8.9-µm pixel-sized image. Projection-reconstruction into 3D 
images was made using the NRECON software ver. 1.5.1 (Bruker), with a 
beam-hardening correction of 30%. The following software packages were 
used: Skyscan for scanning; NRecon for reconstruction; DataViewer for 
alignment; CTAn for data analysis; and CTVox and CTVol for volume 
rendering. For the implant-bone interface analysis, the dynamic range at 
reconstruction was set (at -0.03 to 0.3) so as to minimise the metal artefacts. 
To exclude further noise, analysis was also made of the empty osteotomy 
site, using a narrower dynamic range (-0.03 to 0.08), which increased the 
resolution between bone and soft tissue. The region of interest was chosen 
(cylindrical) with a diameter of 250 px. Analysis was made of the entire 
implant length, excluding the inner 200 px (representing the hole or the 
implant it self). Due to the bowed surface of the long bone, a rectangular 
region of interest in a vertical direction to the tibiae was chosen with 
dimensions of 250 px width, 400 px length, and 75 px depth, in order to 
analyse the periosteal compartment. Global thresholding was used for all the 
analyses of bone structures. 
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3.4.5 Histology and histomorphometry 
All the fixated specimens of the implants and surrounding bone in Studies I 
and IV were dehydrated in a graded series of ethanol, infiltrated with plastic 
resin, and polymerised. The resin-embedded specimens were then cut with a 
diamond-coated band saw, along the long axis of the implant, ground to a 
thickness of 15–20 µm, and stained with toluidine blue. Toluidine blue is a 
basic dye that binds to nucleic acids and appears as a blue colour under light 
microscopy.  

Quantitative histomorphometry was carried out to measure the bone-to-
implant contact (BIC) and the bone area (BA) within the threads. A light 
microscope with a 20×magnification objective and a 10× magnification 
eyepiece (Eclipse E600; Nikon, Tokyo, Japan) was used, together with the 
analytical software (Technooptik AB, Huddinge, Sweden). 

3.4.6 Quantitative Real-Time PCR 
Implant-adherent cells were analysed for gene expression after 1 day and 3 
weeks in Study IV. TATAA Biocenter AB (Gothenburg, Sweden) performed 
the RNA extraction, reverse transcription, quantitative real-time PCR. A 
reference gene screening of 12 genes was initially set up to identify the 
optimal reference genes. The design of the different primer assays was 
performed in PrimerBlast and blasted to avoid unspecific products. To 
validate the assays, synthetic DNA fragments (gBlocks Gene Fragments; 
Integrated DNA Technologies, Coralville, IA, USA) were designed for all 
the assays. The assays had an amplicon length of 80–150 bp and an 
annealing temperature of approximately 60°C. The primers (Integrated DNA 
Technologies) were further validated by staining with an intercalating dye 
(SYBR Green: Sigma-Aldrich). The experiments were run on a LightCycler 
480 platform (Roche) using TATAA SYBR Grandmaster mix (TATAA 
Biocenter AB).  

The screws were replaced into safe-lock tubes that contained β-
mercaptoethanol, RLT buffer and carrier RNA and homogenised in 
Tissuelyser (Qiagen). The extraction was carried out with the RNeasy Micro 
Kit including DNase treatment (Qiagen). The same volume of each sample 
was transferred to the reverse-transcription reaction. Samples were 
transcribed into cDNA using the TATAA GrandScript cDNA Synthesis kit 
(TATAA Biocenter AB). 
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Table 2. Assay list – 1 day 

Abbreviation Full gene name 

C3 Complement component 3 

IL-1β Interleukin-1 beta 

TNF- α Tumour necrosis factor- alfa 

ALP Alkaline phosphatase 

IL-10 Interleukin-10 

Casp8 Caspase 8 

Runx2 Runt-related transcription factor 2 

CatK Cathepsin-K 

OC Osteocalcin/Bone gamma carboxylglutamate protein 

 

Table 3. Assay list – 3 weeks 

Abbreviation Full gene name 

IGF-1 Insulin-like growth factor 1 

COL-1 Collagen type – 1 

OPG Osteoprotegerin 

WNT3a Wingless-type MMYV integration site family, member 3 

C3 Complement component 3 

ALP Alkaline phosphatase 

OC Osteocalcin/Bone gamma carboxylglutamate protein 

 

qPCR was performed with the TATAA SYBR Grandmaster Mix. All the 
assays; Chosen reference genes; (YWHAZ (tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein zeta), 
HPRT1 (hypoxanthine-guanine phosphoribosyltransferase), and TBP (TATA 
box-binding protein)), genes of interest (Table 2 and 3), and a genomic 
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contamination control assay, were run in duplicate on the LC480 platform 
(Roche). A 3-step temperature program was applied, and detection was 
performed in the SYBR channel. The mean value for the replicates was 
calculated and normalised against the reference genes. In order to obtain the 
relative expression between samples, the lowest expression level was set at 1. 

3.5 Statistical analysis 
The data were analysed using the SPSS Statistics software ver. 23 (IBM 
Corp., Armonk, NY, USA). Assumptions related to the normality and 
homogeneity of all the data were first analysed using the Shapiro–Wilk’s and 
Levene’s tests of homogeneity of variance, respectively. Depending on the 
result of the normality test, parametric or non-parametric analyses were 
chosen.  

For the BIC, BA, micro-CT, and gene expression analyses, the Student´s 
paired t-test was used. A Chi-square test in a 2-way table was further used to 
assess significant differences in BIC <5% between the groups in Study IV.  
The Kruskal-Wallis one-way analysis of variance test and Mann-Whitney U-
test (2 samples), followed by the Bonferroni post hoc test, were used for the 
NR and Alizarin Red results. For the insulin kinetics data, the Mann-Whitney 
U-test (2 samples) was used. The interferometric data were analysed both 
with the Student´s t-test (Study I) and the Mann-Whitney U-test (2-samples) 
(Study IV), depending on the different outcomes of the normality test. All the 
statistical tests were used to assess significant differences at p<0.05.  

3.6 Ethical approvals 
The animal experiments in Study I and IV were approved by the local Ethics 
Committee for Laboratory Animals at the University of Gothenburg (Dnr: 
293-2009 and 186-2015, respectively).   
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4 RESULTS 

4.1 Study I 
Insulin was immobilised onto the titanium surface by APTES-GA 
silanisation and EDC-NHS, cross-linking to a reference thickness of 149 Å, 
as measured by null ellipsometry.  
The optical interferometer measurements showed no changes to the surfaces 
topography upon insulin immobilisation, regarding parameters of Sa, Sds, 
and Sdr.  
The animals were successfully treated and sacrificed 4 weeks post-
implantation. Both the insulin-coated and non-coated samples showed 
integrated implants on visual inspection and osseointegrated implants under 
light microscopy. The histomorphometric analysis showed a significantly 
increased BA, when the rats were treated with the insulin-coated implant 
(35.1%), as compared to treatment with non-coated implants (25.2%). Even 
though the mean value of BIC was higher for the insulin-coated implants 
(67.0%), there was no significant difference compared to the non-coated 
implants (58.6%) (Figure 10). 

 

Figure 10. BA and BIC % for the control and insulin-coated titanium implant. The 
results are presented as mean ± 95% confidence interval. A statistically significant 
difference was found between the test and control groups regarding BA (p=0.005).  

4.2 Study II 
The results showed insulin release from the insulin-coated titanium implants 
when they were incubated in cell culture medium with serum. After 1 hour of 
incubation, the mean of 35 nM in 1 ml medium or 25.9% ± 1.1% of the 
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initially immobilised insulin was released from the surface. The rate of 
release decreased rapidly and continued until the last evaluation time-point at 
6 weeks. After 6 weeks, 31.6% ± 1.4% of the initially immobilised insulin 
had been released.  
The release of insulin from the titanium implant was significantly increased 
as the insulin coating thickness increased, as well as when the surface was 
etched prior to insulin immobilisation. However, insulin release was 
significantly lower when the insulin-coated titanium implants were incubated 
in cell culture medium without serum proteins (mean of 3.4 nM insulin 
released), as compared to when they were incubated in cell culture medium 
supplemented with serum proteins (mean of 35.3 nM insulin released). 
Insulin release also decreased when the insulin-coated discs had been stored 
(dry and in dark) during 10 weeks before usage.  
 

 

Figure 11. Effects of insulin on cell number when cultured in medium with added 
insulin or insulin medium from incubated titanium discs. NR uptake in MG-63 cell 
line was used to evaluate the biological activity of the released immobilized insulin. 
Data are presented as % of control (EMEM), where mean is set to 100%±SEM. The 
figures are based on three identical experiments, n=24, p<0.001. The cells were 
incubated in medium as described below: 1. EMEM 2. EMEM collected after 
incubation with non-insulin-coated disc washed with 70% ethanol. 3. EMEM 
collected after incubation with non-insulin-coated disc treated with APTES+GA. 4. 
EMEM collected from insulin-coated discs. 5–8. Insulin dilutions: 1 nM, 10 nM, 100 
nM, 1000 nM.  
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The released insulin retained its biological activity, as reflected in the 
significantly increased number of osteoblast-like cells after 72 hours 
(p<0.001) (Figure 11) and the significantly increased mineralisation capacity 
after 1 month (p<0.001) when treated with the released insulin.  

4.3 Study III 
The appearance of an intense nitrogen N 1s photo-electron line in the survey 
spectrum, as well as the similarities between the insulin-coated high-
resolution spectra of C 1s and N 1s compared to insulin powder, confirmed 
the presence of a coated insulin layer. Insulin dominated the surface 
composition, even though a metallic component of the Ti was detectable, 
suggesting a non-homogeneous insulin layer. The non-coated titanium discs 
had other surface contaminants, such as F, N, Bi, Ba, and Pb. These findings 
were not replicated on the insulin-coated surface, which suggests that the 
coating resulted in the removal of the observed surface contaminants (Figure 
12).   

 

Figure 12. XPS spectra of non-coated (blue) and insulin-coated titanium (red) discs. 
Left: Survey spectra of non-coated and insulin-coated titanium. Upper right: 
Reference insulin powder C 1s and N 1s spectra. Lower right: C 1s and N 1s spectra 
of insulin-coated titanium.  

The decreased atomic concentrations (at.%) of carbon and nitrogen, and 
increased titanium concentration seen after incubation in cell culture medium 
without FBS, indicated insulin release from the insulin-coated discs. The 
increased atomic concentration of carbon relative to nitrogen, together with 
the increase in intensity of the hydrocarbon component of the C 1s spectra 
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indicated a structural rearrangement of the insulin molecule that exposed 
hydrophobic parts of the molecules to the outside. The addition of FBS 
resulted in increased surface nitrogen, in spite of a small decrease in the 
atomic concentration of carbon. This indicated the adsorption of serum 
proteins on top of the non-released insulin coating. Furthermore, insulin-
coated titanium discs incubated in both cell culture mediums did not have 
any carbonate adsorbed from the medium over time, which confirmed that 
the immobilised proteins remained relatively intact. However, structural 
rearrangements or conformational alterations within the protein layer 
appeared to occur, since the C 1s spectra revealed significant changes in the 
relative intensities of the spectral components. Finally, all the insulin-coated 
surfaces contained detectable levels of calcium and phosphate ions, despite 
the low concentrations of CaCl2 and NaH2PO4*2H2O in the cell culture 
media, which may play an important role in the enhancement of bone 
formation.  

4.4 Study IV 
The animals that received insulin-coated implants did not show any 
alterations of blood glucose levels or total body weight at start and 3 weeks 
post-implantation, compared to the controls.  
A significant reduction in IL-1β gene transcription (p=0.019) was detected 
for the insulin-treated samples, as compared to the controls, at 1 day post-
implantation. 82% of the insulin-treated samples had the IL-1β gene 
transcription below the controls. However, no significant differences were 
detected for any of the other genes tested 1 day after implantation (TNF-α, 
C3, IL-10, Casp 8, ALP, OC, Runx2, Cat-K) and those tested at 3 weeks 
post-implantation (IGF-1, ALP, COL-1, OC, OPG, C3, WNT3a).  
A significantly increased periosteal bone volume (p=0.029) was detectable 
with micro-computer tomography, at 3 weeks post-implantation in the rats 
that received insulin-coated titanium implants, as compared to the controls 
(Figure 13). 
The histomorphometric analysis revealed that only 17% of the 150 threads of 
the insulin-coated implants had a BIC value ≤5%, as compared to 31% for 
the control group. Thus, the numbers of threads with BIC values ≤5%, 
representing the worst outcome cases, were significantly lower in the insulin-
coated implants than in the control implants (OR 2.18, 95% CI, 1.26–3.76; 
p=0.005). The average BIC of the insulin-coated implants was 22.7%, 
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compared to 18.0% in the control group. No difference in bone area was 
found between the groups (30.3% and 30.5% for the insulin-coated and 
control groups, respectively). 
 

 

Figure 13. Micro-computer images of the rat tibia after the removal of the titanium 
implants. Statistically more periosteal callus formation was found in the insulin-
coated group (A) compared to the non-coated (B) (p=0.26).  

4.5 Pilot study 
Additionally, a pilot study was conducted in order to improve the insulin 
coating process. 
In the pilot study, it was demonstrated that the changes made to the original 
immobilisation protocol (described in Material & Methods, 3.1.4) did not 
result in a thicker insulin coating (Table 4).  
Furthermore, the number of insulin incubations did not correlate with the 
thickness of the insulin layer on the surface, since additional incubations 
resulted in increased and sometimes decreased insulin thickness (Figure 14).  
The reproducibility of the immobilization technique was sub-optimal, since 
the final coating thickness across different immobilisation experiments, in 
these pilot series, differed from 25 Å to 55 Å (see control in table 4). It was 
therefore decided that a more reliable method to evaluate the amount of 
immobilised insulin was to use null ellipsometry for measuring the thickness 
of the layer, after each round of incubation with insulin. 
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 Table 4. C
om

parison of control and test (m
odified) m

ethodologies for coating insulin onto titanium
 discs.  

M
odification of the original im

m
obilisation process.  

C
ontrol; thickness of 

coating  (Å
) 

T
est; 

thickness 
of 

coating  (Å
) 

O
utcom

e  

1. A
fter each incubation w

ith insulin and ED
C

/N
H

S solution, 
additional drying w

ith flow
ing nitrogen w

as perform
ed 

51 
52.3 

N
ot significant  

2. O
m

itted the exchange of ED
C

/N
H

S solution every 2.5 hours 
41 

40.5 
N

ot significant 

3. Increased the incubation tim
e from

 15 m
inutes to 30 m

inutes 
25 

30.4 
N

ot significant 

4. C
om

pared the insulin pow
der from

 Study I w
ith the insulin 

solution from
 Study II, III and IV

 
41 

33.4 
N

ot significant 

5. R
eplaced the w

ashing step post-silanisation w
ith flow

ing 
nitrogen 

48 
23.2 

Significant. The test group had decreased 
coating thickness 

6. Exchanged the insulin solution after 2.5 hours 
52 

35.7 
Significant. The test group had decreased 
coating thickness 

7. Instead of m
oving the sam

ples w
ith tw

eezers, in-betw
een the 

incubation solutions, the solutions w
ere exchanged and the 

sam
ples w

ere not m
oved 

55 
21.9 

Significant. The test group had decreased 
coating thickness 

* Presented as m
ean, n=

 5 and each Si-sam
ples w

as m
easured at 3 different spots. 
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Figure 14. Thickness (Å) of the immobilised layer after 1, 5, 6, 7, and 8 incubations 
in insulin-solution. Values shown are mean ± SEM, n=5, and each sample was 
measured on three spots. 

The SEM images of the insulin-coated titanium discs revealed round-shaped 
structures scattered over the surface. These structures had different sizes, 
estimated at around 50 nm in diameter. The structures were not 
homogenously distributed, but appeared in patches. However, these 
structures were visible on the Si-samples that only had been coated with 
APTES-GA, as well as on the insulin-coated samples (Figure 15). There was 
no significant difference in morphological appearance between the Ti and Si 
insulin-coated samples.  
 

 
 

Figure 15. SEM image of Si-samples after incubation in APTES and GA and insulin-
coated titanium implants, respectively.  
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5 DISCUSSION 
In this thesis, the aim was to determine if insulin-coated titanium implants 
have the potential to enhance local bone formation. In summary, the results 
demonstrated that the insulin immobilised on the titanium surface was 
released with preserved biological activity and enhanced bone formation in 
healthy (bone area in the threads) and osteoporotic (periosteal callus 
formation) models. This means that insulin can be a possible agent for 
enhanced local bone formation. However, the currently used immobilisation 
technique has certain limitations, including problems with controlling the 
insulin concentration and storage.  
 
In Study I, it was demonstrated that insulin-coated titanium implants 
enhanced the bone formation adjacent to the implant. Even though previous 
groups hade aimed on local delivery of insulin to affect bone healing in non-
diabetic subjects95-97, no one hade previously used a coating model as a 
delivery system for insulin. In the clinical situation, titanium implants or 
fixation plates (i.e., potential insulin carrier), are expected to neither be 
degradable nor removed, therefore no additional intervention is needed.  
 
In Study II, it was demonstrated that approximately one-third of the 
immobilised insulin was released in a burst-release manner after incubation 
in cell culture medium. Proteins such as insulin tend to be randomly folded 
when adsorbed or immobilised onto a biomaterial surface, i.e., the receptor-
binding site may not always be visible126. Thus, the release of the protein is 
of interest, as are the time-dependent configurational changes that occur 
within the protein layer, as revealed in Study III, in order to facilitate 
receptor availability. Furthermore, insulin has been shown to decrease in 
uptake over time because of receptor down-regulation, which occurs mainly 
via internalisation69. Since the internalisation of the insulin receptors is a 
time-dependent process, an initial high concentration of insulin may be 
important. Thus, a high initial rate of protein release from the surface may be 
advantageous in the case of insulin. In Study II, significantly more insulin 
was released from the titanium surfaces when serum-enriched medium was 
used, as compared to serum-free medium. This correlates with the findings in 
Study III, suggesting the partial replacement of insulin by serum proteins, 
with insulin remaining as the major constituent at the surface. However, 
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despite this substitution, immobilised insulin stabilises the structures of all 
the proteins (insulin and additional adsorbed serum proteins). 
 
Another finding was the incorporated calcium and phosphate ions in the 
protein layer after incubation in a cell culture medium, as described in Study 
III. Increased concentrations of calcium and phosphate ions are of 
importance for the mineralisation process and bone formation36. Furthermore, 
calcium-reinforced titanium implants have been shown to induce calcium 
phosphate precipitation at the implant surface132. If this ion incorporation is 
unique for the insulin-coated surface or a general mechanism for proteins 
coated to surfaces, needs further evaluation. 
 
Glutaraldehyde (GA) has been used for chemical cross-linking of collagen 
matrixes to stabilise and increase their mechanical properties. GA has been 
shown to leave unreacted functional groups (aldehyde groups), which can 
result in cytotoxic reactions following the degradation of the collagen 
matrix128. However, in Study II, it is demonstrated that neither the 
silanisation nor the titanium surface per se has any effect on cell numbers in 
vitro. Furthermore, the results described in Study III indicate that protein 
immobilisation removes most of the normally observed contaminants on the 
titanium surface. 
 
Since the MG-63 cells express insulin receptors and produce Col-1 and 
OCN, they provide a suitable model for studying the effect of insulin on 
osteoblastic function75,139. Analysing the responses in a cell line provides 
consistent and reproducible results. However, the results described in Study 
II need to be confirmed in primary human osteoblasts, in order to include 
inter-individual variations. Furthermore, the in vitro model is not always 
suitable for evaluating whole-body systemic effects. Insulin acts not only 
local on bone cells but also via endocrine signalling, resulting in increased 
insulin secretion and insulin sensitivity70,87,88.  
 
Insulin treatment results in an increase in cell numbers and increased 
mineralisation process in MG-63 cells, as shown in Study II. The lack of 
insulin signalling in osteoblasts has been demonstrated to play a crucial role 
in bone formation in insulin receptor-knockout osteoblasts, in vivo and in 
vitro70,87. However, contradictory results have been reported for studies 
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involving the addition of insulin in vitro to osteoblasts that have insulin 
receptors; Yang et al. have shown increases in the mineralisation process, 
ALP activity, and secretion of Col-1, as well as increased numbers of MG-63 
cells75; whereas Levy et al. showed a down regulation of ALP activity after 
incubating rat osteoblastic cells in insulin71. Zhang et al. have reported an 
increased mineralisation process, although they could not show increased 
numbers of primary calvarial osteoblasts77. This is in agreement with the 
results reported by Bosetti et al.91. Furthermore, Fulzele et al. have reported 
increased numbers of primary calvarial osteoblasts that lack IGF-1 
receptors79. The heterogonous results may reflect that different experimental 
set-ups with different cell cultures can result in different outcomes.  
 
Quantitative real-time PCR was used in Study IV to evaluate the early and 
late cellular responses to the insulin-treated samples. A previous in vivo 
study involving local delivery of insulin showed increased gene expression 
of osteopontin in the bone callus after 4 days, and increased Col-1 gene 
expression after 7 days96. When analysing mice osteoblasts that lack insulin 
receptors, Fulzele et al. showed decreased levels of Runx2 and OCN gene 
expression and increased OPG gene expression, as compared to controls70. 
However, Yang et al. reported down-regulation of Runx2 expression and up-
regulation of gene expression for Osx and OCN in MG-63 cells treated with 
insulin75. The increased expression of the OCN gene is in agreement with the 
report of Zhang et al., who showed an increase in OCN gene expression 
following the treatment of primary mice calvarial osteoblasts with insulin77. 
In Study IV, however, only one of the tested genes (IL-1β) showed a 
differential response compared to the control when treated with insulin, 
which might emphasise the difficulty related to determining the optimal 
sampling time for the quantitative real-time PCR.  

In Study IV, decreased expression of the gene for IL-1β was noted for the 
insulin-treated samples, 1 day post-implantation. Insulin has been the subject 
of investigations of cardiovascular diseases with respect to its anti-
inflammatory effect. The hormone has been shown to: Decrease the adhesion 
of leukocytes and platelets to endothelium; increase vasodilation; and 
decrease TNF-α expression both locally and systemically82. Dandona and co-
workers have further shown that insulin treatment of obese, non-diabetic 
patients results in significantly decreased production of NF-κB by their 
mononuclear cells84. Inflammation at an early stage of the healing process is 
suggested to be of importance for bone healing mechanisms39,41. Anti-



 48 

inflammatory agents have previously been proven to affect the bone healing 
negatively145. However, an increased or prolonged inflammatory response 
may compromise the healing process. Furthermore, pathological conditions, 
such as oestrogen deficiency, diabetes mellitus, and periodontitis, are 
correlated with increased levels of pro-inflammatory mediators37,56,146,147.  

In Study I, a significantly larger bone area was observed at the threads of the 
insulin-coated implants. This contrasts with Study IV, in which no significant 
differences in average bone area were observed between the groups. In Study 
I the reference insulin thickness was 149Å compared to 48Å in Study IV. 
Since normal bone metabolism is affected in ovariectomised rats, differences 
between the groups could be more difficult to discern, and a higher 
concentration of insulin might have been needed. In Study I, it is suggested 
that the significantly increased bone area seen for insulin-coated implants is a 
consequence of the released insulin stimulating the bone in the periphery. 
This suggested release of insulin is confirmed in Study II.  

In accordance with the results obtained in Study I, no increase in the average 
BIC value was found in Study IV. However, significantly fewer threads with 
≤5% BIC were seen after treatment with insulin. This may be interpreted as 
the most severe cases in osteoporotic rats being improved by locally 
delivered insulin. However the functional significance of having fewer 
threads with BIC ≤5%, if the overall BIC% is not significantly different, 
needs to be further evaluated.  

The micro-CT evaluation described in Study IV provides new information 
regarding the significantly increased periosteal bone formation seen after 
implantation of the insulin-coated titanium implants. This finding may be of 
greater relevance for fracture healing than for osseointegration, as bridging of 
the fracture gap is dependent upon periosteal activity. Fracture healing has 
been suggested to occur in two stages: A primary callus response; and a 
secondary callus response. The first stage is characterised by subperiosteal 
new bone formation adjacent to the fracture, while the second stage is 
characterised by bridging of the fracture gap with an external callus46. A 
previous study95 using a femur rat fracture model has shown increased 
endosteal bone formation following treatment with locally delivered insulin. 
However, in that study, an insulin-palmitic acid implant was used, which was 
allografted intramedullary, and therefore came in direct contact with the 
endosteum95. The enhanced periosteal bone formation observed in Study IV, 
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could also be a result of the coating detaching from the surface once 
implanted, contributing to a higher concentration of insulin at the periosteal 
site and consequently lower in the trabeculae compartment. The mechanical 
stability of the insulin coating has not been thoroughly investigated. 
However, if the coating has low mechanical strength, a surface with micro-
pores, within which the insulin molecules are protected during implantation, 
might be favourable, as in Study I.   

In Study II, a decrease of released insulin is demonstrated upon storage of the 
insulin-coated titanium discs. This is probably due to denaturation of the 
protein layer over time. As this has ramifications for the clinical usability, 
further studies are needed in order to solve these problems. 

In study III it was demonstrated that the immobilisation of insulin onto a 
titanium surface resulted in a heterogeneously distributed insulin layer, as 
shown by the XPS analysis, which demonstrates that insulin dominates the 
coated surface, although the metallic component of the Ti 2p spectrum is also 
detectable. A non-homogenous surface was further visualised by SEM, 
showing a scattered distribution. 
 
The thickness of the insulin layer has been used as a measure of the amount 
of surface-immobilised insulin, since it is shown in Study II that the 
thickness of the insulin layer corresponds to the amount of insulin released 
from the titanium surface. However, to receive a desirable insulin coating 
thickness or to reproduce a certain insulin thickness throughout the multiple 
coating occasions were difficult. In a previous study conducted by Tengvall 
et al., a gradual increase in the thickness of the layer of coating protein (IgG, 
fibrinogen, catalase, plasma proteins) on silicon was observed after each 
incubation with the coating agent, using the same immobilisation technique 
as in this study133. In this study, the insulin thickness, in some instances, 
decreased dramatically during the coating processes. The discrepancy 
between this study´s results and those of the previous study133, cannot be 
attributed to the different  surface materials used (silicon and titanium), as 
both surfaces were prepared and silanised according to a similar protocol. A 
factor that may be of importance is the quality of the immobilisation 
chemicals, in that EDC/NHS is susceptible to spontaneous degradation in 
aqueous solutions. In addition, an excessive concentration of EDC may result 
in protein degradation and detachment from the carrier surface148. Another 
likely explanation for the above-mentioned discrepancy may be that the 
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small protein-size insulin behaves differently than larger proteins (e.g., IgG, 
fibrinogen, and catalase), during immobilisation. However, to increase the 
amount of coated insulin, i.e., the coating thickness, and to prevent its 
removal upon implantation, the use of other carrier surfaces with different 
topographies (micro-pores) might be advantagous149.  
 
The coating process used in Study IV significantly changed the surface 
topography, as compared to the control, even though the insulin-coated 
surface could still be regarded as a smooth surface. However, an altered 
surface topography might per se change the cell and bone responses110. In a 
review of the in vitro and in vivo models, it has been concluded that the 
properties of the implant surface (e.g., surface roughness) play crucial roles 
in the tissue responses that occur post-implantation150. In Study I, no 
significant change in the surface topography was detected after the 
immobilisation of insulin. The titanium surface in this study had a rougher 
surface with micro-pores, suggesting that the insulin molecules might have 
been protected within these pores.   

In Study II, it is shown that osteoblast-like cells do not increase in number 
when incubated in cell culture medium that contains 1 nM insulin, as 
compared to incubation in the control medium. However, the cell numbers 
significantly increase when incubated in 10 nM, 100 nM, and 1000 nM of 
insulin. These findings indicate that insulin dose-dependently, increases cell 
numbers and is in agreement with other studies89. However, the difficulties 
with controlling the thickness of the insulin layer, represent a limitation to 
testing different insulin concentrations in vivo. 

Locally delivered insulin has been studied in different non-diabetic models, 
not only to assess the possibility to improve the healing of bone fractures95-97, 
implant insertions100,151, and spinal fusions14 but also to improve cutaneous 
wounds98. Insulin increases the migration of human keratinocytes, which 
suggests that it might promote wound healing98. The average blood vessel 
density within the sub-periosteal mineralised region (judged by manually 
counting the stained PECAM1-positive and VEGF-C-positive cells) showed 
a 75% increase after insulin treatment in a femur rat fracture model96. 
Alteration of the healing capacity of the cutis/mucosa and blood vessels 
might determine the outcome of fracture healing, grafting and 
osseointegration. Furthermore, enhanced bone formation, as well as higher 
fusion rates of lumbar spinal fusions in vivo, has been shown previously with 



 

 51 

locally administered insulin14,95-97, as described earlier. The literature review 
presented herein and the studies included in this thesis, emphasises that 
locally delivered insulin has osteoinductive capacity, both in healthy and 
compromised animal models.  
 
The clinical outcome, when a surgical intervention is needed, is dependent 
upon multiple factors, such as those related to the patient, surgeon, and 
materials used. With increased awareness of treatment choices, improved 
patient compliance, enhanced experience of the surgeon, optimised surgical 
techniques, and improvements to the applied materials, the majority of 
patients are today successfully treated. Those patients in greatest need of 
improvements are those with more severely compromised conditions. 
Therefore, pre-clinical efforts should be taken in account, to expand the 
possibilities to help a greater range of patients. However, previous reports 
have questioned the clinical relevance of animal findings152. Whether or not 
the enhancement of bone formation by local insulin delivery shown here for 
rats can be replicated in humans is an issue that needs to be further explored. 
 



 52 

6 CONCLUSIONS 
I. It is concluded that insulin immobilised on a titanium 

implant surface and administered locally to non-diabetic 
subjects has the potential to increase bone formation.  

I. It is concluded that titanium surfaces can act as carriers for 
the hormone insulin. The insulin is released from the surface 
with preserved biological activity, in vitro. The decreased 
release of insulin with prolonged storage time needs to be 
considered when the implants are used in clinical situations.   

II. It is concluded that in spite of insulin release, the remaining 
coated layer has a stabilizing effect on the structures of other 
adsorbed proteins and supports the accumulation of calcium 
and phosphate ions at the interface.  

III. It is concluded that locally delivered insulin is a potential 
agent for enhanced bone formation with possible anti-
inflammatory capacity in osteoporotic rats. 

 
 
The overall conclusion is that insulin-coated titanium implants represent a 
potentially novel therapy for local bone regeneration, opening possibilities 
for new applications. However, the current immobilization technique has 
limitations, such as problems associated with controlling the concentration of 
bonded insulin and prolonged storage of the insulin-coated titanium implants. 
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