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ABSTRACT 
 
Julia Kulkova 
 
Experimental Studies on Non-metallic Composite Bone Implants with a Special 
Reference to Staphylococcal Biofilm Infections  
 
From the Department of Orthopedics and Traumatology, Institute of Clinical 
Medicine, Faculty of Medicine, Doctoral Program of Clinical Investigation, University 
of Turku and Turku University Hospital, Turku, Finland 
 
Annales Universitatis Turkuensis 
Painosalama Oy, Turku, Finland 2015 
  
Non-metallic implants made of bioresorbable or biostable synthetic polymers are 
attractive options in many surgical procedures, ranging from bioresorbable suture 
anchors of arthroscopic surgery to reconstructive skull implants made of biostable 
fiber-reinforced composites. Among other benefits, non-metallic implants produce 
less interference in imaging. Bioresorbable polymer implants may be true 
multifunctional, serving as osteoconductive scaffolds and as matrices for simultaneous 
delivery of bone enhancement agents. As a major advantage for loading conditions, 
mechanical properties of biostable fiber-reinforced composites can be matched with 
those of the bone. Unsolved problems of these biomaterials are related to the risk of 
staphylococcal biofilm infections and to the low osteoconductivity of contemporary 
bioresorbable composite implants. 

This thesis was focused on the research and development of a multifunctional 
implant model with enhanced osteoconductivity and low susceptibility to infection. In 
addition, the experimental models for assessment, diagnostics and prophylaxis of 
biomaterial-related infections were established.  

The first experiment (Study I) established an in vitro method for simultaneous 
evaluation of calcium phosphate and biofilm formation on bisphenol-A-
glycidyldimethacrylate and triethylenglycoldimethacrylate (BisGMA-TEGDMA) 
thermosets with different content of bioactive glass 45S5. The second experiment 
(Study II) showed no significant difference in osteointegration of nanostructured and 
microsized polylactide-co-glycolide/β-tricalcium phosphate (PLGA /β-TCP) composites 
in a minipig model. The third experiment (Study III) demonstrated that positron 
emission tomography (PET) imaging with the novel 68Ga labelled 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) CD33 related sialic-acid 
immunoglobulin like lectins (Siglec-9) tracer was able to detect inflammatory response 
to S. epidermidis and S. aureus peri-implant infections in an intraosseous 
polytetrafluoroethylene catheter model. In the fourth experiment (Study IV), BisGMA-
TEGDMA thermosets coated with lactose-modified chitosan (Chitlac) and silver 
nanoparticles exhibited antibacterial activity against S. aureus and P. aeruginosa 
strains in an in vitro biofilm model and showed in vivo biocompatibility in a minipig 
model. In the last experiment (Study V), a selective androgen modulator (SARM) 
released from a poly(lactide)-co-ε-caprolactone (PLCL) polymer matrix failed to 
produce a dose-dependent enhancement of peri-implant osteogenesis in a bone 
marrow ablation model.    
  
 
Keywords: bioresorbable implants, bioactive glass, BisGMA-TEGDMA thermosets 
PLGA, β-TCP, PET, 68Ga-DOTA-Siglec-9 PET tracer, Chitlac-nAg, bone infections, PLCL, 
SARM, osteogenesis 
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TIIVISTELMÄ 
 
Julia Kulkova  
 
Polymeereistä valmistettuihin ei-metallisiin komposiittiluuimplantteihin liittyvä 
kokeellinen tutkimus erityisesti liittyen biofilmiä muodostavaan stafylokokki  
-infektioon 
 
Ortopedian ja traumatologian klinikka, Kliinisen lääketieteen laitos, Lääketieteellinen 
tiedekunta, Turun yliopiston kliinisen lääketieteen tohtoriohjelma, Turun yliopisto ja 
Turun yliopistollinen keskussairaala, Turku, Suomi 
 
Annales Universitatis Turkuensis 
Painosalama Oy, Turku, Finland 2015 

 
Synteettisistä polymeereistä valmistetut biohajoavat ja biostabiilit implantit ovat 
vaihtoehtoja metallisille implanteille useissa kirurgisissa toimenpiteissä. Biohajoavia 
implantteja voidaan käyttää tähystyskirurgiassa ommelankkureina tai biostabiileita 
kuitulujitteisia implantteja kalloluun korjauksessa. Polymeereistä valmistetut 
implantit häiritsevät kuvantamistutkimuksia vähemmän kuin tavanomaiset metalliset 
implantit. Biohajoavat polymeerit voivat myös toimia luun kasvua ohjaavana 
rakenteena ja samalla vapauttaa paikallisesti luun kasvua edistävää lääkettä. Myös 
biostabiileista kuitulujitteisista polymeereistä voidaan valmistaa kuormaa kantavia 
implantteja, joiden mekaanisia ominaisuuksia on säädelty luun kanssa 
samankaltaisiksi. Biomateriaalien kliiniseen käyttöön liittyy aina jonkinasteinen 
infektioriski. Vaikeimmin hoidettavat infektiot liittyvät bakteerikantojen kykyyn 
kiinnittyä implanttien pinnalle (biofilmin muodostuminen). Myös biohajoavien 
implanttien käytössä riittämätön uudisluun muodostuminen on todettu yhdeksi 
ongelmaksi.  

Tässä väitöskirjatutkimuksessa keskityttiin multifunktionaalisen implanttimallin 
tutkimukseen, jossa pyrkimyksenä oli saada parannettua implantin 
osteokonduktiivisuutta ja alentaa infektioalttiutta. 

Ensimmäisessä osatyössä kehitettiin menetelmä, jolla voidaan seurata biofilmin 
ja hydroksiapatiitin muodostumista bioaktiivisen lasin 45S5 sekä bisfenoli-A-
glysidyylidimetakrylaatin ja trietyleeniglykolidimetakrylaatin (BisGMA-TEGDMA) 
seoksesta valmistetun yhdistelmämateriaalin pinnalla. Toisessa osatyössä todettiin, 
että luun muodostusta edistävän β-trikalsiumfosfaatin (β-TCP) partikkelikoolla (nano 
versus mikro) ei ollut merkittävää vaikutusta biohajoavan yhdistelmämateriaalin 
(valmistettu polylaktidiglysidyylin seospolymeeristä ja β-TCP:sta) kiinnittymiseen 
luuhun. Kolmannessa osatyössä todettiin, että positroniemissiotomografian (PET) uusi 
Siglec-9 -niminen kuvausmerkkiaine pystyy tunnistamaan stafylokokkien (S. 
epidermidis ja S. aureus kannat) aiheuttamat implantti-infektiot. Siglec-9 valmistettiin 
68Ga-isotoopilla leimattuun 1,4,7,10-tetra-atsasyklododekaani-1,4,7,10-
tetraetikkahappoon (DOTA). Implantti oli luun sisäinen katetrityyppinen ratkaisu, ja se 
oli valmistettu polytetrafluorietyleenistä (PTFE). Neljännessä osatyössä osoitettiin, 
että nanokoon hopeapartikkeleita sisältävä laktoosi-modifioitu kitosaani (Chitlac) -
pinnoite estää bakteerien kasvua (S. aureus ja P. aeruginosa kannat) biostabiilin 
BisGMA-TEGDMA:sta valmistetun implantin pinnalla.  Pinnoitteella ei ollut haitallisia 
vaikutuksia implantin kiinnittymiseen luuhun. Viimeisessä osatyössä todettiin, että 
biohajoavista polylaktidikaprolaktonin (PLCL) seospolymeerimatriisista valmistetusta 
implantista vapautuva anabolinen lääkeaine (selektiivinen androgeenimodulaattori, 
SARM) ei edistänyt uudisluun muodostumista paikallisesti luuydinablaatiomallissa. 

 
Hakusanat: biohajoavat implantit, bioaktiivinen lasi, BisGMA-TEGDMA kertamuovi, 
PLGA, β-TCP, PET, 68Ga-DOTA-Siglec-9 PET -merkkiaine, luuinfektiot, PLCL, SARM, 
luunmuodostumis 
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1 INTRODUCTION 
 
 Typical short-term applications for bioresorbable implants include orthopaedic 
bone fixation devices, soft tissue anchorage implants of arthroscopic surgery drug 
delivery devices, as well as tissue engineering scaffolds. There is a trend toward the 
development of multifunctional bioresorbable devices. For example, bioresorbable 
bone fillers or fixation devices can be loaded with anti-bacterial agents to provide 
both bone healing and the prophylaxis or treatment of osteomyelitis. 

Osteoconductive ceramics, e.g. calcium phosphates and bioactive glasses, have 
a unique ability to establish favoribale conditions for a direct and mechanically strong 
bond between the material and bone. Osteoconductive materials elicit extracellular 
response, providing a suitable surface for the attachment of bone cells.  

Medical devices based on bioresorbable composites form another growing field 
of research. In composites, a polymer matrix is loaded with bioactive particles to alter 
the mechanical properties and to stimulate peri-implant bone formation. In addition, 
osteoconductive calcium phosphate ceramic particles neutralize the normally acidic 
environment around the dissolving implant, thus lowering the rate of clinical 
complications. 

Drug delivery is a growing field for bioresorbable implants loaded with active 
compounds. Selective androgen modulators (SARMs) are among the novel molecules 
under investigation for induction of local osteogenesis in trauma patients with large 
bone defects as well as in osteoporotic patients with comminuted fractures. 
Experimental studies have shown that SARMs are able to protect the skeleton from 
the adverse effects of orchiectomy and ovariectomy.  

The number of implantations is constantly increasing due to the aging of world 
populations. However, biofilm formation on the implant surface and the subsequent 
host response may challenge the success of implantation. Staphylococcus aureus  
(S. aureus) and Staphylococcus epidermidis (S. epidermidis) are prevalent micro-
organisms associated with orthopaedic implant infection. There are a number of 
strategies for the prophylaxis of orthopaedic infections. Procedure, device, and 
patient characteristic dependent factors are significant and, if taken under control, 
may reduce infection rate. Biofilm bacteria are more resistant to antimicrobial agents 
than their planktonic counterparts and are difficult to detect by routine 
microbiological techniques. The approach of counting colony-forming units (CFU) is 
the gold standard for indicating bacterial viability. However, this technique is 
laborious and not always applicable. Positron emission tomography (PET) is a 
noninvasive metabolic imaging technique which is promising in terms of the detection 
of inflammatory tissue response induced by implant-related infections. 
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2 REVIEW OF THE LITERATURE 
 
2.1 Bone 
 
2.1.1 Composition and structure 

 
 Bone is a natural composite which has a hierarchical structure. The organic part 
of bone, about 30 wt-%, is represented by Type I collagen fibers, non-collagenous 
proteins and lipids [Fratzl and Weinkamer 2007]. The inorganic part of the bone, 
about 70 wt-% is prevalent and represented by hydroxy-carbonate-apatite (HCA), 
which is organized in plate-shaped crystallites. Collagen is a protein composed of 
triple-helix molecules and responsible for bone toughness. The apatite crystallites, 
which are embedded between the collagen molecules, reinforce the collagen fibers 
[Vigued-Carrin et al. 2006, Fratzl and Weinkamer 2007]. The crystallites are aligned in 
parallel with each other; however, their distribution is not uniform within bone. 
 Mineralized collagen molecules form fibrils, and in turn, fibrils self-assemble 
into fibers. These fibers can either arrange into well-organized parallel sheets of 
lamellar bone or form randomly-organized structures of woven bone [Rho et al. 
1998]. The mechanical properties of lamellar bone are superior to those of woven 
bone. Woven bone appears during physiological and pathological states, when rapid 
bone formation is needed, e.g. fracture healing, tumors and Paget disease [Kalfas 
2001]. Cortical and trabecular bone are normally formed in lamellar pattern and 
composed of osteons [Clarke 2008].  

Cortical bone prevalence in adult human skeleton IS 80%, while trabecular bone 
comprises the remaining 20% [Clarke 2008]. Cortical bone is a dense and solid 
structure, which has a low metabolic activity compared with trabecular bone. 
Anatomically, the outer periosteum surface and the inner endosteal surface are 
outlined in cortical bone. The osteons of cortical bone, which form a wide branching 
network, are known as the Haversian system [Clarke 2008]. The remodeling activity of 
the Haversian system affects cortical bone porosity and cortical bone mass. 

Trabecular bone is a porous and spongy structure, which consists of semilunar 
osteons known as packets [Clarke 2008]. Although the morphological structure of 
trabecular bone has similarity with cortical bone, the substantial heterogeneity of 
trabecular bone is distinguished [Choi and Goldstein 1992, Keaveny et al. 2001]. 

In addition, bone is composed of water and cells. Water in bone is particularly 
found inside the blood vessels and accounts for 25 % of the fresh bone weight % 
[Weiner and Wagner 1998]. The cellular part of bone accounts for 2 %. There are 
mesenchymal and hematopoietic stem cell lineages, which give rise to bone cells. 

Mesenchymal stem cells are located in bone marrow, endosteum, periosteum 
and bone canals [Buckwalter et al. 1996a]. These cells proliferate and differentiate 
into the osteoblasts line. Osteoblasts are large cuboidal cells with one nuclei, enlarged 
Golgi apparatus, and abundant endoplasmic reticulum [Buckwalter et al. 1996a]. 
Osteoblasts undergo one of the three scenarios. In the first scenario, osteoblasts 
maturate and become involved in the synthesis and secretion of the organic matrix of 
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bone, which is the most recognized function of these cells [Buckwalter et al. 1996a]. 
In addition, mature osteoblasts influence the mineralization of the bone organic 
matrix via production of extracellular matrix vesicles and non-collagenous proteins. 
The nucleation core of extracellular matrix vesicles contains components that allow 
precipitating of hydroxyapatite crystals [Clarke 2008]. In turn, non-collagenous 
proteins are known to regulate the amount and size of hydroxyapatite crystals in the 
matrix [Clarke 2008]. In the second scenario, mature osteoblasts can differentiate into 
osteocytes, which are the most numerous bone cells in the adult skeleton [Buckwalter 
et al. 1996a]. Immature osteocytes have inherent similarities in structure with 
osteoblasts and are surrounded by the bone organic matrix [Downey and Siegel 
2006]. Once osteocytes become mature, they shift to the deeper layers of the bone 
organic matrix and diminish in size due to the loss of cytoplasm [Downey and Siegel 
2006]. Osteocytes form broad cell communication networks via long cytoplasmic 
processes that occupy canaliculi in bone organic matrix. These communication 
networks are thought to be important in the transportation of nutrients, minerals, 
and metabolic products, and thus facilitate the coordination of bone cells activity 
[Downey and Siegel 2006]. In the third scenario, osteoblasts may become quiescent 
and proceed into bone-lining cells [Downey and Siegel 2006]. Flattened bone-lining 
cells are metabolically inactive and have cytoplasmic processes that permeate the 
bone organic matrix [Buckwalter et al. 1996a]. The function of these cells is still 
unclear [Downey and Siegel 2006]. However, it has been shown that the presence of 
parathyroid hormone stimulates bone-lining cells to secrete enzymes that prepare the 
bone surface for osteoclastic activity [Buckwalter et al. 1996a]. 

For a long time osteoclast precursors remained unidentified. At present, there 
is no doubt of the hematopoietic origin of these cells. It is believed that monocytes, 
macrophages and osteoclasts are similar in nature and combined into a unified 
phagocyte system. However, the initial precursors of these cells are different. 
Originally, preosteoclasts circulate in the blood as mononuclear cells. Once 
preosteoclasts reach the resorption area, they merge with each other and give rise to 
the osteoclast. The osteoclast is a large, motile, multinucleated cell with numerous 
mitochondria [Buckwalter et al. 1996a, Downey and Siegel 2006]. The main function 
of this cell is bone resorption. Osteoclasts become polarized, when tightly bound to 
the bone organic matrix. Thereafter, the ruffled border of the osteoclast, which is a 
key feature in high lytic and phagocytic activity, secretes H+ and cathepsin K into 
resorption domain [Buckwalter et al. 1996a]. Osteoclasts activity creates erosive 
Howship’s lacunas. When the resorption process is complete, bone-turnover products 
are removed by transcytosis, and osteoclasts undergo apoptosis or return to the 
dormant state [Buckwalter et al. 1996a]. 

 Bone tissue has metabolic and mechanical function [Buckwalter et al. 1996b]. 
Metabolic function of bone is expressed in the ability to accumulate and balance the 
mineral composition of body fluids. The mechanical function of bone is expressed in 
load bearing capacity. Strength is the main mechanical property of bone, which 
characterized by the ability of bone to resist external forces. When external forces 
applied to bone exceed its strength, deformation may occur [Buckwalter et al. 1996b].  
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 Overall, bone is a viscoelastic and anisotropic material [An 2000, Downey and 
Siegel 2006]. The amount of deformation depends on the type of external forces, rate 
of applied force and individual bone characteristics. If the amount of external force is 
low, bone has a lower elasticity and behaves as a viscous material. However, when 
the amount of external force is high, bone becomes brittle. In contrast with trabecular 
bone, which has a greater porosity and lower elasticity, cortical bone is able to resist 
compression better than tensile. In turn, trabecular bone demonstrates a greater 
resistance to compression when applied parallel to the bone. Hence, bone naturally 
resists higher external forces in the longitudinal direction [An et al. 2000, An 2000].  
 External loads applied to bone are known to be a mechanical signal for bone-
lining cells and osteocytes. These mechanical signals transform to a chemical one and, 
thereafter, regulate bone modeling and remodeling [Downey and Siegel 2006]. 
Modeling and remodeling are physiological adaptation processes, which bone 
undergoes during its lifespan. While modeling affects overall bone size and shape in 
response to physiologic changes or external forces, remodeling is a renewing process, 
which maintains bone strength [Buckwalter et al. 1996b, Clarke 2008]. Modeling is a 
less frequent process than remodeling in the adult skeleton [Kobayashi et al. 2003]. 
However, modeling may be increased under certain pathological conditions e.g. 
treatment with anabolic agents, renal osteodystrophy and hypoparathyroidism 
[Ubara et al. 2003, Ubara et al. 2005, Lindsay et al. 2006]. 
 The remodeling process is dependent on the bone cellular component. In 
conjunction with osteocytes and lining cells, osteoblasts and osteoclasts constitute 
the bone reconstruction multicellular unit, which is well balanced and capable of 
detecting damage in bone and, subsequently, repairing it with new bone [Seeman and 
Delmas 2006]. The central issue in bone remodeling is that the new bone structure 
must comply with the upcoming external forces. The natural process of bone 
formation is absolutely irreproachable. However, without proper arrangement, 
unbalanced activity of the multicellular unit might lead to increased bone remodeling 
or provoke extensive bone loss [Seeman and Delmas 2006]. In both cases, bone 
strength is compromised and the rate of fracture risk is extremely high. 
 
2.1.2 Healing patterns of bone 
 
 Bone has a unique capability to regenerate. Fracture healing is a four-phase 
process, where the inflammation, soft and hard callus formation phases precede the 
phase of bone remodeling. However, in natural conditions all phases overlap 
[Schindeler et al. 2008]. During the inflammation phase, the developed hematoma is 
rapidly infiltrated by inflammatory cells, which produce cytokines and growth factors; 
subsequently the clotting proceeds into a fibrinous thrombus [Gerstenfeld et al. 2003, 
Schindeler et al. 2008]. Thereafter, granulation tissue forms as a result of sprouting 
capillaries in the clot. Phagocytic cells act as sweepers; they remove dead cells and 
other fragments. Cytokines and growth factors guide this cellular response 
[Gerstenfeld et al. 2003, Schindeler et al. 2008]. During the soft callus formation 
phase, growth factors stimulate and coordinate the proliferation of chondrocytes and 
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fibroblasts, which are the dominant cells at this milestone. These cells create a soft 
callus, which functions as a mechanical support, as well as a pattern for the hard 
callus. Chondrocytes attempt to replace the granulation tissue with the cartilage. 
However, when cartilage production is insufficient, fibroblasts cover these regions 
with fiberous tissue. Thereafter, the central fibrocartilaginous plug immobilizes the 
fracture fragments and undergoes mineralization [Barnes et al. 1999]. 
 Soft callus vascularization is accompanied by pro-angiogenic factors stimuli 
[Gerstenfeld et al. 2003, Kalfas 2001, Deckers et al. 2002]. In addition, the 
morphogenesis of larger blood vessels and collateral branches is coordinated by 
angiopoietin I and II. The hard callus formation phase is characterized by the high 
activity of mature osteoblasts, which leads to bone organic matrix development. This 
process starts directly in the stable marginal parts of the soft callus. The newly formed 
bone is irregular woven bone. Interestingly, a hard callus may develop without 
cartilaginous pattern, either in the state of great mechanical stability or in 
appositional bone growth [Schindeler et al. 2008]. The differentiation of osteoblasts 
requires a high local level of oxygen. Therefore, proper vascularization of the fracture 
healing region is critical for adequate hard callus formation [Peng et al. 2005, Tarkka 
et al. 2003]. The fourth phase of fracture healing is bone remodeling. 
 Physiological bone remodeling is characterized by osteoclastic elimination of 
calcified bone tissue. In terms of bone fracture healing, remodeling is a two-phased 
process, which consists of the removal of soft callus which is accompanied by the 
ultimate remodeling of the hard callus [Schindeler et al. 2008]. Soft callus remodeling, 
which occurs between phases two and three of fracture healing, is mostly osteoclast-
independent process. Resent evidence suggests that the remodeling of the soft callus 
is a non-specific catabolic process which involves various cell types [Schindeler et al. 
2008]. This process includes the ongoing elimination of the soft callus fibrocartilage 
and subsequent woven bone formation. In turn, hard callus remodeling is restricted 
by osteoclastic activity. M-CSF and Receptor Activator of NFκB Ligand (RANKL) 
produced by osteoblasts are essential for osteoclastogenesis from their 
hematopoietic stem cells. In addition, M-CSF is responsible for the initial stimulation 
of the differentiation of haemopoietic stem cells [Fan et al. 1997]. RANKL, synthesized 
by mature osteoblasts, plays an important role in bone remodeling being activator of 
osteoclastogenesis and stimulator of mature osteoclasts. The RANKL activity is tightly 
regulated by the osteoprotegrin (OPG) receptor, which is an antagonist of osteoclasts 
differentiation [Blair et al. 2006]. In addition, numerous cytokines and growth factors 
are known to mediate osteoclastogenesis [Quinn and Gillespie 2005, Lee and Lorenzo 
2006, Kaneko et al. 2000]. 
 
 2.2 Biomaterial-related infections  
 
2.2.1 Aetiology 
 
 It is highly important to note, that all implants are to some extend inclined to 
bacterial colonization. Clinical observations and experiments with animal models have 
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shown that the presence of skeletal implants promotes immediate and delayed 
infections [Gristina and Costerton 1985]. The surface of the implant material dictates 
the propensity for bacterial colonization [Hickok and Shapiro 2012]. As an example, 
enhanced protein absorption to the implant surface may enhance osteointegration; 
however, this material property may also predispose the surface to bacterial 
colonization. 

Recently, it has been shown that after primary hip and shoulder replacements, 
the intra-operative infection rates are 1% and 2% respectively. However, after 
secondary total hip and knee replacements, the infection rates increase to 3.2% and 
5.6 % respectively [Stoodley et al. 2005, Zimmerli et al. 2004]. Although, the 
occurrences of infection seem to be low, total hip replacements are common 
orthopaedic procedures. Therefore, complications due to infection dramatically 
increase the hospital costs and morbidity of the patients. 

American Association of Orthopaedic Surgeons has identified four classes of 
prosthetic infections: 

Class 1 is characterized by two positive intraoperative cultures. 
Class 2 is characterized by first month postoperative infection. 
Class 3 is characterized by chronic infection which is present for more than 1 

month [Montenaro et al. 2011]. 
Consequently, the infection may occur peri-operatively or hematogenously at a 

later phase of the implant’s lifespan. In the peri-operative scenario, the patient’s skin 
and the airborne particles e.g. originating from surgical personnel are the main 
sources of infection [Pittet and Ducel 1994]. In the hematogenous scenario, the 
infection often result from microorganisms originating from contaminated focus in 
the body, such as a urinary tract infections, or a transient bacteremia related to a 
dental surgical procedure. Even 100 CFU are able to induce the biofilm formation on 
the implant surface [Montenaro et al. 2011]. Normally, the host immune system is 
able to identify and prevent infection. However, in some cases, the host itself 
enhances the infection rate by creating the conditions favorable for pathogen 
colonization [Ahmed et al. 2001, Hauck and Ohlsen 2006, Piroth et al. 2008, Bos et al. 
1999]. 

Coagulase-positive or-negative species, belonging to the Staphylococcus genus, 
are the dominant isolates in biomaterial-related infections of joint replacement 
[Tsukayama et al. 2003, Montenaro et al. 2011]. 

It was reported [Montenaro et al. 2011] that Staphylococcus aureus (S. aureus) 
is the most prevalent (35.5% overall) among the staphylococcal species causing 
orthopaedic infections. In the presence of medical devices, the frequency of 
orthopaedic infections caused by S. aureus was reported as 31.7 % compared to 40.2 
% without medical devices. In contrast, Staphylococcus epidermidis (S. epidermidis) 
causes 39.0 % medical-device associated infections compared to 15.9% without 
medical devices. The overall frequency of orthopaedic infections caused by S. 
epidermidis was reported as 29.9%. 
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2.2.2 Pathogenesis 
 
 The pathogenesis of biomaterial-related infections depends on biofilm 
formation. Biofilm is a multilayer structure, where communities of microorganisms 
are imbedded in extracellular polymeric slime (EPS) and attached to the surface. The 
exact mechanism of mature Staphylococcal biofilm formation is poorly known [Fey 
and Olson 2010]. However, it has been suggested to be a four/step process including 
the initial interaction with the surface, accumulation, maturation and detachment 
[Montanaro et al. 2011]. 

The initial interaction, the first step of biofilm formation, is a non-specific 
process dependent on, hydrophobicity, the charge and the chemical composition of 
the implant surface [Bos et al. 1999]. The cell wall autolysins/adhesins AtlE in S. 
epidermidis and AtlA in S. aureus are specific proteins which mediate the initial 
interaction with hydrophobic surfaces and possibly take part in subsequent biofilm 
accumulation [Heilmann et al. 1997]. In addition, these autolysins are able to release 
extracellular deoxyribonucleic acid (DNA), which is an essential adherence factor in 
both species. Thereafter, the host rapidly coats foreign body, such as an implant, with 
plasma proteins, including vitronectin, fibronectin and fibrinogen. These host proteins 
give microorganisms an advantage in regard to attachment and subsequent biofilm 
formation [Bos et al. 1999]. In both S. epidermidis and S. aureus, several adherence 
factors, reported as microbial surface components recognizing adhesive matrix 
molecules (MSCRAMMs) have been identified to mediate binding to serum proteins 
[Pei and Flock 2001a, Pei and Flock 2001b, Sellman et al. 2008].  
 In the second step of biofilm formation, known as accumulation, the 
intercellular adhesion locus (ica ADBC) mediates the synthesis of polysaccharide 
intercellular adhesin (PIA) in both S. epidermidis and S. aureus. PIA is a cell surface 
glycan composed of β-1,6-linked 2-acetamido-2-deoxy-D-glucopyranosyl residues 
(GlcNAc) [Mack et al. 1996, Heilmann et al. 1996, Gerke et al. 1998, Cramton et al. 
1999]. The synthesis of PIA is dependent on environmental stress conditions and 
tightly regulated by numerous factors affecting ica expression [Knobloch et al. 2001, 
Baldassarri et al. 2001, Cue et al. 2012]. The main role of PIA is to enhance biofilm 
formation in parallel with inhibition of neutrophil-dependent killing and antibiotic 
activity [Vuong et al. 2004a, Vuong et al. 2004b, Begun et al. 2007, Lewis 2008, 
Ganeshnarayan et al. 2009]. In addition, it has been shown in S. epidermidis that PIA 
has a stimulating effect on the maturation of biofilm [Fey and Olson 2010]. 
 During the third step of biofilm formation, known as biofilm maturation, micro-
organisms exist in four metabolic states: aerobic, anaerobic, dormant and dead [Rani 
et al. 2007]. These metabolic states permit bacteria to change cell wall properties, 
DNA-synthesis, and, therefore, increase their survival rate and virulence [Stewart and 
Franklin 2008]. Bacteria living within the biofilm are more tolerant to environmental 
stress that their planktonic counterparts [Beenken et al. 2004, Yao et al. 2005, Resh et 
al. 2005]. In contrast to the planktonic form, S. epidermidis and S. aureus living in 
biofilm carry a specific arginine deiminase operon (ADI). This ADI pathway serves as a 
survival mechanism under microaerobic and anaerobic conditions when arginine is 
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catabolized and ammonia and adenosine triphosphate are generated [Beenken et al. 
2004, Yao et al. 2005, Fuchs et al. 2007, Kohler et al. 2008, Zhu et al. 2007]. Overall, 
the energy derived through arginine catabolism is significant in biofilm maturation. 
 The fourth step of biofilm formation is detachment, which involves dispersal of 
planktonic cells from the biofilm and their subsequent accumulation in other organs 
and systems. The exact mechanism of this stage remains unclear [Fey and Olson 
2010]. However, it has been shown previously that changes in pH level and cell 
starvation are initial factors for detachment. Thereafter, phenol-soluble modulins act 
as surfactants and disturb bacterial interaction [Otto 2008, Boles and Horswill 2011]. 

Overall, bacterial biofilm serves as a shelter and protects bacteria from immune 
system surveillance and antibiotics. Therefore, deep understanding of the biofilm 
formation scenario is essential for hospital personnel, who are involved in diagnostics 
and treatment of surgical infections.  
 
2.2.3 Prophylaxis and treatment  
 
 Challenges in biomaterial-related infections are associated with complicated 
diagnostics and microbial antibiotic resistance. Antibiotic resistance is based on two 
mechanisms. The first mechanism is related to the thickness of EPS, which may 
predict or lower the antibiotic diffusion. The second mechanism is related to the low 
metabolic activity of bacteria embedded in the deeper layers of EPS. This dormant 
bacterial metabolic state, also known as small-colony variants (SCVs), has been 
reported for a broad range of bacterial genera, including S. epidermidis and S. aureus 
[Jensen 1957, Baddour et al. 1990]. The clinical presentation of SCV varies from 1% to 
30% in different studies [Proctor 2006]. SCV are characterized by a low growth rate, 
increased PIA production [Al Laham et al. 2007] and the ability to survive in nutrient 
and oxygen depletion [Neut et al. 2007, Costerton et al. 1987, Montenaro et al. 2011].  

SCV metabolic stage is denoted by reduced production of toxins which prevents 
mammalian cell lysis [von Eif et al. 2000] and which subsequently allow bacteria to 
persist inside non-professional phagocytes, e.g. endothelial cells, fibroblasts, and 
osteoblasts [Hudson et al. 1995, Vaudaux et al. 2002]. Once antimicrobial therapy is 
completed and immune response to the infection has subsided, SCVs return to the 
virulent form and lyse the host cell [Proctor et al. 1998]. The immune response and 
antibiotic efficiency are limited, when SCV are shielded inside the host cells. In 
addition, the slow growth rate and reduction in electron transport of SCVs lead to 
diminished effectiveness of cell-wall active antibiotics and a decline in the uptake of 
antimicrobial agents. These mechanisms are crucial in understanding antibiotic 
resistance.  
 Moreover, detection of SCVs by routine microbiological techniques is limited 
due to their very slow growth rate on standard agar plates. It has been shown 
previously that culture period for SCVs is at least 6 days in contrast to the 48 h needed 
for culturing of metabolically normal S. aureus [Proctor et al. 1995, Neut et al. 2007]. 
Therefore, a longer culture period may increase the detection rate for infections. 
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Generally, treatment of biomaterial-related infections is difficult and requires 
adequate surgical revision in addition to prolonged antibiotic eradication [McDonald 
et al. 1989, Tauffevin et al. 1999]. The combination of rifampin with other antibiotics, 
e.g. fluoroquinolone, is the most effective therapy against slowly growing bacteria 
[Vaudaux et al. 2006, Widmer et al. 1990, Sendi et al. 2006]. However, the 
vascularization of the infected site is frequently compromised; therefore systemic 
antibiotic administration alone is not sufficient [Gristina 1987, Arciola et al. 2012, 
Busscher et al. 2013]. Prior to re-implantation, local antibiotic administration is 
obligatory. Gentamicin-loaded bone cement beads have been used as an effective 
drug delivery system for the local treatment of bone and soft-tissue infections 
[Jiranek et al. 2006]. Nevertheless, although a high local concentration of gentamicin 
is effective against staphylococci [von Eiff et al. 1997], the surface of the beads can 
provoke bacterial attachment and antibiotic resistance [Neut et al. 2001]. In addition, 
this treatment strategy causes tremendous harm to the patient, since it requires at 
least two surgical interventions. Antimicrobial implant coatings may prevent the 
relapse of the infection in the case of revision surgery and serve as a prophylactic in 
the case of the placement of a primary prosthesis [Hickok et al. 2012].  
 
2.3 Skeletal reconstructive biomaterials 
 
2.3.1 Classification 
 
 Traditionally, biomaterials are defined as non-toxic natural or synthetic 
biomedical materials, which have been engineered to intimately interact with living 
systems and are intended to replace, treat or improve the function of the tissues and 
organs of living beings [Williams 1999, Williams 2009]. The biomaterials in clinical use 
are chemically different and can be divided into four categories; metals, ceramics, 
polymers and composites. 
 Every implanted material evokes a tissue reaction, but the response of the host 
depends on the type of material. In this regard, biomaterials can be subdivided into 
nearly bioinert, bioresorbable, bioactive and porous [Cao and Hench 1996], see Table 
I. Nearly bioinert materials are always surrounded with a non-adherent fibrous 
capsule. These materials allow bone formation on their surface although this bone is 
structurally weak and there is no bone bonding interaction. Bioresorbable materials 
are progressively decomposed and replaced with host tissues. These types of 
temporary materials are optimum for short-term applications, when load bearing 
capacity is not required. Bioactive materials are characterized by bone bonding 
capacity [Cao and Hench 1996]. In particular, bioactive ceramics form a biologically 
active hydroxycarbonate apatite layer (HCA). HCA has the same chemical structure, as 
the mineral phase of bone and is formed due to ion exchange between the material 
surface and the host. Bioactive materials are divided according to their biological 
behavior into osteopromotive and osteoconductive [Cao and Hench 1996]. 
Osteopromotive bioactive materials induce the extra- and intracellular response at 
the interface and endorse de novo bone formation. In contrast, osteoconductive 
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materials allow bone growth only on the implant surface or inside material pores, 
channels etc [Albrektsson and Johansson 2001]. 
 Bone growth on the implant surface is restricted by the differentiation of bone 
cells. Trauma, which occurs during the implantation, is a major boost for the 
recruitment of undifferentiated cells. Therefore, the assertion that certain 
biomaterials perform as osteoinductors has been questioned [Albrektsson and 
Johansson 2001]. Nevertheless, it should be noted that the amount of newly formed 
bone is dependent not only on the healing patterns of bone, but also on the individual 
biomaterial properties. 
 
Table I. Examples of biomaterials [Williams 1992, Hench and Wilson 1993, Cao and 
Hench 1996, Middleton and Tipton 2000, Aunoble et al. 2006, Kurtz and Devine 2007, 
D'Amelio et al. 2013, Moritz et al. 2014] 
 

Chemical 
composition 

Biomaterial Bone-bonding Reactivity 

Metals 
 

 Stainless steel
 CrCo-alloys 
 Tantalum 
 Titanium and alloys

Bioinert
Bioinert 
Bioinert 
Bioinert

Biostable 
Biostable 
Biostable 
Biostable 

Ceramics 
 

 Al oxide
 Zr oxide 
 Hydroxyapatite (HA) 
 Calcium phosphates (Ca-P) 
 Bioactive glasses (and glass-ceramics)

Bioinert
Bioinert 

Bioactive 
Bioactive 
Bioactive

Biostable 
Biostable 

Bioresorbable 
Bioresorbable 
Bioresorbable 

Polymers 

 Polymethylmetacrylate 
 Polyaryletherketone (PEEK) 
 Polyethylene (PE) 
 Bisphenol-A-dimethacrylate and 

triethyleneglycoldimethacrylate 
(BisGMA-TEGDMA) 

 Silicones 
 Aliphatic polyesters (PLA, PGA, PLGA 

etc.) 
 Polysaccharides (e.g. Chitosan, Chitlac)

Bioinert
Bioinert 
Bioinert 
Bioinert 

 
 

Bioinert 
Bioinert 

 
Bioinert

Biostable 
Biostable 
Biostable 
Biostable 

 
 

Biostable 
Bioresorbable 

 
Bioresorbable 

Composites 

 PEEK / carbon fibers
 PE / carbon fibers 
 PE / HA (Hapex 

TM) 
 Aliphatic polyesters / HA or Ca-P 
 BisGMA-TEGDMA / glass fibers

Bioinert
Bioinert 

Bioactive 
Bioactive 
Bioinert

Biostable 
Biostable 

Partially bioresorbable 
         Bioresorbable 

Biostable 

 
In addition, porous biomaterials allow fluid exchange, cell migration, 

vascularization and bone ingrowth into the pores and incorporation of the implant 
into the host tissue [Jones et al. 2009]. This is also called “biological fixation”. The 
optimal pore size needed for bone ingrowth is generally considered to be in the range 
of 100 – 400 µm. 
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2.3.2 Bioresorbable polymers 
 
 Bioresorbable polymers are used in various medical applications. In contact 
with physiological environment, the bioresorbable polymers start to degrade but 
preserve their mechanical properties for a certain period of time, thereafter being 
absorbed and excreted [Middleton and Tipton 2000]. The degradation is a 
heterogeneous process, which proceeds by a chemical hydrolysis of the hydrolytically 
unstable backbone [Middleton and Tipton 2000]. Initial degradation occurs rapidly on 
the implant surface due to abundant water access; however, surface degradation 
products are easily washed away. When the water penetrates the bulk of the implant 
and attacks the chemical bonds, an increased concentration of carboxylic end groups 
creates an acidic environment. In turn, the hyperacidity catalyzes the process of 
hydrolytic scission of ester bonds; therefore, degradation occurs faster in the middle 
of the bulk. The acidic degradation products in the chain ends and the presence of 
additives may result in a subsequent adverse cellular response [Ignatius and Claes 
1996, Böstman and Pihlajamäki 2000, Meyer et al. 2012]. Consequently, the 
degradation is denoted by gradual decrease of molecular weight, followed by the 
decline of mechanical strength and, eventually, mass loss [Athanasiou et al. 1998, 
Middleton and Tipton 2000]. In addition, enzymatic activity of phagocytizing cells may 
influence the process of degradation [Bergsma et al. 1995, Ignatius and Claes 1996, 
Middleton and Tipton 2000]. 

The most commonly used and well-studied synthetic bioresorbable polymers 
are high molecular weight aliphatic polyesters such as poly(lactide) (PLA) and 
poly(glycolide) (PGA). These polymers are composed of homopolymers or copolymers 
of lactide or glycolide and are synthesized by ring-opening polymerization. Originally, 
lactide and glycolide are intermediate cyclic dimers of lactic and glycolic acid 
respectively. Lactic acid is asymmetrical in structure; hence, PLA exists in two stereo 
forms, which are dexorotary D PLA and levorotary L PLA, in addition, DL PLA is a 
mixture of both forms [Athanasiou et al. 1998, Middleton and Tipton 2000]. PGA 
exists in one form and is known to be the simplest linear aliphatic polyester. Co-
polymers of PLA and PGA (PLGA) are commonly used in combinations represented in 
different ratios. The ratio variations are essential for altering the material mechanical 
properties and degradation rate [Athanasiou et al. 1998, Middleton and Tipton 2000]. 
PLA degrades to lactic acid, which enters the tricarboxylic acid cycle and is 
decomposed into water and dioxide [Athanasiou et al. 1998]. The end degradation 
product of PGA is glycolide, which is either removed by urine or form glycine. After 
further transformations, glycine enters the tricarboxylic acid cycle and is converted to 
water and carbon dioxide [Athanasiou et al. 1998]. 

Molecular weight, intrinsic viscosity, crystallinity, glass transition temperature 
(Tg) and melting temperature (Tm) are important physical properties of polymers 
[Athanasiou et al. 1998, Middleton and Tipton 2000]. Molecular weight and intrinsic 
viscosity are correlated with each other and both have a strong influence on 
mechanical properties and the degradation rate of the polymer. Intrinsic viscosity is 
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the measure which determines the average size of the molecules in the polymer chain 
and polymer flow resistance [Athanasiou et al. 1998].  
 
Table II. Physical and degradation properties of selected bioresorbable polymers 
(Adapted from Middleton and Tipton 2000) 
 

Polymer 
Crystallinity

(%)
Hydrophilicity Tm (°C) Tg (°C) 

Modulus 
(GPa)

Degradation time 
(months) 

PGA 45 - 55 Hydrophilic 220 - 225 35 - 40 7.0 6 – 12 

L PLA ~ 37 
More hydrophobic 

than PGA 
173 - 178 60 - 65 2.7 

> 24 
(3 - 5 yrs.) 

DL PLA Amorphous 
More hydrophobic 

than PGA 
Amorphous 55 - 60 1.9 12 -16 

PLGA 
50DL:50G 

Amorphous*
related to PGA 

content** 
Amorphous 45 - 50 2.0 1 – 2 

PLGA 
85DL:15G 

Amorphous*
related to PGA 

content** 
Amorphous 50 - 55 2.0 5 – 6 

PCL ~ 40 
More hydrophobic 
that PGA and PLA 

58 - 63 
-65 - -

60
0.4 

> 24 
(2 - 3 yrs.) 

*Semicrystalline, contains amorphous and crystalline regions [Athanasiou et al. 1998]. 
**Makadia and Siegel 2011 

 
Crystallinity denotes the ordered spatial arrangement of polymer chains and 

has a profound effect on the mechanical [Nielsen 1974] and degradation [Athanasiou 
et al. 1998, Middleton and Tipton 2000] properties of polymers. Regarding the degree 
of crystallinity, polymers are classified as semicrystalline or amorphous. There is no 
fully organized crystalline polymer; therefore semicrystalline polymers contain both 
crystalline and amorphous regions [Middleton and Tipton 2000]. PGA, D PLA and L 
PLA are mostly crystalline, while DL PLA is mostly amorphous. During the synthesis 
process of L PLA and PGA copolymers, glycolic units disrupt the crystallinity of L PLA 
which then accelerates the degradation process. The higher hydrophilicity of glycolic 
units results in rapid degradation compared to aliphatic polyesters composed of 
enantiomeric lactic units [Li 1999]. As seen in Table II, there is frequently no linear 
relationship between copolymer composition and degradation rate [Middleton and 
Tipton 2000]. The molecular weight of the polymers is directly related to the melting 
point and degree of crystallinity [Makadia and Siegel 2011].  

The Tg and Tm influence both mechanical properties as well as the degradation 
rate [Middleton and Tipton 2000]. Semicrystalline polymer may be prepared in a rod 
shape or molded parts, when raised above Tm. The amorphous regions of 
semicrystalline polymers and amorphous polymers exhibit Tg. When temperature is 
above Tg, a polymer possesses elastic rubber properties; however, when the 
temperature is below Tg, a polymer resembles a glass [Middleton and Tipton 2000]. 
Polymers with a Tg near the body temperature are more ductile, which can be taken 
advantage of in some clinical applications.  
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To serve as implant materials, bioresorbable polymers should have an adequate 
degradation rate to allow for the gradual load transfer from implant to bone as the 
implant is resorbed and replaced by host tissues [Athanasiou et al. 1998]. In addition, 
bioresorbable polymers should be readily metabolized, without provocation of a toxic 
or inflammatory reaction [Middleton and Tipton 2000]. A simple manufacturing 
process and acceptable shelf-life are of extra importance [Middleton and Tipton 
2000]. During the manufacturing process, the choice of monomers and initiators, 
process conditions and the presence of additives are noted to affect the final 
properties of the polymers [Middleton and Tipton 2000]. In turn, these properties 
which include molecular weight, crystallinity, hydrophilicity, melt and glass transition 
temperatures, etc., determine the mechanical strength [Nielsen 1974] and in vivo 
performance of the bioresorbable polymers [Athanasiou et al. 1998, Middleton and 
Tipton 2000] (Table II). 

In knee surgery, interference screws made of bioresorbable polymers have 
conclusively shown to be comparable to ordinary titanium interference screws in the 
fixation of anterior cruciate ligament (ACL) grafts [Andersson et al. 2009, Shen et al. 
2010]. The major advantage of bioresorbable interference screws is the absence of 
artifacts in magnetic resonance imaging (MRI) of the knee; in addition, due to 
complete resorption, there are fewer complications with knee surgery in the future 
[Andersson et al. 2009]. Similarly, the use of bioresorbable suture anchors and tacks is 
a distinguished method in shoulder surgery [Park et al. 2006] which played a critical 
role in the transition from open to arthroscopic techniques [Dhawan et al. 2012].  

Despite these promising findings, in terms of patients’ functional recovery after 
surgery, bioresorbable implants bear a certain risk of complications. The reported 
complications of bioresorbable interference screws in ACL reconstructions include 
breakage on insertion and slower healing of the surgical approach [Andersson et al. 
2009]. Based on a recent study, when bioresorbable interference screw fixation is 
used for ACL reconstruction, knee joint effusion is more frequent than with metallic 
interference screw fixation [Shen et al. 2010]. The reported complications of 
bioresorbable anchors implanted in the shoulder include implant fracture, secondary 
migration due to poor fixation, aseptic loosening, osteolysis and chondrolysis [Park et 
al. 2006, Dhawan et al. 2012]. High local acidity due to fast degradation may lead to 
the adverse tissue reactions [Böstman and Pihlajamäki 2000], or at least negatively 
interfere with the normal healing processes during degradation. In vitro studies have 
shown that high concentrations of lactic and glycolic acids have negative effects on 
osteoblasts [Meyer et al. 2012]. This finding was proven in vivo during long-term 
clinical studies on ACL-reconstruction patients. It has been shown that the ACL screws 
made of pure L PLA degrade completely; however, L PLA was never replaced by bone 
tissue [Barber and Dockery et al. 2006]. 

Complications related to the incomplete degradation of crystalline PLA were 
also reported [Bergsma et al. 1995, Nho et al. 2009]. Even over 5 years 
postoperatively, residues of the material were found internalized by various types of 
cells causing swelling at the site of implantation [Bergsma et al. 1995]. In addition, 
incomplete ossification may lead to replacement of bone by fibrous tissue [Nho et al. 
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2009]. All these complications emphasize the need for further investigations in the 
area of bioresorbable polymers for orthopedic implant materials. 

 
2.3.3 Bioresorbable polymers as drug delivery systems 
 
 Controlled drug delivery is an essential clinical application of bioresorbable 
polymers. In general, drug delivery systems are subdivided into two categories: 
temporal and local [Nair and Laurecin 2005]. Temporal delivery systems maintain the 
therapeutic drug level in the body for a prolonged period of time to avoid recurrent 
administration as well as over- and under dosages. In turn, local delivery systems 
release drugs and other biologically active compounds targeting a specific tissue or 
organ for a predefined period of time [Nair and Laurecin 2005]. 
 In drug delivery systems, bioresorbable polymers either serve as matrices for 
the incorporation of drugs, or form conjugates with the drugs. When conjugates are 
formed, drug molecules are attached to the side chains of the polymers [Leong and 
Langer 1987]. The release of the drug is achieved by chemically controlled 
mechanisms and occurs simultaneously with the degradation of the polymer matrix. 
However, it should be taken into consideration that the diffusion of the drug 
molecules might influence the rate of release [Leong and Langer 1987]. The 
properties and geometry of the polymer matrix, the characteristics and the amount of 
the drug, and the nature of matrix-drug interaction were reported to influence the 
efficacy of a drug delivery system [Nair and Laurecin 2005, Makadia and Siegel 2011]. 
In an ideal case, the degradation rate of the polymer matrix should match the release 
of the drug in order to avoid the accumulation of the undegraded polymer in the body 
[Leong and Langer 1987]. 
 Initially, PLA matrices were widely used. Later on, drug delivery systems based 
on PLGA became common, since the degradation properties of these matrices, and 
consequently the drug release rate, can be controlled by altering the properties and 
the ratio of the copolymers [Nair and Laurecin 2005, Makadia and Siegel 2011]. For 
example, the increase in release rate was reported to be related to the decrease in 
the PLA/PGA ratio, crystallinity and hydrophilicity [Makadia and Siegel 2011].  
 Poly(ε-caprolactone) (PCL) is a biocompatible polyester which exhibits 
exceptionally low Tg and Tm and a low degradation rate (Table II). In addition, unlike 
PGA and PLA, the degradation products of PCL do not create an acidic environment 
which could provoke adverse tissue reaction and affect the structural integrity of the 
drugs [Park et al. 1995]. The degradation properties of PCL can be controlled by 
copolymerization with PLA in different ratios [Malin et al. 1996]. Consequently, blends 
of PCL and copolymers are recommended for long-term drug delivery applications 
[Ueda and Tabata 2003, Nair and Laurecin 2005]. 
 Chitosan is a natural polymer, which is produced by the deacetylation of chitin. 
Chitosan is widely acknowledged in literature for its excellent biocompatibility [Di 
Martino et al. 2005, Suh and Matthew 2000]. However, chitosan is characterized by 
pH-dependent solubility and low specifity of molecular signaling. Therefore, to 
overcome these limitations lactose-modified chitosan, termed Chitlac, was 
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developed. Chitlac is a highly branched biocompatible and bioactive polymer due to 
the presence of terminal galactose units on the side chains [Donati et al. 2005]. In 
addition, Chitlac was proposed as a biological slow-release drug delivery system, 
which serves as a matrix for the incorporation of silver ions [Travan et al. 2009]. This 
system is capable of promoting bone cells proliferation and simultaneously possesses 
antibacterial properties [Marsich et al. 2013, Travan et al. 2009]. 
 
2.3.4 Osteoconductive calcium phosphate-based ceramics  
 

Osteoconductive calcium phosphate-based (Ca-P) ceramics have received 
considerable attention owing to their similarity to the bone mineral phase, HCA, in 
terms of chemical composition and structure. Upon exposure to physiological fluids, 
osteoconductive Ca-P ceramics degrade into phosphate and calcium ions and form a 
direct bond with bone via a HCA layer which forms on their surface. In long term of 
implantation, osteoconductive Ca-P ceramics elicit extracellular response, providing a 
suitable surface for cellular attachment [Cao and Hench 1996, Välimäki and Aro 2006] 
and are gradually replaced by bone.  

These biomaterials are commonly used as bone graft substitutes or as coatings 
on implants in medical and dental applications [LeGeros 1993]. Implantable forms 
include particulate, blocks and injectable materials, e.g. some bone cements. 
Osteoconductive Ca-P ceramics can be of natural origin, e.g. xenogenic bone mineral, 
or synthetic. Synthetic osteoconductive ceramics include HA, tricalcium phosphates 
(TCP) and biphasic calcium phosphates (BCP) which consist of mixed HA and TCP 
phases in different ratios [LeGeros 2003]. In addition, there are osteoconductive 
silica-based bioactive glass and glass-ceramics [Cao and Hench 1996, Ducheyne and 
Qiu 1999].  

The processing conditions, e.g. temperature, pressure and duration of the 
sintering process, influence physico-chemical properties of osteoconductive Ca-P 
ceramics. Density increases and microporosity decreases with the increase in sintering 
temperature time and pressure [LeGeros 1993]. In turn, dissolution properties are 
dependent on morphology, composition, crystallographic structure and crystallinity, 
i.e. crystal size and perfection. In addition, the dissolution rate is influenced by the 
properties of the solution, e.g. pH [Christoffersen et al. 1978]. The dissolution rate of 
HA is relatively low [LeGeros 1993], which can be a clinical disadvantage. BCPs provide 
a way to improve the dissolution and bioreactivity by manipulation of the HA/TCP 
ratio [LeGeros 2003]. Osteoconductive Ca-P ceramics of different physical 
morphologies, e.g. bulk, granules or powder dissolve with a different rate. Moreover, 
denser materials dissolve slower than materials with high porosity [LeGeros 1993]. 
The dissolution rate of osteoconductive Ca-P ceramics of equal composition but 
different crystallographic structure varies. For example, TCP exists in two 
crystallographic structures, α-TCP and β-TCP. The dissolution rate of α-TCP is higher 
than that of β-TCP. The crystallinity of osteoconductive Ca-P ceramics is influenced by 
the sintering temperature. For example, for HA sintered at lower temperature, the 
lattice defects are more abundant than at high temperature [LeGeros 1993]. 
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In general, ceramics are brittle materials e.g. for HA the reported Young’s 
modulus and bending strength were 81.4 GPa and 113 MPa, respectively [Akao et al. 
1981]. When ceramics are subjected to loads they fail without plastic deformation. In 
addition, the mechanical properties of these materials are difficult to assess, as 
surface cracks and voids act as stress-concentration centers and influence the results 
of measurements.  

 
2.3.5 Bioactive glasses 
 

Bioglass® 45S5 is a silica-based bioactive glasse (BAG) introduced by Larry 
Hench in the early 1970s [Hench et al. 1971]. Bioglass® 45S5 is a biodegradable glass, 
which is composed of 45 % SiO2, 24.5 % Na2O, 24.5 % CaO and 6 % P2O5 by weight and 
possesses a bone-bonding ability. Bioglass® 45S5 was approved by the US Food and 
Drug Administration and has been used as a bone graft substitute in more than a 
million patients [Jones 2012]. The invention of Bioglass® 45S5 launched the field of 
biomaterials and gave rise to various novel biomaterials based on BAGs. S53P4 
(BonAlive™, BonAlive Biomaterials Ltd., Finland) contains 53 % SiO2 by weight. It is a 
moderately reactive BAG developed in Åbo Akademi University. 

Bone-bonding, a distinctive feature of BAG, is achieved via the formation of a 
bone-like HA layer on the material surface when in contact with aqueous solutions 
[Kaur et al. 2014]. HA resembles bone mineral and interacts with the collagen fibrils of 
the host´s bone. The mechanism of bone-bonding relies on the initial BAG dissolution 
and subsequent HA layer formation. HA layer formation is comparable with a glass 
corrosion process. In particular, rapid cation exchange of Na+ and Ca2+ is accompanied 
by a dramatic increase in pH level. In turn, the high local pH attacks the Si-O-Si 
chemical bonds; thereafter, the increased concentration of Si-OH groups creates a 
silica-rich layer. The silica-rich layer is permeable and allows the migration of Ca2+ and 
PO3-

4 groups. This leads to the formation of a surface film rich in amorphous CaO-P2O5. 
Subsequently, hydroxyls and carbonates from aqueous solution are incorporated 
within the surface film. The amorphous CaO-P2O5 film is crystallized and the formation 
of the HA layer is completed [Jones 2012]. The formation of the HA layer on a 
biomaterial surface e.g. BAG when immersed in a simulated body fluid (SBF) is an in 
vitro golden standard to assess the potential of a biomaterial in vivo [Kokubo et al. 
1990].  

BAG has been shown to possess antibacterial properties in vitro [Mortazavi et 
al. 2010, Leppäranta et al. 2008, Hu et al. 2009]. The antibacterial properties of BAG 
are mainly attributed to the increase of pH level caused by the leaching of the ions. In 
addition, high ionic concentration creates a hyperosmotic environment which in turn 
can challenge the bacterial growth [Stoor et al. 1998]. S53P4 was approved in Europe 
for the treatment of osteomyelitis. Since then, S53P4 attracts a considerable 
attention in terms of local application for the treatment of bone infections per se 
[Lindfors et al. 2010, McAndrew 2013, Romanò et al. 2014].  
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2.3.6 Osteoconductive bioresorbable composites 
 
 Composites are defined as materials which contain at least two components 
and two phases [Nielsen 1974]. This thesis reviews bioresorbable particulate 
composites only. Bioresorbable composites typically contain a continuous polymer 
matrix phase and discontinuous osteoconductive ceramic phase. The properties of 
the composites are different compared to those of plain polymers or ceramics. 
 Composite materials comprised of osteoconductive Ca-P ceramic particles 
incorporated into a bioresorbable polymer matrix are theoretically anticipated to 
have improved mechanical and osteoconductive properties [Mohn et al. 2010, Zhou 
et al. 2012]. In general, the size and the morphology of the particulate phase as well 
as the strength of the interfacial bond between the phases determine the mechanical 
properties of the composite materials [Nielsen 1974, Wang 2003]. In practice, in the 
case of osteoconductive bioresorbable composites, the addition of osteoconductive 
Ca-P ceramic particles into the polymer matrix leads to an increase in stiffness, i.e. 
Young’s modulus. However, the strength of these composites was reported to be 
marginal or even decreased compared to pure polymers. Weak interfacial bond 
between polymer matrix and ceramic fillers are suggested to be the reason for the 
low mechanical strength [Kikuchi et al. 1997, Kunze et al. 2003]. A number of studies 
were performed to assess the mechanical properties of the composites [Verheyen et 
al. 1992, Kikuchi et al. 1997, Shikinami and Okuno 1999, Shikinami and Okuno 2001, 
Ignatius et al. 2001, Hasegawa et al. 2006, Ehrenfried et al. 2008, Yamadi and 
Kobayashi 2009]. A summary of the results is given in Table III. 

An ideal implant material should exhibit Young’s modulus similar to that of 
cortical bone. Thus, the effect of “stress-shielding”, adverse peri-implant bone 
remodeling due to non-physiological loading conditions, could be avoided. For 
adequate load-bearing, the strength of the implant should be superior to that of 
cortical bone. For comparison, the Young’s modulus and bending strength of human 
cortical bone are 9.1 – 15.7 GPa and 103 - 238 MPa respectively [An 2000], for Ti-alloy 
(Ti6Al4V), the values are 116 GPa and 897 – 1034 MPa for stainless steel, the values 
are 190 GPa and 792 MPa [Hallab et al. 2004]. For Cr-Co-alloys the values are even 
higher. As seen in Table III, the mechanical properties of osteoconductive 
bioresorbable composites are inferior to those of cortical bone and typical implant 
materials; therefore, these composites are not suitable for load-bearing applications 
[Verheyen et al. 1992]. It should also be taken into consideration that the mechanical 
properties of osteoconductive bioresorbable composites decrease as a function of 
implantation time. Therefore, improved initial mechanical properties may be of little 
clinical relevance if the implants have a high degradation rate [Ignatius et al. 2001]. 
Moreover, it is expected that the addition of osteoconductive Ca-P ceramic particles 
neutralizes the normally acidic environment in the vicinity of the dissolving implants, 
increasing the onset time of degradation [Ehrenfried et al. 2008] and thus, possibly 
lowering the risk of adverse tissue reactions. Osteoconductive Ca-P ceramic fillers 
have been shown to improve the surface wettability of bioresorbable polymers and 
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therefore, enhance the attachment and proliferation of osteogenic cells [Kim et al. 
2007]. Alternatively, the acidic products of the degradation of the polymer matrix 
were shown to increase the degradation rate of osteoconductive Ca-P ceramics 
[Yamamuro et al. 1988]. To summarize, implants made of bioresorbable composites 
should have a balance between the implant composition, mechanical properties and 
degradation rate. 
 
Table III. Initial mechanical properties of selected bioresorbable micro- and 
nanocomposites 

Study Polymer matrix
Filler 

material 

Amount 
of filler 
(wt %)

Filler granule 
size (µm) 

Modulus 
(GPa) 

Strength in 
bending 
(MPa) 

Verheyen et 
al. 1992 

L PLA
L PLA 
L PLA 
L PLA

-
HA 
HA 
HA

0
30 
50 
30

-
<45 
<45 
< 5

5.2 ± 0.7*
6.8 ± 0.3* 
8.0 ± 2.1* 
4.8 ± 0.3*

131.7 ± 11.0 
93.0 ± 2.8 

52.8 ± 12.4 
59.6 ± 1.9 

Kikuchi et al. 
1997 

PLA
PLA 
PLA

-
HA 
HA

0
60 
72

-
nd 
nd

2.0 ± 0.3
2.3 ± 0.1 
2.3 ± 0.3

51.0 ± 6.1 
22.0 ± 1.3 
15.0 ± 1.1 

Shikinami and 
Okuno 1999 

L PLA
L PLA 
L PLA 
L PLA 
L PLA

-
HA 
HA 
HA 
HA

0
20 
30 
40 
50

-
3 
3 
3 
3

6.5 ± 0.3
7.0 ± 0.2 
7.6 ± 0.1 
9.1 ± 0.4 

12.3 ± 0.2

258.5 ± 2.8 
252.2 ± 3.1 
269.2 ± 2.5 
270.0 ± 4.1 
267.5 ± 2.3 

Rakovsky et al. 
2013 

PLA
PLA 
PLA

HA
HA 
HA

20
30 
40

0.015 x 0.15
0.015 x 0.15 
0.015 x 0.15

~ 9.5
~ 7.1 
~ 4.1

~ 59 
~ 60 
~ 88 

Kikuchi et al. 
1997 

PLA
PLA 
PLA

β-TCP 
β-TCP 
β-TCP 

60
75 
80

nd
nd 
nd

2.1 ± 0.3
4.2 ± 1.1 
8.2 ± 3.1

42.0 ± 2.2 
51.0 ± 6.3 
46.0 ± 5.5 

Ignatius et al. 
2001 

L,DL PLA 
L,DL PLA 
L,DL PLA

-
β-TCP 
β-TCP 

0
10 
30

-
<200 
<200

nd
nd 
nd

152.0 ± 9.0 
128.0 ± 9.0 
112.0 ± 6.0 

Niemelä 2005 SR PLA (3.5-4)**
SR PLA (3.5-4)**

-
β-TCP 

0
20

-
50 - 125

4.7 ± 0.08
3.3 ± 0.14

185 ± 2.2 
130 ± 0.8 

Rakovsky et al. 
2013 

PLA
PLA 
PLA

β-TCP 
β-TCP 
β-TCP 

20
30 
40

0.05 – 0.15
0.05 – 0.15 
0.05 – 0.15

~ 7.2
~ 4.2 
~ 3.4

~ 71 
~ 62 
~ 54 

Niemelä et al. 
2005 

PLA
PLA 
PLA 
PLA 
PLA

-
BAG 
BAG 
BAG 
BAG

0
20 
30 
40 
50

-
50-125 
50-125 
50-125 
50-125 

2.9 ± 0.2
3.3 ± 0.1 
2.9 ± 0.6 
3.2 ± 0.4 
4.0 ± 0.3

44.6 ± 5.7 
38.8 ± 0.7 
36.5 ± 1.8 
34.5 ± 2.2 
35.5 ± 1.4 

Niemelä et al. 
2005 

SR PLA (3.5)**
SR PLA (3.5)** 
SR PLA (3.5)** 
SR PLA (3.5)** 
SR PLA (2.0)**

-
BAG 
BAG 
BAG 
BAG

0
20 
30 
40 
50

-
50-125 
50-125 
50-125 
50-125   

3.6 ± 0.3
2.7 ± 0.3 
2.2 ± 0.2  
2.0 ± 0.3  
1.8 ± 0.4

105.5 ± 3.3 
81.0 ± 6.2 
68.6 ± 3.5 
54.5 ± 4.1 
39.3 ± 7.2 

* Compression 
** Draw ratio 
nd = not disclosed 
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In clinical use, complete osseous replacement of bioresorbable implants is 
supposed to occur within two or three years [Weiler et al. 2000]. The benefit of 
composites containing β-TCP has been demonstrated in a long-term implantation 
study. In contrast to implants prepared from pure polymer, the composite implants 
showed continuous contact osteogenesis [Daculsi et al. 2011]. Clinical data for ACL 
interference screws made of polymer/β-TCP verified this finding [Barber and Dockery 
2006, Barber et al. 2011]. However, after implant degradation the ossification of the 
screw tract was complete in only 19% of the cases [Barber et al. 2011]. In addition, a 
dose-dependent effect of TCP content on osteogenic response has been 
demonstrated in a rabbit implantation model [Aunoble et al. 2006]. 

Bioresorbable composites can be manufactured by a thermo-chemical route 
(e.g. melt-mixing and injection molding) and a physico-chemical route (e.g. solution-
casting) [Wang 2003]. In addition, self-reinforcement (SR) is a recognized method to 
reorganize the microstructure of bioresorbable composites into oriented 
reinforcement elements. This allows significant improvement of the mechanical 
strength, Young’s modulus and toughness of implant materials [Törmälä 1992, Majola 
et al. 1992, Törmälä 1993, Niemelä et al. 2005]. Examples are shown in Table III. In 
addition, novel bioactive bioresorbable hybrid composites were developed to tackle 
the issue related to the weak mechanical properties [Huttunen et al. 2008]. 

In the fabrication of composites containing ceramic particles, agglomeration is 
a typical problem [Wang M 2003, Zhou et al. 2012] resulting in an inhomogeneous 
distribution of the filler and unexpected material properties. High energy ball-milling 
[Takamatsu et al. 2006, Roveri and Iafisco 2010] and attrition milling [Yang et al. 2009, 
Rakovsky et al. 2013] were reported to reduce agglomeration, and increase the 
density and the mechanical properties of the composites. High energy ball-milling 
allows the fabrication of molecular level nanocomposites. The possible advantages of 
nanostructures have been widely discussed [Gerber et al. 2006, Tran and Webster 
2009, Yang et al. 2011, Zhou et al. 2012, Rakovsky et al. 2013]. Some of the benefits 
have been described in in vitro studies [Webster et al. 2000, Liu et al. 2008, Cui et al. 
2009, Jayabalan et al. 2010, Kim et al. 2011, Zhou et al. 2012]. 

However, as seen in Table III, the mechanical properties of nano-structured 
composites are similar to those of conventional composites. Moreover, there is a lack 
of convincing scientific evidence of the benefit of nano-structured osteoconductive 
bioresorbable composites; therefore, systematic in vivo studies designed to compare 
micro- and nano-structured composite implants should be performed. 

 
2.3.7 Silver nanoparticles as an antimicrobial implant coating with a short-term 
release pattern 
 

Antibacterial coatings are subdivided in releasing (e.g. antibiotics, soluble silver 
(Ag) ions) and non-releasing (e.g. HA-Ag coatings [Chen et al. 2006]) coatings. 
Releasing coatings are applied onto the implant surface by spray or dip coating 
methods while non-releasing coatings are produced by thermal-processes. At present, 
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silver-based coatings are clinically used for various medical devices (e.g. central 
venous catheters, sutures) [Odekerken et al. 2013]. However, the use of these 
coatings in orthopaedic applications remains at an experimental level. Typical forms 
of silver for medical applications include silver chloride particles, polymer-silver 
nanoparticle composites, metallic silver nanoparticles and silver-titanium dioxide 
composite nanopowders [Choi et al. 2008, Damm C and Münstedt 2008, Hlidek et al. 
2008, Arora et al. 2008, Yeo and Kang 2008]. The preparation of monodisperse silver 
colloids is preferable and traditionally referred to as a two-step process. The first step 
includes a chemical reduction of a silver salt in water in the presence of strong 
reducing compounds e.g. borohydride. Thereafter, these “seed” particles are 
enlarged by weaker reducing compounds e.g. ascorbate ions. [Shirtcliffe et al. 1999]. 
However, the reducing compounds are frequently considered toxic. Hence, there is a 
need to develop alternative green synthesis methods of silver nanoparticles. The 
proposed methods involve the use of polysaccharides and polyphenols as coating and 
reduction compounds [Panacek et al. 2006, Sharma et al. 2009].  

Silver is known to have antibacterial properties; however, the exact 
mechanisms remain unexplored [Jung et al. 2008, Asharani et al. 2009]. Three key 
mechanisms behind the antibacterial activity of silver have been suggested: free silver 
ion uptake, the generation of reactive oxygen species (ROS) and direct bacteria 
membrane damage [Marambio-Jones and Hoek 2010]. In vivo, the interaction 
between silver nanoparticles and H2O2 results in the oxidative dissolution of 
nanoparticles and generation of silver ions [Asharani et al. 2009]. It has been 
suggested that this chemical reaction may occur in the bacterial mitochondria or cell 
membrane [Asharani et al. 2009, Marambio-Jones and Hoek 2010]. During oxidative 
phosphorylation, the antioxidant defenses in mitochondria are intended to preserve a 
constant level of ROS, the natural metabolic products of respiring organisms [Nel et 
al. 2006]. However, ROS production may be altered by toxic agents such as silver. 
Deposition of ionic silver in bacterial mitochondria and interaction with the enzymes 
of the respiratory chain reaction leads to an increase in ROS production and lower 
adenosine-5'-triphosphate yield. This mechanism is due to the exceptional 
resemblance of Ag+ ions with thiol groups in the cysteine residues of respiratory chain 
enzymes [Marambio-Jones and Hoek 2010]. In turn, highly reactive ROS causes 
oxidative damage to DNA which disturbs the cell cycle. Thereafter, if the DNA is 
irreversibly damaged, the cell will undergo apoptosis. In addition, abundant 
morphological changes of silver-treated cells can be observed. These changes are 
related to cytoplasm reduction, detachment and degradation of cell wall membranes 
causing leakage of intracellular content [Jung et al. 2008].There are no precise 
explanations of the mechanisms of direct bacteria membrane damage [Marambio-
Jones and Hoek 2010]. However, silver nanoparticles are presumably able to interact 
with sulfur containing proteins and increase the permeability of the cell wall 
membrane and respiratory function [Marambio-Jones and Hoek 2010]. 

In summary, literature reports present evidence of cytotoxic, genotoxic and 
antiproliferative effects of silver nanoparticles on bacterial cells [Asharani et al. 2009, 
Marambio-Jones and Hoek 2010]. If these effects of silver nanoparticles are 
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extrapolated to human cells, the use of silver nanoparticles could be a risk factor in 
carcinogenesis [Asharani et al. 2009, Marambio-Jones and Hoek 2010]. Therefore, 
further investigation is needed to discover whether silver nanoparticles are to be used 
as coatings in orthopaedic applications. 
 
2.3.8 Therapeutic androgen receptor ligands 
  
 Due to the extensive aging of human population during the past decades, the 
attention of the scientific community was focused on aging-associated deteriorations 
and their influence on socioeconomic matters. The evidence published to date 
suggests that age and hormone status in both male and female are key factors in 
progressive bone and muscle loss [Bhasin et al. 2006, Clarke and Khosla 2009, 
Manolagas et al. 2002]. Aged or hypogonadial males as well as post-menopausal 
females undergo increased bone turnover and decrease in bone mineral density 
(BMD). Therefore, a greater risk of fracture does exist in this population group [Huber 
et al. 2001]. Animal studies simulating androgen deficiency in rodent models, 
demonstrated that surgical/chemical castration led to enhanced bone and muscle 
loss; however, therapeutic intervention with androgens had a reversal effect on the 
bone and muscle loss [Tobias et al. 1994, Prakasam et al. 1999, Vanderschueren et al. 
2000].  

Androgens have been known since 1889; they play an essential role in the 
induction of male and female physiology and reproduction [Mohler et al. 2009, Wu et 
al, 2006]. Testosterone (T), the most vigorous endogenous androgen, is synthesized 
and further secreted by the Leydig cells in testes in males and by the ovaries in 
females. In addition, in females and castrated males, T is also produced by the adrenal 
cortex [Mohler et al. 2009].   

Dihydrotestosterone (DHT) is a potent natural metabolite of T, which is 
produced by 5-α-reduction and accounts for approximately 6 to 8% of all converted T. 
Nearly 0.3% of all converted T, is estradiol, which is synthesized via accomplishment 
of aromatase and expressed in adipose tissue, liver and brain [Chen et al. 2005].  

T and DHT are the crucial intracellular mediators of most androgen actions 
including the protective effects on human skeleton [Clarke and Khosla 2009, Pederson 
et al. 1999]. The overall physiological action of T and DHT is executed by targeting the 
intracellular androgen receptor (AR) [Tsai and O'Malley 1994, Manolagas et al. 2002].  

The AR is a DNA binding transcription factor which belongs to the extended 
class of nuclear receptors [Tsai and O'Malley 1994]. Prior to ligand binding, inactive 
AR is in a conjunction with heat shock proteins 70 (HSP) and HSP 90 located in the 
cytoplasm. Upon ligand binding, HSPs detach from AR. Thereafter, the receptor 
undergoes homo-dimerization and is transported to the nucleus. The following 
sequence of conformational changes of AR leads to binding to androgen responsive 
elements and activation of the receptor resulting gene transcription [Narayanan et al. 
2008]. Regarding bone tissue, it is evident that ARs are localized in osteoblasts, 
osteoclasts as well as in osteocytes and chondrocytes [Abu et al. 1997, Pederson et al. 
1999, Huber et al. 2001, Manolagas et al. 2002]. The AR ligand affects BMD by altering 
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an individual bone cell´s activity and the total amount of each cell type [Chen et al. 
2005]. Interestingly, the amount and distribution of AR in bone tissue does not 
dependent on gender [Manolagas et al. 2002]. Hence, this finding indicates that the 
therapeutic effect of androgens on bone is comparable in the female and male.  

Interleukin-6 (IL-6) is a cytokine that is known to play a pivotal role in osteoclast 
differentiation and activation during abnormal physiological states; therefore, this 
cytokine is of a great importance in the pathogenesis of conditions associated with 
progressive bone loss e.g. osteoporosis, Paget`s disease, rheumatoid arthritis 
[Edwards and Williams 2010, Manolagas et al. 2002]. It has been shown previously 
that androgens are able to suppress the production of IL-6 and prevent the bone loss 
[Manolagas et al. 2002]. This mechanism is based on the interaction of androgens 
with the IL-6 receptor and the subsequent partial downregulation of receptor 
expression [Manolagas et al. 2002]. However, although the effects of androgen 
replacement therapy are well established, the severe side effects overlap the benefits 
[Bhasin et al. 2006 Chen et al. 2005].  

Recently, the androgen replacement therapy was subjected to substantial 
changes. There are two main influential factors that contribute to these changes. First 
factor is a breakthrough in hormone replacement therapy in postmenopausal females 
which enables the prevention and treatment of major disorders e.g. osteoporosis, 
breast cancer, etc. This breakthrough raised the prospect of developing innovative 
approaches in solving health disorders in male. The second factor is the selective 
estrogen receptor modulator (SERM) paradigm discovery. The great tissue selectivity 
of SERMs with the diminished side effects has provided evidence that a new 
generation of design-like molecules could be created [Negro-Vilar 1999, Cosman and 
Lindsay 1999].  

The first report on SARM in 1998 originated from James T. Dalton and 
coworkers [Dalton et al. 1998]. They were able to synthesize the non-steroidal ligand 
with agonist activity. However, the term SARM was proposed by A. Negro-Vilar in 
1999 and was based on an already known SERM molecule [Negro-Vilar 1999]. In 
addition, A. Negro-Vilar proposed the criteria for the novel class of non-steroidal 
androgens, which include high oral bioavailability, high tissue selectivity and absence 
of undesired effects. Since then, the research field of SARMs has been tremendously 
broadened. SARM pharmacophores are currently represented by four categories: 
analogs of tetrahydroquinoline, bicyclic hydantoin, aryl-propionamide and quinoline 
[Chen et al. 2005]. In muscle and bone, which are anabolic tissues, these AR ligands 
act as full agonists; however, in androgenic tissues such as seminal vesicles or 
prostate, they possess partial agonistic activity [Chen et al. 2005]. Most of the SARMs 
are orally available drugs with considerably reduced side effects, and which are 
eliminated through hepatic metabolism [Bhasin et al. 2006, Thevis et al. 2008, Mohler 
et al. 2009, Gao and Dalton 2007]. The molecular mechanisms of tissue selectivity of 
SARMs are still under investigation. Nevertheless, the evidence suggests that these 
mechanisms are mainly based on the resistance of SARMs to 5α-reduction, ligand-
dependent conformational changes in AR, and tissue specific differences in the 
recruitment of coregulators [Narayanan et al. 2008, Chen et al. 2005].  
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Numerous studies have demonstrated that SARMs may represent a therapeutic 
approach of choice in management of osteoporosis [Kearbey et al. 2007, Kearbey et 
al. 2009, Gao et al. 2005, Hanada et al. 2003]. Current interventions of osteoporosis 
are listed in Table IV. 

SARMs were able to improve bone strength and BMD in ovariectomized and 
orchidectomized rats. SARMs stand out in comparison to clinically available 
bisphosphonates, SERMs, calcitonin etc., which are not sufficient to maintain the 
already lost bone mass [Chen et al. 2005]. In addition, as a benefit in the treatment of 
osteoporosis, SARMs are able to improve muscle strength and mass, which in turn 
possesses a stimulatory effect on mechanical bone stress [Mohler et al. 2009]. 

To conclude, SARMs are still in the primary phase of development and various 
mechanisms at the molecular level remain unclear; however, there are several clinical 
trials ongoing [Mohler et al. 2009, Gao and Dalton 2007]. Notably, since January 2008, 
according to the anti-doping regulations of the World Anti-Doping Agency, SARMs has 
been prohibited in sports [Gao et al. 2006]. 
 
Table IV. Managment of osteoporosis 
 

Drug Class Principe of action Side Effects 

Bisphosphonates 
(Alendronate, 
Risedronate, 
Ibandronate, 
Zoledronic acid) 

Reduce bone turnover by decreasing 
the recruitment of osteoclast 
precursors. Weaken osteoclast 
working capacity or increase apoptosis 
[Riggs and Parfitt 2005]

Gastrointestinal side effects, ocular 
inflammation, severe musculoskeletal 
pain, hypocalcemia, osteonecrosis of the 
jaw [Kennel and Drake 2009] 

SERMs 
(Triphenylethylenes, 
Benzothiophenes) 

Estrogen agonist in bone with 
antiresorptive effect [Muchmore 
2000] 

Venous thromboembolic events, leg 
cramps, hot flashes, increased risk of 
endometrial carcinoma in women over 
age 50 [Muchmore 2000] 

Calcitonin 
Inhibits osteoclast activity, thus 
reduces bone resorption [Siminoski 
and Josse 1996] 

Gastrointestinal side effects, vascular 
phenomena, local and generalized rash,  
headache and diuresis [Siminoski and 
Josse 1996]

Parathyroid 
Hormone 
 

Anabolic or bone-forming drug which
increases the bone turnover by 
influencing the number and activity of 
osteoblasts and osteoclasts [Jodar-
Gimeno 2007]

No evidence of severe side effects. 
Occasional nausea and headache [Neer 
et al. 2001], hypercalciuria, 
hypercalcemia, dizziness [Jodar-Gimeno 
2007]

Denosumab (Fully 
human monoclonal 
antibody IgG2 
immunoglobulin 
isotype) 

Binds to the RANKL receptor and 
prevents the interaction of RANKL and 
RANK. Therefore, this inhibits 
osteoclast formation [Lewiecki 2008] 

No evidence of severe side effects. Minor 
transient dose-dependent decreases in 
albumin-adjusted serum calcium and 
corresponding increases in serum intact 
parathyroid (iPTH) levels [Lewiecki 2008] 

Strontium Ranelate 

Increases osteoblastogenesis and 
osteoblast activity and reducing 
osteoclast differentiation and function 
[Brandi et al. 2013]

In short term: gastrointestinal side 
effects, dermatitis, and headache, Drug 
Rash with Eosinophilia and Systemic 
Symptoms [Brandi et al. 2013] 
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2.4 Animal models 
 
2.4.1 Bone healing models 
 
 For the creation of an optimal bone-implant interface, an ideal bone implant 
material should possess high biocompatibility and mechanical stability. Prior to clinical 
trials, implant materials should undergo in vitro and in vivo characterization. In vitro 
characterization is usually a precisely standardized process, which allows screening of 
a large number of specimens simultaneously with subsequent rejection of 
inappropriate ones [Pearce et al. 2007]. Hence, primary in vitro characterization is 
required to avoid unnecessary animal experiments [Pearce et al. 2007]. However, the 
lack of adequate information regarding e.g. tissue response and biomechanical 
properties of implant materials is the major limitation of in vitro characterization.  
 In turn, the use of animal models for the in vivo characterization of implant 
materials enables the simulation of physiological and pathological conditions, which 
are comparable to human. An adequate animal model is essential for the creation of a 
standardized bone defect, which mimics bone loss in human. The instability influence 
should be eliminated by sufficient fixation of the bone defect. Quantitative analysis of 
bone healing should be performed as a final stage of in vivo characterization [den 
Boer et al. 1999]. It is important to take into consideration, that each animal model 
has certain limitations. For instance, the size of the animal may serve as a limitation 
and impose restrictions regarding implant design. In order to avoid pathological 
fracture, the ratio between implant dimensions and animal size should be set 
according to the guidelines of the International Organization for Standardization (ISO) 
[Pearce et al. 2007, Huffer 2006]. International standards consider dogs, goats, sheep, 
rabbits and pigs as appropriate animal species for biomaterials research [Pearce et al. 
2007].  
 Based on scientific knowledge, it has been assumed that the dog animal model 
is the most accurate simulator of human in vivo conditions [An and Friedman 1999]. 
This model has been successfully used in a large number of studies focused on healing 
patterns of bone and bone infections [An and Friedman 1999, Lindsey et al. 2006, 
Keränen et al. 2007, Johnson et al. 1996, Petty et al. 1985, Petty et al. 1988]. 
However, dogs are considered companion animals; therefore, the use of dog models 
in research is frequently regarded unethical.  
 In contrast, the use of goats and sheep for research is subjected to less 
pronounced criticism. The body size of these animals is optimal for the implantation 
of multiple implants. In addition, their bone healing capacity is rather similar to that 
of humans [Pearce et al. 2007, den Boer et al. 1999, Dai et al. 2005]. It has been 
shown that during bone graft integration, the chain of events in bone tissue is also 
similar in humans and in goats [Lamerigts et al. 2000]. 
 The rabbit model has been used in numerous screening studies due to ease of 
handling [Neyt et al. 1998, Itälä et al. 2003, Zhao et al. 2009]. Although there are clear 
differences between the rabbit and human bone anatomy and bone loading, a 
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similarity in BMD and the fracture toughness of mid-diaphyseal bone has been 
reported [Neyt et al. 1998]. 
 The use of pigs is challenging due to their aggressive behavior and extensive 
growth rate. In this respect, the use of a minipig model is preferable. Despite these 
limitations, the similarities in the anatomy and healing patterns of porcine and human 
bone can be traced. In addition, the mineralization rate of porcine cortical bone is 
similar to that in humans [Thorwarth et al. 2005, Kragstrup et al. 1989]. 
 Although rats are frequently used for in vivo characterizations in biomaterials 
science; there are considerable dissimilarities between the rat and human bone 
structure. In addition, the rat is a rather small animal, which complicates the 
simultaneous testing of multiple implants. However, rats are reported as the animals 
of choice for the creation of bone infection models [An et al. 2006]. 
 
2.4.2 Implant infection models 
 
 The orthopaedic implant infection model is effective scientific tool, which is 
based on the foreign body infection model and used to determine bacterial behavior 
on biomaterial surface, as well as the influence of implant surface modifications on 
infection rate. At present, the most widely used implant infection models are skeletal 
implant, total joint replacement and soft tissue models [An and Friedman 1998]. 
 Research objectives dictate the shape, size, and implant material properties. In 
certain cases due to the nature of the implant shape, poorly vascularized or avascular 
per-implant zones, known as dead spaces, may be created. These dead spaces are 
lined with necrotic tissue and detritus, which provide an ideal environment for 
bacterial proliferation and biofilm formation [Melcher et al. 1994]. In addition, the 
size of the implant is critically important for the tissue integration; however, the 
impact of this parameter on bacterial attachment is frequently underestimated. 
Nevertheless, among all implant characteristics, the individual properties of the 
implant material are of primary importance. Due to these properties, a material can 
possess an antibacterial effect, or vice versa promote bacterial growth [Melcher et al. 
1994]. In order to mimic infection, in the majority cases investigators use laboratory 
or clinical strains of S. aureus, S. epidermidis, Pseudomonas aeruginosa (P. 
aeruginosa) or Escherichia coli, which are common pathogens of human prosthetic 
infection [An and Friedman 1998]. During animal surgery, bacteria can be 
disseminated on the implant surface and surrounding tissues by three different 
routes. In the first route, a bacterial biofilm is created on the implant surface prior to 
the implantation [Buret et al. 1991, Chang and Merritt 1994, An et al. 1996, Sheehan 
et al. 2004]. In the second route, bacterial suspension is inoculated directly into the 
implant site through the surgical access [Horn et al. 2004, Melcher et al. 1994, 
Melcher et al. 1995, Arens et al. 1996]. The third route is the injection of bacterial 
suspension into the bloodstream [Blomgren et al. 1981, Southwood et al. 1985, An 
and Friedman 1999]. Most investigators use only one bacterial strain; nevertheless 
multispecies bacterial biofilm is also known to occur on the implant surface [Lambe et 
al. 1991, Philipov et al. 1995]. The number of bacteria needed to create an 
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experimental infection varies and depends on the virulence of the selected strain and 
the biofilm formation ability. However, based on scientific evidence, one can conclude 
that regardless of bacterial strain, an average of 105 CFU to 108 CFU would be 
sufficient to induce an implant related infection [Melcher et al. 1994, Melcher et al. 
1995, Arens et al. 1996, Horn et al. 2005]. 
 In order to increase the infection rate, sclerosing agents, such as sodium 
morrhuate, are commonly used [An et al. 2006]. Norden was one of the first to 
establish the chronic osteomyelities rabbit tibial model wherein the use of a sclerotic 
agent to increase the probability of infection was the main concept [Norden 1970]. 
Sclerosing agents trigger vascular sclerosis in the medullary canal and subsequent 
tissue necrosis. Thereafter, the host´s local immune response is suppressed; this chain 
of events leads to enhanced bacterial proliferation and osteomyelitis. Interestingly, a 
surgical trauma itself is considered as an impetus and sometimes even a gateway for 
infection [An et al. 2006]. Clinical symptoms of infection are extremely important. 
However, additional methods should be applied for accurate diagnosis. 
 
2.5 Experimental methods for evaluation of implant related infections and 
biomaterial incorporations 
 
2.5.1 Conventional microbiological techniques 
  
 Biomaterial-related infections occur less frequently than aseptic loosening of 
implants. However, infection-associated implant failure is a devastating complication, 
which is often difficult to diagnose. In practice, there is lack of diagnostic tools with 
ideal sensitivity and accuracy. Therefore, the combination of different techniques was 
appropriately pointed out to be the most efficient [Trampuz and Zimmerli 2005]. 
 One of the primary diagnostic actions includes a division of operated patients 
according to the probability of infection into the following categories: 1. definitive; 2. 
probable; 3. possible; 4. rejected [Dora et al. 2007]. Thereafter, tissue specimens and 
implants should be collected for further laboratory analysis. It should be noted that 
cultures of periprosthetic tissue provide most reliable results. In contrast, cultures of 
a superficial wound or sinus tract might give a false positive due to contamination by 
microbial inhabitants from surrounding skin and therefore should be avoided 
[Zimmerli et al. 2004]. For maximum diagnostic yield, at least three deep 
periprosthetic tissue specimens should be obtained from different sites around the 
implant and processed under aerobic and anaerobic conditions [Lew and Waldvogel 
2004, Zimmerli et al. 2004, Tunney et al. 1999]. It has been shown, that prolonged 
culture period can double the detection rate of slow-growing or “dormant” bacteria 
[Neut et al. 2007]. In the case when the operated patient is categorized with a 
definitive and probable infection, periprosthetic tissue specimens and explanted 
implant are subjected to cultural investigations [Dora et al. 2007]. Collective evidence 
suggests that although ultrasonication of the explanted implant is related to a risk of 
contamination, this method is able to significantly improve the sensitivity of 
conventional periprosthetic tissue culture without affecting microbial viability 
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[Tunney et al. 1999, Trampuz et al. 2007]. In the case when the operated patient is 
categorized with a possible or rejected infection, periprosthetic tissue specimens are 
also subjected to culture investigations. In the case of positive culture, postsonication 
polymerase chain reaction (PCR) has been suggested for improving the sensitivity of 
culture microbiologic investigations [Dora et al. 2007, Kobayashi et al. 2006, 
McDowell and Patrick 2005] However, the use of highly sensitive techniques such as 
PCR may result in false positive cultures, since biomaterial-related infections are 
frequently associated with commensal species, which might be mistaken for 
contaminants [Smeltzer et al. 2009]. In addition, conventional PCR cannot 
differentiate between viable and nonviable bacteria [Smeltzer et al. 2009]. Therefore, 
the infection commenced by nonviable bacteria and their products might be 
diagnosed as an ongoing infection and lead to a loss of reference points in the 
strategy of treatment. The use of fluorescence microscopy as an alternative or 
additional diagnostic approach was designed to overcome this limitation. 
 
2.5.2 Fluorescent techniques 
 
 Fluorescence is a process in which molecules in electronically excited states 
emit light. The excited states are created by physical, mechanical or chemical stimuli. 
Florescence and confocal scanning laser microscopy (CSLM) in conjunction with 
fluorescent probes are special instruments in scientific toolbox which enable to image 
and analyze events in a cell under native conditions [Cook et al. 1999, Suzuki et al. 
2007, Gitai 2009].  

It has been shown previously that fluorescent techniques offer the great 
advantage in diagnosis of biomaterial-related infections. Stoodley and co-workers 
[Stoodley et al. 2008] have demonstrated in a case study, that fluorescent techniques 
successfully assist the diagnosis of chronic recurring infection, which persisted for five 
years and previously yielded in serial of negative bacterial cultures [Stoodley et al. 
2008]. 

BacLight (Molecular Probes, Eugene, OR, USA) is a fluorescent bacterial viability 
probe that is becoming more ubiquitous. It consists of propidium iodide and SYTO 9 
nucleic acid stains which are used together. The SYTO 9 stain penetrates and labels all 
bacteria with an intact and damaged membrane, while propidium iodide penetrates 
only bacteria with a damaged membrane, i.e., those being dead or dying. As an 
additional benefit, this fluorescent bacterial viability probe can be applied rapidly due 
to short incubation period.  
 
2.5.3 Micro-computed tomography 
 
 Computed tomography (CT) was developed by Hounsfield in 1972 [Hounsfield 
1973]. Subsequently, CT became a routine method in medical practice. It allows non-
destructive visualization of biological tissues in cross-section. Later, based on CT 
principles, high spatial resolution micro-computed tomography (micro-CT) was 
developed for the imaging of small objects [Feldkamp et al. 1989]. Micro-CT has been 
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widely used for the creation of high-resolution three-dimensional images of calcified 
tissues [Feldkamp et al. 1989, Bouxsein et al. 2010]. This imaging technique enables 
the assessment of biological response in the peri-implant zone; therefore, the 
obtained image data may reinforce the knowledge about the behaviour features of 
particular implant materials [De Smet et al. 2006]. However, it should be taken into 
consideration that imaging artefacts and inadequate resolution of current micro-CT 
scanners may challenge direct quantification of the interfacial contact area between 
the implant and bone [Stoppie et al. 2007, Schouten et al. 2009]. Therefore, 
histological sectioning is required and should be performed in addition to micro-CT 
analysis.  
 
2.5.4 Histomorphometry 
 
 Histomorphometry is a standard technique for the evaluation of bone 
modelling and remodelling processes. In addition, histomorphometry is widely used 
to assess the infection rate in bone tissue. Microscopic examination of plastic-
embedded undemineralized bone sections was established in the 1950s. Previously, 
prior to bone histological analysis, the mineral content of bone tissue had to be 
removed [Recker et al. 2011]. From that time onwards, decalcified and undecalcified 
tissues are used depending on the research aim. Different staining methods are 
available for the identification of different tissues and their components [Donath 
1995]. Standardized grading scales are used for the analysis of histological sections. 
Petty and co-workers suggested a grading scale for the quantification of implant-
associated inflammatory reactions in bone (Table V) [Petty et al 1985]. A histological 
grading scale for the assessment of peri-implant tissue reactions was suggested by 
Jansen and co-workers in 1994 (Table VI) [Jansen et al 1994].  
 
2.5.5 Scanning electron microscopy 
 
 Scanning electron microscopy (SEM) is a routine high-resolution imaging 
techniques used in biomedical research to study the morphology and chemical 
composition of materials. The principle of operation is based on scanning the 
specimens under investigation with a focused electron beam. When electrons interact 
with the atoms of the specimen, secondary electrons are emitted and primary 
electrons are backscattered. The electrons are collected by respective detectors to 
generate images of the surface. Conventional SEM is a typical method for the 
visualization of bacterial biofilms [Walker et al. 2001]. Since imaging is performed in a 
high vacuum, bacterial biofilm should be pre-treated before imaging. Pre-treatment 
includes the following procedures: fixation, staining, drying. In addition, to create a 
conductive surface the specimens are coated with carbon, gold or other metals. 
However, the pre-treatment procedures may affect the EPS. Environmental SEM, 
which does not require high vacuum and conductive coatings, is alternative method 
to overcome biofilm dehydration [Walker et al. 2001, Priester et al. 2006].  
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Table V. Implant associated inflammatory reactions in bone (Adapted from Petty et al. 
1985) 
 

Grade  Periosteum Cortex Medullary Canal 

0 No reaction or laminated 
reaction which is limited to 
1-2 thin eccentric layers 
and related to a defect.  

Haversian canals are small. Slow 
repair rate. Polymorphonuclear 
leukocytes are not in granulation 
tissue: occasional subperiosteal 
resorptive pockets. 

Repair with woven bone; 
inflammatory cells range from 
none to foci of many intact 
polymorphonuclear leukocytes. 

1 Laminated reaction limited 
to 1-2 eccentric layers, not 
related to a defect. 

Occasional polymorphonuclear 
leukocytes are present in 
Haversian canals. 

Increased amount of 
polymorphonuclear leukocytes. 
In addition, micro-abscesses 
are present.

2 Sunburst type, nearly 
circumferential reaction.  

Haversian canals are focally 
enlarged and filled with 
granulation tissue and fragmented 
polymorphonuclear leukocytes. 
Occasional micro-abscesses are 
present.

Increased amount of 
polymorphonuclear leukocytes 
with fragmented forms: several 
definite micro-abscesses are 
present. 

3 Florid, always 
circumferential sunburst 
type reaction.  

Subperiosteal, endosteal and 
intracortical resorption associated 
with fragmented 
polymorphonuclear leukocytes. 
Numerous micro-abscesses.

Increased amount of 
polymorphonuclear leukocytes. 
Numerous micro-abscesses. 

4  As above, but with sinus-tract 
formation 
and soft-tissue micro- 
abscesses

 
Table VI. Histologic grading scale for bone implants (Adapted from Jansen et al. 1994) 
 

Grade Bone reaction semi-
quantitavely 
(Thickness rating)

Bone reaction qualitatively Interface qualitatively 

0 Not applicable Inflammation Inflammation 

1 > 501 µm Other tissue than bone Fibrous tissue capsule 

2 251 – 500 µm Lamellar or woven bone with 
bone formation and 
resorption

Localized fibrous tissue with no 
encapsulation 

3 51 – 250 µm Lamellar or woven bone with 
bone forming activity 

Remodelling lacuna with 
osteoblasts and/or osteoclasts  

4 0 – 50 µm Similar to original cortical 
bone 

Direct bone contact  

 
2.5.6 Positron emission tomography 
 
 Positron emission tomography (PET) is a non-invasive quantitative imaging 
technique, which enables the evaluation of biochemical and physiological processes in 
vivo. PET allows monitoring the distribution of biologically active compounds labeled 
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with positron-emitting radioisotopes (e.g. 13N, 15O, 11C, 18F) which are intravenously 
administrated to the patient [Surti et al. 2004]. After the emission of the isotop from 
the nucleus, positrons travel a short distance in the tissue prior to annihilation with 
electrons. The energy of the annihilation of the positron and electron is released in 
the form of two gamma photons which diverge in the opposite directions (almost 
180°). The PET scanner’s ring-shaped radiation detectors register the two gamma 
photons which arrive simultaneously [DeGrado et al. 1994]. The origins of the 
annihilations are then calculated by special computer software to create three-
dimensional PET images. PET scanners are often combined with CT to specify the 
anatomic origin of the annihilation signal. 
 The most common biologically active compound labeled with radioisotope 
chosen for PET imaging is 2-18F-fluoro-2-deoxy-D-glucose, [18F]-FDG [Love et al. 2005, 
Vos et al. 2006]. [18F]-FDG is an analogue of glucose that accumulates in cells with 
high metabolic activity such as cancer and inflammatory cells. After intravenous 
administration, [18F]-FDG initially repeats the metabolic pathway of glucose. At the 
final step of reaction cascade, the glucose transporters deliver [18F]-FDG to the 
targeted cell, where it is phosphorylated by hexokinase. Unlike glucose phosphate, 
the reaction product of [18F]-FDG is not further utilized and remains in the targeted 
cell during the study. The number of glucose transporters and the metabolic activity 
of the targeted cell are the main factors in the uptake of [18F]-FDG. Recently, it has 
been shown that [18F]-FDG PET imaging is capable of diagnosis of numerous 
orthopaedic infections [Kälicke et al. 2000, Schmitz et al. 2001, Gratz et al. 2002, De 
Winter et al. 2003, Mahfouz et al. 2005].  
 Vascular adhesion protein-1 (VAP-1) is induced during the inflammatory 
process and has a crucial input during the rolling, adhesion and transmigration of 
leukocytes [Salmi et al. 2001, Salmi and Jalkanen 2001]. One remarkable feature of 
VAP-1 is that this protein is still constantly present on the cell surface after the first 
phase of inflammation. Hence, VAP-1 is a highly potential target for in vivo imaging of 
inflammation [Autio et al. 2010, Autio et al. 2011]. Originally, 68Ga labelled 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) organic compound was 
suggested for PET imaging by Ujula and co-workers [Ujula et al. 2009]. In turn, CD33 
related sialic-acid immunoglobulin like lectins (siglecs) are known to be involved 
during inflammatory and immune responses in a subset of leukocytes [Crocker et al. 
2012]. Recent findings demonstrated that Siglec-9 is a granulocyte ligand for VAP-1 
and a 68Ga-labeled Siglec-9 motif peptide specifically detects VAP-1 in vasculature at 
sites of inflammation and cancer by PET [Aalto et al. 2011].  
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3 AIMS OF THE STUDY 
 
Study I 
 
To establish a new method for simultaneous evaluation of Ca-P and biofilm formation 
on BisGMA-TEGDMA thermosets with different content of BAG. 
 
Study II 
 
To evaluate the biological response of bone tissue to two PLA-PGA/β-tricalcium 
phosphate composites in a minipig model. 
 
Study III 
 
To study the feasibility of novel 68Ga-DOTA-Siglec-9 PET tracer to detect the 
inflammatory response caused by S. epidermidis peri-implant infection.  
 
Study IV 
 
To evaluate the antibacterial properties of the Chitlac-nAg coated material in vitro and 
to evaluate the physiological response of bone tissue at the interface with the Chitlac-
nAg coated material in a minipig model. 
 
Study V 
 
To evaluate the effect of SARM (ORM-11984) in a local drug delivery system in a rat 
bone healing model.  
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4 MATERIALS AND METHODS 
 
4.1 Study I 
 
In vitro experiment 
 
 Two groups of BisGMA-TEGDMA thermosets with different content of Bioglass® 
45S5 (50% and 75% by weight) were investigated. BisGMA-TEGDMA thermosets 
without BAG served as a negative control. The BisGMA-TEGDMA thermosets 
(diameter 12mm; thickness 2mm) were prepared by mixing the light-polymerizable 
acrylate resin with BAG particulate (fraction <50 µm). Then, the BisGMA-TEGDMA 
thermosets were photopolymerized and postcured. Subsequently, one side of the 
BisGMA-TEGDMA thermoset was ground to expose the BAG surface.  

Bacterial-biofilm growing medium (BM) was prepared as described by Lemos et 
al. [Lemos et al. 2010]. SBF was prepared as described by Kokubo et al [Kokubo et al. 
1990]. The comparison between BM and SBF in terms of ion concentration is 
presented in Table VII.  

 
Table VII. Nominal ion concentration of SBF, BM and human blood plasma. (Adapted 
from Study I). 
 

n/a = not available 

 
The total volumes of SBF and BM were calculated according to the surface area 

of BisGMA-TEGDMA thermosets. The BisGMA-TEGDMA thermosets were placed 
individually into the flat-bottom test tubes filled with 11.3 ml of sterile SBF and BM, 
respectively with the grinded surface upwards. The tubes were placed in a water bath 
(Heto Lab Equipment SBD-50 type BIO, 160 strokes per minute, amplitude 36 mm) at 
a constant temperature (37 °C) for 3 days. After incubation, the BisGMA-TEGDMA 
thermosets were dried in a desiccator for 2 days. 

 
Ions 

Ion concentration (mM)

SBF BM Human blood plasma 

Na+ 142.0 34.2 142.0 

K+ 5.0 129.5 5.0 

Mg2+ 1.5 2.0 1.5 

Ca2+ 2.5 1.0 2.5 

Cl– 147.8 38.8 103.0 

HCO3– 4.2 n/a 27.0 

HPO4
2 – 1.0 72.1 1.0 

SO4
2 – 0.5 11.8 0.5 

pH 7.4 7.2 7.2–7.4 
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Thereafter,  the top surfaces of the BisGMA-TEGDMA thermosets were 
examined with SEM (Model JSM 5500, Jeol Ltd, Tokyo, Japan) and x-ray energy 
dispersive spectroscopy (Spirit, Princeton Gamma-Tech Inc., Princeton, NJ, USA) for 
HA formation. Then the BisGMA-TEGDMA thermosets were cut in cross-section and 
the thickness of the HA layer was measured. 
 
4.2 Study II 
 
In vitro experiment 
 
 Four groups of implant materials were prepared and characterized in vitro prior 
to implantation. Micro-composite was an equivalent of a contemporary ACL screw 
and composed of PLGA 95L:5G/β-TCP with micro-sized particulate. Micro-composite 
was prepared by melt compounding with further self-reinforcement. Nano-composite 
was an experimental self-reinforced PLGA 85L:15G/β-TCP material prepared by high-
energy ball milling with further self-reinforcement. The high-energy ball milling 
technique was used to reduce the size of the filler particles to nano-scale. Micro-
roughened Ti6Al4V implants served as positive control and pure PLGA implants served 
as negative control. All implants were prepared in the shape of truncated cone (Ø 3.6 
and Ø 5.0 mm, height 8 mm).  

Gas chromatography was used to measure the residual monomer content in 
the initial PLGA 85L:15G and PLGA 95L:5G polymer matrices and in the ready 
composite implants. Inherent viscosity of the initial polymer matrices and the ready 
composite implants was measured with Ubbelohde viscometer. Particle size 
distributions of the initial β-TCP particle and β-TCP particles in the composite implants 
were studied with the laser diffractometer. Likewise, the crystal sizes of the β-TCP 
particulates were evaluated by X-ray diffraction analysis (XRD). The mechanical 
properties of the composites were assessed by shear and bending tests in accordance 
with standards ASTM B 769-94 and D 790-84, respectively. The morphologies of 
Micro-composite and Nano-composite were investigated with SEM. The in vitro 
degradation study was performed according to ISO 15814 standard. The duration of 
the hydrolysis was 78 weeks. At regular intervals, 0, 6, 12, 18, 24, and 36 weeks, the 
implant materials were withdrawn and the inherent viscosity, thermal properties and 
crystallinity of the composites were assessed. Modulated differential scanning 
calorimetry was used to assess the crystallinity of the polymers. 
 
In vivo experiment 
 

In Study II and Study IV the identical animal model was used (Figure 2). Study II 
included 21 implants inserted into the femurs of seven adult male Göttingen minipigs 
(Ellegaard Göttingen Minipigs A/S, Denmark). The animals were euthanized 8 weeks 
after the surgery. The mechanical strength of the bone-implant interface was 
measured in a push-out test. Thereafter, the volume of peri-implant bone was 
assessed in micro-CT analysis. Histological analysis involved the qualitative and 
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quantitative characterization of the bone tissue reaction by a standardized histologic 
grading scale [Jansen et al. 1994]. Non-parametric ANOVA (Kruskall-Wallis test) and t-
test (Mann-Whitney) was applied to analyze the significance of differences between 
the implant materials.  
 
4.3 Study III 
 
In vitro experiment 
 

S. epidermidis clinical isolate T-54580 was provided by Dr. Kaisu Rantakokko-
Jalava. S. aureus clinical isolate 52/52A/80 was provided by Dr. Jon T. Mader. These 
two strains were used in in vitro and in vivo experiments.  

S. epidermidis T-54580 and S. aureus 52/52A/80 were grown overnight on 
blood agar plates. Thereafter, bacterial suspensions were adjusted to the known 
optical density (OD), which corresponded to Mc Farland 1. One mL of S. epidermidis 
and one mL of S. aureus suspension were found to be equal to 3 × 108 CFU and 3 × 105 
CFU respectively. Bacterial suspensions were stored at 4°C and further used for in 
vitro and in vivo experiments at the day of preparation.  

S. epidermidis T-54580 and S. aureus 52/52A/80 were tested for their in vitro 
biofilm formation capability. The overnight cultures were prepared in Brain Heart 
Infusion broth (BHI) (Sigma-Aldrich, co, St. Louis, MO, USA). Thereafter, the bacterial 
suspensions were adjusted to the known O.D. which corresponded to Mc Farland 1. 
Then static biofilms were constructed according to Merrit et al [Merrit et al. 2005]. 
The total biofilm mass was analyzed by the crystal -violet technique [Merrit et al. 
2005]. Pure BHI surved as a control. The biofilm production capability of S. aureus and 
S. epidermidis was compared using a Student’s t test. 

 
In vivo experiment 

 
The animal study protocol was approved by the Finnish National animal 

Experiment Board, ELLA (Permit #ESAVI/3485/04.10.03/2012). The animal 
experiments were performed in the Central Animal Laboratory of the University of 
Turku. The institutional guidelines and the protocols for the analgesia, anaesthesia 
and housing of the rats were followed.  

Thirty adult male Sprague Dawley rats (Harlan, the Netherlands) were used in 
the in vivo experiment. Three experimental animal groups were selected: 1. Rats 
challenged with S. epidermidis 2. Rats challenged with S. aureus, positive control 3. 
Negative control group without infection. Each group included 10 rats. The left tibia of 
each rat was operated and the right tibia served as an inta-animal control. The 
intravenous catheter (BD VenflonTM, Becton Dickinson Infusion Therapy, Helsingborg, 
Sweden) made of polytetrafluoroethylene was used for implantation. Under standard 
aseptic conditions, the surgical access was created in the proximal tibia using the 
cannula needle. The cannula was implanted into the medullary cavity and the needle 
was removed. Thereafter, the bacterial suspension was inoculated into the medullary 
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cavity through catheter of the cannula. The rats from the first experimental group 
were challenged with 0.05 mL suspension of 3 × 108 CFU/ mL of S. epidermidis. The 
rats from the second experimental group, a positive control, were challenged with 
0.05 mL suspension of 3 × 105 CFU/ mL of S. aureus. In addition, aqueous sodium 
morrhuate (Scleromate, Glenwood, Englewood, N.J. 07631, USA) was injected into the 
medullary cavity of each rat form the first and second groups. The rats from the third 
group, a negative control, were not challenged with bacteria or sclerosing agent. 
Consequently, the catheter was cut at the bone level and the soft tissues were closed 
in layers.  

Two weeks after operation, rats were anesthetized and CT imaging was 
performed. Thereafter, 19 ± 2.0 MBq of 68Ga-DOTA-Siglec-9 was injected via tail vein 
of each rat and PET imaging was accomplished. PET data was reconstructed and the 
quantitative analysis was performed. Two regions of interest were determined in the 
proximal and distal part of the operated tibia, contralateral tibia and muscle using 
Inveon Research Workplace software (Siemens Medical Solutions) as shown in Figure 
1. The 68Ga-DOTA-Siglec-9 accumulation was expressed as standardized uptake value 
(SUV). The SUV ratios between the operated tibia and contralateral tibia, as well as 
between operated tibia and contralateral muscle were calculated and used for intra- 
and inter-group comparisons. 

Subsequently, rats were euthanized and tissue samples (operated tibia, 
contralateral tibia and muscle, blood, plasma, heart, lung, liver, kidney and urine) 
were harvested, weighed and measured for total radioactivity.  

Operated tibia was divided into five sections. Each section was prepared for 
certain type of analysis: histological analysis, histomorphometrical analysis, 
microbiological analysis, PET ex vivo radioactivity measurements and fluorescence 
microscopy (Figure 1).   

The first and the second sections of the harvested tibia were taken for the 
histological and histomorphometric analysis. The undecalcified and decalcified 
histological sections were prepared. The grading scale described by Petty et al. [Petty 
et al. 1985] was used to quantify the inflammatory stage. Undecalcified sections were 
used to evaluate the periosteal reaction and cortex appearance. In turn, decalcified 
sections were used to evaluate the cellular response.  

The third section of the harvested tibia was prepared for microbiological 
analysis. The catheter and the bone specimens were placed in the separate tubes 
containing the Fastidious Anaerobe Broth (LabM, Lancashire, UK). The catheters were 
incubated under aerobic conditions for 7 days. In the case of visual bacterial growth, 
the bacterial suspension was cultured on the blood agar plate and the Staphaurex 
latex agglutination test (Remel Europe Ltd, UK) was performed. In the case of 
negative agglutination test, the Analytical Profile Index (API; API®/ID 32, BioMérieux 
SA, Marcy l'Etoile, France) was used to identify the Staphylococcal colonies. If no 
visual bacterial growth was noticed during the incubation of the catheter, the bone 
specimens were grounded. Consequently, the resulting material was cultured on a 
blood agar plate. In the case of negative culture, the polymerase chain reaction with 
universal 16S ribosomal DNA primers was performed. 
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The forth section of the harvested tibia was prepared for PET ex vivo 
radioactivity measurements.  

The fifth section of the harvested tibia was prepared for imaging with 
fluorescence microscope. Prior to imaging, the catheters were separated from bone 
and stained with live/dead staining (BacLight kit™; Invitrogen, Barcelona, Spain) 
according to the manufacturer’s instructions. 
 

 
Figure 1. Rat model used in Study III. The tibia with implant was sliced into five 
sections for further characterization: 1) histological analysis (decalcified sections); 2) 
histological analysis (undecalcified sections); 3) microbiological analysis; 4) ex vivo 
radioactivity measurement; 5) fluorescent microscopy analysis. The PET data was 
analyzed in two ROIs. 
 

Kolmogorov-Smirnov test was used to study the normality of the distribution of 
the data. Levene test was used to validate the homogeneity of variances. The biofilm 
production capability of S. aureus and S. epidermidis was compared using a t-test. 

A paired t-test was used to compare the intra-animal differences in PET-data 
between the operated and the contralateral intact sites. In addition, the data from 
the three experimental groups were compared using one-way ANOVA with Tukey’s 
post-hoc test. The PET parameters studied were SUV mean of the proximal part of the 
operated tibia; SUV mean ratio between the proximal part of the operated tibia and 
the proximal part of the contralateral intact tibia; SUV mean of the distal part of the 
operated tibia; SUV mean ratio between the distal part of the operated tibia and the 
distal part of the contralateral intact tibia; SUV mean of the operated ex vivo bone 
sample and SUV mean ratio between the operated ex vivo bone sample and the 
contralateral bone sample. 
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The histological data were analyzed by non-parametric Kruskal-Wallis test. 
Further, Mann-Whitney tests were performed to find differences between the 
groups. In addition, correlations between histological and PET data were studied 
using non-parametric Spearman rank-order correlation analysis (two-tailed).  
 
4.4 Study IV 
 
In vitro experiment 
 

For in vitro experiment, BisGMA-TEGDMA thermosets were coated with 
polysaccharide 1-deoxylactit-1-yl chitosan (Chitlac) and with Chitlac containing silver 
nanoparticles (Chitlac–nAg). In addition, uncoated BisGMA-TEGDMA thermosets were 
prepared as a control. Thereafter, the electro-thermal atomic absorption 
spectroscopy was used to quantify the total amount of the silver content on the 
surface of Chitlac–nAg thermosets. Furthermore, the treatment with analytical grade 
nitric acid was performed during 1, 2 and 3 weeks to define the silver concentration in 
Chitlac–nAg solution.  

In order to ensure the antibacterial properties of Chitlac–nAg solution, the 
bacterial killing assay was accomplished. Two bacterial strains, S. aureus ATCC 25923 
and P. aeruginosa ATCC 27853, were used in current and in further in vitro 
microbiological experiments.  

Subsequently, a modified protocol of the Japanese Industrial Standard method 
(JIS Z 2801: 2000) was applied to test the antimicrobial efficacy of Chitlac–nAg 
thermosets and serum-treated Chitlac–nAg thermosets. Serum-treated Chitlac–nAg 
thermosets were included in the experiment in order to test the possible influence of 
serum proteins on the antimicrobial potential of Chitlac–nAg thermosets. The 
uncoated thermosets were used as a control group.  

The biofilm model was constructed to assess the biofilm production capability 
of S. aureus ATCC 25923 and P. aeruginosa ATCC 27853 on the surface of Chitlac–nAg 
thermosets, serum-treated Chitlac–nAg thermosets and uncoated BisGMA-TEGDMA 
thermosets. The crystal-violet technique proposed by Christensen [Christensen et al. 
1985] was used to measure the total biofilm mass. In addition, the biofilm was fixed 
and prepared for SEM analysis to allow the visualization of the morphology and 
distribution of the biofilm.  

The biofilm model was constructed on the surface of Chitlac–nAg thermosets 
and uncoated BisGMA-TEGDMA thermosets. Subsequently, Chitlac–nAg thermosets 
and uncoated BisGMA-TEGDMA thermosets were stained with the fluorescence dye 
(Film TracerTM FM® 1-43 green biofilm cell stain) according to the manufacturer’s 
instructions. In addition, to investigate the effect of protein coating on antibacterial 
properties of Chitlac–nAg, the thermosets were stained with the fluorescein-labeled 
ion-bovine serum albumin. Thereafter, all thermosets were examined with CLSM. 

The simulated physiological conditions were created for 21 days to test the 
durability of antimicrobial effect of Chitlac–nAg thermosets and the release of silver 
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ions. A modified protocol of the Japanese Industrial Standard method (JIS Z 2801: 
2000) was applied to test the antimicrobial efficacy against S. aureus ATCC 25923. 

In vitro stem cell response was evaluated to indicate the biocompatibility of 
tested materials. Human adipose-derived stem cells were seeded and grown on the 
surface of Chitlac–nAg thermosets and uncoated BisGMA-TEGDMA thermosets in an 
osteogenesis medium. Cells which were able to differentiate into osteoblasts in 4 
weeks were subsequently stained with Alizarin Red S to outline the mineralized 
extracellular matrix.  

In the in vitro experiment, the differences between groups were studied using 
Student’s t test. The level of statistical significance was selected either 0.05 or 0.01, as 
specified for each examination separately. 

 
In vivo experiment 
 

For the in vivo experiment, the unidirectional E-glass fibers were used to 
reinforce the BisGMA-TEGDMA thermosets (FRC) and the truncated cone implants 
were prepared (Ø 3.6 and Ø 5.0 mm, height 8 mm). Consequently, the implants were 
coated with Chitlac and Chitlac–nAg. A micro-roughened Ti6Al4V implant served as 
the control material. 

The animal study protocol was approved by the Finnish National Animal 
Experiment Board, ELLA (permit #ESLH-2007-06829/Ym-23) and the institutional 
guidelines and the protocol for the analgesia and anesthesia for the minipigs were 
followed. The animal experiments were performed in the Central Animal Laboratory 
of the University of Turku. The in vivo experiment was planned according to the 3R’s 
principles (Refining, Reducing, and Replacing). Therefore, to reduce the number of 
animals, Study II and Study IV were subsets of the same animal experiment. 

Three adult male Göttingen minipigs (Ellegaard Göttingen Minipigs A/S, 
Denmark) were used in this subset of the in vivo experiment. The animal model 
included the unicortical placement of Chitlac and Chitlac–nAg-FRC implants in the 
minipig femur. In addition, a control Ti6Al4V implant was inserted in each minipig 
femur to allow intra-animal comparisons of the implants (Figure 2). The standard 
sterile surgical conditions were followed during the surgery. The femur was exposed 
using an anteromedial intermuscular approach. The high-speed dental drill was used 
to create the unicortical conical-shaped surgical access; thereafter, the implants were 
firmly press-fitted and the soft tissues were closed in layers. The animals were 
euthanized 8 weeks after the surgery and the femurs were harvested for histological 
and histomorphometrical analysis. During the histological analysis, the qualitative and 
quantitative characterizations of the bone reaction were performed using a 
standardized histological grading scale [Jansen et al. 1994]. The quantitative 
assessment of bone–implant contact (BIC) in the cortical area was performed in the 
histomorphometric analysis. 

In the in vivo experiment, no statistical analysis was performed, due to the low 
number of implants. 
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Figure 2. Minipig model used in Studies II and IV. Schematic illustration of the femur 
with five conical implants; positions of the implants were randomized for each animal. 
 
 
4.5 Study V 

 
In vitro experiment 
 

Four groups of implant materials were prepared and characterized in vitro prior 
to implantation. The implants were composed of copolymers of L-lactide and ε-
caprolactone (PLCL) (PURASORB PLC 7015, Purac Biomaterials, Gorinchem, The 
Netherlands) loaded with the SARM (ORM-11984) compound in different ratios (10%, 
30%, 50% by weight). Placebo control group contained pure polymer implants 
without the active compound. All implants were prepared in the shape of a cylinder 
(Ø1mm, height 10mm) from the extruded mixture of polymer and ORM-11984.  

In order to assess the release of ORM-11984 from the implants containing 10%, 
30% and 50% of this compound, an in vitro dissolution test was performed during 14 
days. Six implants of group 10%, two implants of group 30% and one implant of group 
50% were used in this experiment. Current set-up was dictated by the sensitivity of 
the experiment i.e. the release of the compound from a particular implant of group 
10% was relatively low. The release of ORM-11984 from the composites was 
measured every day by spectrophotometry. 

 
In vivo experiment 
 

The animal study protocol was approved by the Finish National Animal 
Experiment Board (permit #ESAVI/1184/04.10.03/2011). The animal experiments 
were performed in the Central Animal Laboratory of the University of Turku in 
accordance with the institutional guidelines for the analgesia and anesthesia.  
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A total of 47 female Sprague-Dawley rats (Harlan, the Netherlands) were used 
in this study. Two time-points were selected: 6 and 12 weeks. The animals were 
divided into five experimental groups listed in Table VIII. 

Two implants were placed in each experimental animal. In the negative control 
group, the medullary cavity was left unfilled. In the placebo control group, implants 
prepared from pure PLCL were inserted into the medullary cavity. During the surgery, 
standard aseptic conditions were followed. The tibia was operated using an 
intramedullary ablation model as described by Itälä et al [Itälä et al. 2003]. A round 
cortical window was was drilled. In addition, a smaller cortical defect (vent was) 
drilled 5mm distally. In order to allow the insertion of the implant through the cortical 
window, the implants (10 mm) were divided into two parts (5 mm each) and placed 
between the cortical defects in the medullary cavity (Figure 3). Subsequently, the 
cortical window was placed back and the surgical access was closed in layers. 

The animals were euthanized 6 and 12 weeks after the surgery and the tibia 
were harvested for micro-CT imaging and histomorphometry. 

In micro-CT analysis included the measurements of the volume of newly 
formed bone, tissue mineral density (TMD), cortical thickness, periosteal radius and 
endosteal radius (Figure 3). 

In histomorphometric analysis, the area of newly formed bone was assessed in 
the whole medullary cavity and in a peri-implant ring of 50 µm. In addition, bone-
implant contact (BIC) was quantified (Figure 3). 

In statistical analysis of the data, Kolmogorov-Smirnov test was used to verify 
the normal distribution of the data. Consequently, one-way ANOVA with Tukey’s post-
hoc test was performed. In order to investigate the dose response to the 
concentrations of ORM-11984, non-parametric Spearman rank-order correlation 
analysis (two-tailed) was used. 

 
Table VIII. Experimental groups in Study V. (Adapted from Study V). 

 

Group Experimental group 6 weeks 12 weeks 

Placebo control group PLCL 100% n=5 n=5 

10% PLCL loaded with 10% of 
ORM-11984

n=4 n=4 

30% PLCL loaded with 30% of 
ORM-11984

n=4 n=4 

50% PLCL loaded with 50% of 
ORM-11984

n=4 n=4 

Negative control group empty  n=4 n=4 
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Figure 3. Rat model used in Study V. Schematic illustration of rat tibia with cortical 
window (A), cortical vent (B) drilled 5mm distally and intramedullary implants (C). In 
µCT analysis, VOI (D) was selected within the intramedullary space, 0.5 mm proximally 
and 0.5 mm distally from ends of the implant (C). The volume of new bone (E) was 
measured inside the VOI. In histomorphometric analysis, ROI 1 (F) was selected by 
outlining the endosteal border of the cortex. ROI 2 (G) was constructed by offsetting 
the outer border of the implant by 50 µm. The area of new bone (E) was evaluated 
inside ROI 1 and ROI 2.  
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5 RESULTS 

 
5.1 Study I 
 
In vitro experiment 
 
 In SBF, a uniform Ca-P-layer formation was seen on the surface of BisGMA-
TEGDMA thermosets with 75 wt% and 50 wt% of BAG. There was no Ca-P formation 
on control BisGMA-TEGDMA thermosets without BAG. In BM, there was a thick layer 
of Ca-P on the surface of the BisGMA-TEGDMA thermosets with 75 wt% of BAG. 
However, only scattered islands of Ca-P on BisGMA-TEGDMA thermosets with 50 wt% 
of BAG were seen; no Ca-P formation was detected on control BisGMA-TEGDMA 
thermosets without BAG. Unexpectedly, in both SBF and BM, Ca-P-layer formed on 
the surface of the BAG granules and on the resin. The thicknesses of the Ca-P layers 
are shown in Table IX. SEM micrographs of the top surfaces and cross-sectional views 
of BisGMA-TEGDMA thermosets with BAG particulate are shown in Figure 4. 
 

 
 

Figure 4. Top surfaces and cross-sectional views of BisGMA-TEGDMA thermosets with 
BAG particles. On top views, black arrow indicates BAG granule, white arrow indicates 
BisGMA-TEGDMA matrix. On cross-sectional images, the tickness of Ca-P-layer is 
measured on top of BAG granule (left) and on top of the polymer (right). (Adapted 
from Study I). 
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Table IX. The thickness of Ca-P-layer (µm) on the BisGMA-TEGDMA thermosets. The 
data is presented as mean ± standard deviation. (Adapted from Study I). 

n/a = not available 

 
 
5.2 Study II 
 
In vitro experiment 
 

The residual monomer content was measured by gas chromatography. In 
Micro-composite and Nano-composite, the residual monomer content was below the 
detection limit of 0.02 and 0.05 % for L-lactide and glycolide respectively.  

Ubbelohde viscometer was used to measure the inherent viscosity. In Micro-
composite, the inherent viscosity remained at a level close to 3.13 dl/g of the initial 
PLGA 95L:5G polymer matrix (Table X). In contrast, the inherent viscosity in Nano-
composite dropped to 2.23 dl/g from 3.01 dl/g of the initial PLGA 85L:15G polymer 
matrix (Table X). 

Laser diffractometer was used to study particle size distributions of β-TCP 
particulates. Compared to the initial β-TCP particulate, the size of the β-TCP particles 
increased in Micro-composite and in Nano-composite due to agglomeration. The 
particle size in Micro-composite increased to 22.7 µm from 3.67 µm of the initial β-
TCP particulate. In Nano-composite, nano-structuring and cryo-alloying fused β-TCP 
particles together and agglomerates of 70.4 µm were formed (Table X). In addition, 
agglomeration decreased the surface area of the β-TCP particles in both composites 
(Table X).  

XRD analysis was used to study the crystal size of the β-TCP particulate. Nano-
structuring decreased the crystal size of β-TCP in Nano-composite to 10-20 nm from 
35 nm of the initial β-TCP particulate as indicated by the XRD analysis. 

Mechanical tests were performed to study the mechanical properties of the 
composites. The bending and shear strength of Micro-composite was comparable 
with that of pure PLGA 95L:5G. The bending strength of Micro-composite was 21% 
higher than that of Nano-composite. The shear strength of Micro-composite was 58% 
higher than that of Nano-composite. The bending modulus was comparable in the 
case of both composites and pure PLGA 95L:5G. Mechanical properties are shown in 
Table X. 

Solution 

BisGMA-TEGDMA 
thermosets without 

BAG

BisGMA-TEGDMA 
thermosets with 50 wt.% 

BAG

BisGMA-TEGDMA 
thermosets with 75 wt.% 

BAG 

BAG phase 
Polymer 

phase 
BAG phase 

Polymer 
phase

BAG phase 
Polymer 

phase 

SBF n/a n/a 3.1 ± 0.9 2.9 ± 0.8 4.7 ± 1.0 4.8 ± 1.1 

BM n/a n/a 2.1 ± 0.3 1.8 ± 0.7 3.2 ± 0.4 2.7 ± 0.1 
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In order to investigate the morphologies of Micro-composite and Nano-
composite, SEM analysis was performed. As seen in SEM micrograph (Figure 5A), the 
distribution of the particles in the initial β-TCP particulate was homogenous. In Micro-
composite, β-TCP particles were partially agglomerated after melt-compounding, as 
manifested by the two-phased microstructure of the surface of the composite (Figure 
5B). The particles were, however, entrapped in the polymer matrix indicating good 
wetting. In Nano-composite, the agglomeration was substantial. Scattered β-TCP 
particles were not surrounded by the polymer matrix (Figure 5C) indicating poor 
wetting. Moreover, fibrillar polymer fractions resulting from the cryo-alloying step 
were observed (Figure 5C). 

The in vitro degradation properties of the composites were studied in 
hydrolysis for 78 weeks. The degradation was faster for Nano-composite compared 
with Micro-composite. The crystallinity of the PLGA 95L:5G matrix in Micro-composite 
increased from 42.3 % to 50.4 % after 36-weeks of hydrolysis. The initial crystallinity 
of the PLGA 85L:15G matrix Nano-composite was 32.9 % and it turned amorphous 
already after 24 weeks of hydrolysis. This change was reflected in the mass loss. By 78 
weeks of hydrolysis, the mass loss in Micro-composite was 4% while the mass loss in 
Nano-composite was 40%. 
 
Table X. Results of in vitro characterization of implant materials. (Adapted from Study 
II). 
 

Property 

Raw materials Composite implants 

PLGA 
95L/5G 

PLGA 
85L/15G β-TCP 

Micro-composite
84 wt% PLGA 

95L:5G 
16 wt% β-TCP

Nano-composite 
84 wt% PLGA 

85L:15G 
16 wt% β-TCP 

Inherent viscosity [dl/g] 3.13 ± 
0.03

3.01 ± 
0.08 - 3.15 ± 0.05 2.23 ± 0.05 

Crystallinity of matrix 
[%] - - - 42.3 ± 2.2 32.9 ± 1.0 

β-TCP, median particle 
size [µm] - - 3.67 22.7 161 

β-TCP, specific surface 
area [m

2
/kg] - - 1835 961 195 

Shear strength [MPa] - - - 87.9 ± 1.8 55.5 ± 2.3 

Bending strength [MPa] - - - 165.7 ± 5.1 136.5 ± 3.8 

Bending modulus [GPa] - - - 3.9 ± 0.1 3.8 ± 1.2 
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A           B      C 
Figure 5. SEM micrographs of initial β-TCP particulate (A); Agglomeration of β-TCP 
particulate in Micro-composite (B) and in Nano-composite (C). (Adapted from Study 
II). 
 
In vivo experiment 

 
In the in vivo experiment, push-out test was the key characterization method. 

The differences between Micro-composite and Nano-composite were not statistically 
significant. The results of the push-out test are shown in Table XI. The intra-animal 
comparison with Ti6Al4V implants was challenged, as upon tissue retrieval one 
Ti6Al4V implant appeared loose. Moreover, one Ti6Al4V implant and one Nano-
composite implant were excluded as outliners, since the measured push-out forces 
were negligible. Therefore, statistical analysis was not performed due to the small 
number of the remaining specimens. The results of the intra-animal comparison are 
shown in Table XII. The push-out force and stiffness of Micro-composite and Nano-
composite were 35-72 % of the values of Ti6Al4V implants. The push-out force and 
stiffness of pure PLGA 95L/5G implants were low, 16-49 % of the values of Ti6Al4V 
implants. 
 
Table XI. Results of the push-out test. The data is presented as mean (± standard 
deviation). 
 

Parameter 

Implant group

Micro-
composite 

(N=6)

Nano-
composite 

(N=5) 

PLGA 95L:5G 
(N=3) 

Ti6Al4V 
(N=6) 

Force [N] 156.7 (± 128.5) 109.1 (± 82.6) 89.6 (± 25.8) 271.2 (± 213.1) 

Stiffness 
[N/mm] 413.9 (± 218.6) 317.9 (± 94.4) 282.6 (± 95.2) 660.5 (± 378.0) 

Absorbed 
energy [N*mm] 42.6 (± 45.5) 24.0 (± 19.5) 20.1 (± 11.0) 73.7 (± 67.8) 
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Table XII. Results biomechanical test (intra-animal comparison). Results are expressed 
as percentages of the values obtained for Ti6Al4V in the same animal. The data is 
presented as median (range). (Adapted from Study II). 
 

Parameter 
Implant group

Micro-composite Nano-composite 

Force 49.7 % (35.1 – 60.1) 48.1 % (35.8 – 60.4) 

Stiffness 56.4 % (39.4 – 71.7) 53.1 % (48.7 – 57.4) 

Absorbed energy 45.5 % (23.4 – 68.0) 38.1 % (26.2 – 49.9) 

 
The micro-CT-based measurements and histological evaluation performed after 

the push-out test should be considered as approximations. The results of the 
volumetric analysis of the peri-implant bone are shown in Table XIII. In the statistical 
analysis, there were no significant intergroup differences: the peri-implant bone 
volume of Micro-composite and Nano-composite was similar to that of Ti6Al4V 
implants. Micro-CT images are shown in Figure 6. 

The results of the histological analysis are shown in Table XIII. For all implant 
groups, the average thickness of the reaction zone was in the range of 136 - 197 µm 
µm (Table XIII), which corresponded to score 3 in the standardized grading scale. 
Hence, instead of the scores, the actual reaction zone thickness values were used to 
compare the implant groups. There were no statistical differences between the 
implant groups, when tested with ANOVA. For Micro-composite implants, the peri-
implant reaction zone was generally comprised of newly formed woven bone with 
local areas of BIC (Figure 7A). For Nano-composite implants, the peri-implant tissue in 
the reaction zone was ranging from the spikes of woven new bone (lines in Figure 7B) 
attaching to the surface of the implant to the presence of a thin fibrous tissue layer. 
For the pure PLGA implants, there were narrow areas of woven newly formed bone in 
local contact with the implant surface (lines in Figure 7C) alternating with areas of 
peri-implant fibrous tissue. For the Ti6Al4V implants, the reaction zone mainly 
contained narrow areas of woven newly formed bone with the trabecular extensions, 
which were locally attached to the implant surface (Figure 7D); however, local areas 
of peri-implant fibrous tissue were also observed. The qualitative and quantitative 
assessment of histologic bone reaction revealed no distinct differences between the 
composite implants and the controls (Table XIII). There were no cases of 
encapsulation or inflammatory reaction at the bone-implant interface. Favorable 
biologic response was observed in all four implant groups. 
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A      B         C     D 

Figure 6. Micro-CT imaging and analysis of the peri-implant bone. Micro-composite 
implant (A), Nano-composite (B), control Ti6Al4V implant (C) and control pure PLGA 
implant (D). Upper row show details of the selection of the peri-implant VOI, the 
respective areas are marked with boxes on the images in the lower row. (Adapted 
from Study II). 
 

 
A      B        C     D 
Figure 7. Light micrographs of bone-implant interfaces after 8 weeks of implantation 
in cortical bone stained by van Gieson method (red): Micro-composite implant (A), 
Nano-composite (B), control Ti6Al4V implant (C) and control pure PLGA implant (D). 
Areas of direct BIC with newly formed woven bone are shown with lines. Arrows 
indicate BIC with cortical lamellar bone. (Adapted from Study II). 
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Table XIII. Summary of peri-implant bone assessment by micro-CT and histology. The 
data is presented as median (range). 
 

Parameter 

Implant group

Micro-composite 
(N=6)

Nano-composite
(N=5)

PLGA 95L:5G
(N=3)

Ti6Al4V 
(N=6) 

Peri-implant 
bone volume [%]

47.9
(33.3 – 70.0)

60.1
(18.7 - 79.1)

75.6
(64.6 - 81.6)

58.3 
(50.5 - 83.8) 

Reaction zone 
thickness [µm] 

146.3
(88.1 – 348.5)

136.4
(38.0 - 222.4)

197.2
(145.6 - 728.9)

187.2 
(117.2 – 218.51) 

Bone reaction 
qualitatively 

[score] 

3.2 
(3.0 - 3.7) 

3.0 
(3.0 - 3.7) 

3.0 
(3.0 - 3.2) 

3.0 
(2.7 - 3.5) 

Interface 
qualitatively 

[score] 

3.2 
(2.0 - 4.0) 

2.5 
(2.0 - 2.5) 

3.0 
(2.5 - 3.5) 

3.0 
(2.5 - 3.5) 

 
 
5.3 Study III  
 
In vitro experiment 
 

Prior to the in vivo experiment, the bacterial strains were tested for their in 
vitro capability to form biofilm. After 24 hours of incubation, both strains were able to 
form the biofilm. Moreover, there were no significant differences in biofilm mass and, 
therefore, in biofilm production capability between S. epidermidis and S. aureus 
tested strains.  

 
In vivo experiment 

 
Distributions of radioactivity after intravenous injection of 68Ga-DOTA-Siglec-9 

in rats as determined by in vivo PET/CT imaging and ex vivo gamma counting are 
summarized in Table XIV. 68Ga-radioactivity was accumulated especially in proximal 
part of the tibia (Figure 8). The highest difference (SUV ratio) between operated and 
contralateral tibia was observed in rats with implant infection caused by S. 
epidermidis (58.1%, P = 0.009) followed by S. aureus (41.7 %, NS) and negative control 
group (29.5%, P < 0.001). The SUV ratios of S. epidermidis group were significantly 
higher compared to those of negative control group (Table XIV). The excess of 
radioactivity excreted through kidneys to the urinary bladder and these organs were 
clearly visible in PET images (Figure 8). 
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Table XIV. Distribution of radioactivity in rat tibias after intravenous injection of 68Ga-
DOTA-Siglec-9 (SUV mean). Results are expressed as mean ± standard deviation. P 
values indicate differences between operated and contralateral tibia (Paired t-test).  
 

Group Operated Contralateral Ratio P value 

S. epidermidis n = 10  

  Proximal tibia (ROI 1)
  Distal tibia (ROI 2)

1.12 ± 0.36
0.83 ± 0.25

0.71 ± 0.23
0.56 ± 0.17

1.58 ± 0.20* 
1.48 ± 0.15** 

<0.001 
<0.001 

  Tibia, ex vivo 0.14 ± 0.05 0.08 ± 0.02 1.82 ± 0.48† 0.043 

S. aureus (positive 
control) n = 7 

 

  Proximal tibia (ROI 1)
Distal tibia (ROI 2)

1.12 ± 0.39
0.75 ± 0.23

0.75 ± 0.24
0.54 ± 0.15

1.50 ± 0.31 
1.38 ± 0.20 

0.035 
0.027 

Tibia, ex vivo 0.15 ± 0.05 0.11 ± 0.03 1.34 ± 0.33 0.028 

Negative control n = 10  

Proximal tibia (ROI 1)
Distal tibia (ROI 2)

1.02 ± 0.07
0.75 ± 0.06

0.79 ± 0.10
0.61 ± 0.05

1.30 ± 0.13* 
1.24 ± 0.11** 

<0.001 
<0.001 

Tibia, ex vivo 0.12 ± 0.04 0.10 ± 0.02 1.26 ± 0.45† n.s. 

* S. epidermidis and negative control, P = 0.011 (ANOVA with Tukey’s post-hoc) 
** S. epidermidis and negative control, P = 0.007 (ANOVA with Tukey’s post-hoc) 
† S. epidermidis and negative control, P = 0.018 (ANOVA with Tukey’s post-hoc) 

 

 
 
Figure 8. PET/CT images of 68Ga-DOTA Siglec-9 peptide uptake in the rat with 
catheter-related S. epidermidis infection. High focal uptake of radioactivity in the 
operated right tibia is observed (red arrows) compared with the contralateral intact 
left tibia (white arrows). Excess of radioactivity is excreted through kidneys (two 
headed black arrow) to the urinary bladder (black arrow). (Adapted from Study III). 
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The histological analysis was performed to associate the infection with the signs 
of inflammatory response. Results are presented in Table XV. The most representative 
histological views are shown in Figure 9. In the S. epidermidis group the periosteal 
reaction was mainly sunburst type and circumferential. There was a moderate 
subperiosteal, endosteal and intracortical resorption of the cortex. Haversian canals 
were enlarged and filled with granulation tissue and fragmented polymorphonuclear 
leukocytes. Occasional microabscesses were also detected in the cortex. Increased 
amount of polymorphonuclear leucocytes were observed in the medullary canal in 
the proximity of the implant (Figure 9A). The median grade in the group was 3, range 
1 – 3. In the S. aureus group, there was a high deviation in the histological views, 
ranging from low to severe inflammatory reaction. Significant periosteal reaction, 
extensive destruction of the cortex and increased number of the polymorphonuclear 
leucocytes in the medullary canal were seen in the severe cases of the inflammatory 
reaction (Figure 9B). The median grade in the group was 3, range 1 – 3. In the 
negative control group there were signs of uneventful healing and the inflammatory 
reaction was low. For the samples with grade 1, reactive bone formation was 
observed in the medullary canal, mainly around the implant. The medullary canal 
contained normal bone marrow hematopoietic cells (Figure 9C). The median grade in 
the group was 0, range 0 – 1. Statistical analysis of the histological data revealed 
significant differences between negative control group and S. aureus group (P < 
0.001) as well as between negative control group and S. epidermidis group (P < 0.001). 
There were no statistically significant differences between S. aureus and S. 
epidermidis group. In the S. epidermidis group, Spearman rank-order correlation 
analysis showed statistically significant correlations with respect to histological data 
for SUV mean of the operated proximal tibia (rS = 0.719, P = 0.019), SUV mean of the 
operated distal tibia (rS = 0.719, P = 0.019) and SUV mean of the operated ex vivo 
bone sample (rS = 0.674, P = 0.033). There were no other statistically significant 
correlations for the data analyzed within the groups. However, when the analysis was 
performed on ungrouped data, statistically significant correlations with respect to 
histological data were found for all PET parameters with the exception of the SUV 
mean ratio between the operated ex vivo bone sample and the contralateral bone 
sample. 

The pathogens were cultured from the bone samples and from the catheters.  
As shown in Table XV, in the S. epidermidis group, the visual bacterial growth 

was detected during the incubation period in the 91% of cultures (catheters and bone 
samples). Thereafter, the API test verified that the isolated pathogens matched with 
the inoculated ones (S. epidermidis). In S. epidermidis group, 9% of the cultures were 
negative; no visual bacterial growth was detected. Therefore, the bone samples were 
ground and subsequently cultured on blood agar plates for 48 hours. Since, the 
results obtained after the incubation period were negative, the 16s PCR was 
performed. However, the results of 16s PCR were also negative. In the S. aureus 
group, the visual bacterial growth was detected during the incubation period in 70% 
and 60% of tubes containing catheters and bone samples respectively (Table XV). In 
these positive cultures, S. aureus was differentiated by the Staphaurex latex 
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agglutination test. The isolated pathogens matched with the inoculated ones. In S. 
aureus group, there was no visual bacterial growth in 30-40%. Hence, the 16s PCR was 
performed, the results were negative. No bacteria could be cultured from catheters 
and bone samples retrieved from the control animals (Table XV). In addition, the 16s 
PCR results were negative. 

The catheters were stained with live/dead staining to confirm the presence of 
bacterial biofilm in the case of S. epidermidis and S. aureus groups and verify the 
absence of the biofilm in the negative control group. The coccoid bacterial cells were 
observed on the surface of catheters in S. epidermidis (Figure 10A) and S. aureus 
groups (Figure 10B). As seen in Table XV, imaging with fluorescent microscope 
demonstrated the presence of biofilm in 82% in the S. epidermidis group and 70% of 
samples in the S. aureus group. In addition, no bacterial biofilm could be seen in the 
negative control group (Figure 10C), except for one sample with a probable 
contamination. 

 
Table XV. Results of fluorescent microscopy, microbiological and histological analysis 
 

Group Rat 
number 

Fluorescent 
microscopy Microbiological analysis Histological analysis 

Implant Bone Implant
S. epidermidis 23 + - - 1 
  24 + + + 3 
  25 + + + 3 
  26 + + + 3 
  27 + + + 2 
  28 - + + 3 
  29 + + + 2 
  30 + + + 3 
  31 + + + 3 
  32 n/a + + 3 
  33 + + + 2 
S. aureus 1 + + + 3 
  2 + + + 2 
  3 + + + 3 
  4 + + + 3 
  5 + + + 3 
  6 + + - 2 
  10 - - + 3 
  11 - - - 1 
  12 - - - 1 
  13 + + - 3 
Control 7 + - - 1 
  8 - - - 1 
  9 - - - 1 
  14 - - - 0 
  15 - - - 0 
  16 - - - 0 
  17 - - - 0 
  18 - - - 0 
  19 - - - 1 
  20 - - - 1 
  21 - - - 0 
  22 - - - 0 
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A       B      C 
Figure 9. Histological analysis. Upper row: van Gieson stain, lower row: haematoxylin 
and eosin stain. Cortex is denoted as “C”, implant as “Impl”, periosteal reaction as 
“PR” and reactive bone formation as “RB”. Staphylococcus epidermidis group. Van 
Gieson stain: inflammatory response is expressed as sunburst type periosteal reaction 
and partial resorption of the cortex. Haematoxylin and eosin stain: a layer of 
polymorphonuclear leucocytes is visible in the proximity of the implant (arrow). This 
layer is surrounded by granulation tissue (A). Staphylococcus aureus group. Van 
Gieson stain: Inflammatory response is expressed as circumferential sunburst type 
periosteal reaction and almost complete resorption of the cortex. Haematoxylin and 
eosin stain: polymorphonuclear leucocytes are seen in the proximity of the implant 
(arrow) (B). Negative control group. Van Gieson stain: periosteal and cortical reactions 
are absent. Reactive bone formation is seen around the implant. Haematoxylin and 
eosin stain. Implant is surrounded by fibrous capsule and reactive bone (C). (Adapted 
from Study III). 
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A       B      C 
Figure 10. Fluorescence microscope images of the surface of the catheter. Biofilm 
clusters composed of aggregates of viable coccoid bacterial cells which were stained 
with SYTO® 9 (green color) and dead bacteria stained with PI (orange-red). 
Staphylococcus epidermidis clinical isolate T-54580(A); Staphylococcus aureus clinical 
isolate 52/52A/80(B); Control (C). (Adapted from Study III). 
 
5.4 Study IV 
 
In vitro experiment 
 

The effect of serum proteins on the antibacterial properties of Chitlac-nAg 
colloidal solution and Chitlac–nAg-coated thermosets was evaluated. As shown in 
Figure 11, the antibacterial effect of Chitlac–nAg colloidal solution against S. aureus 
ATCC 25923 was not compromised by serum proteins. In turn, the inhibitory effect of 
the serum proteins on antibacterial properties of Chitlac–nAg colloidal solution 
against P. aeruginosa ATCC 27853 was evident (Figure 11). However, the serum 
protein layer significantly reduced the antibacterial properties of Chitlac–nAg-coated 
thermosets against both bacterial strains; although, Chitlac–nAg-coated thermosets 
were effective in comparison with the uncoated BisGMA-TEGDMA thermosets (Figure 
12A). 

The biofilm production capability of S. aureus ATCC 25923 and P. aeruginosa 
ATCC 27853 was assessed on the surface of uncoated BisGMA-TEGDMA thermosets, 
Chitlac–nAg-coated thermosets and serum-treated Chitlac–nAg-coated thermosets. 
Thermosets with silver content were significantly more effective for the inhibition of 
biofilm formation of S. aureus ATCC 25923 and P. aeruginosa ATCC 27853 in 
comparison with the uncoated BisGMA-TEGDMA thermosets (Figure 12B). However, 
the results of this experiment clearly indicated that antibacterial properties of silver 
containing thermosets were challenged by the addition of serum proteins which is in 
line with the previous observations (Figure 12B). 
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Figure 11. The effect of serum proteins on the antibacterial properties of Chitlac-nAg 
colloidal solution and Chitlac–nAg-coated thermosets. (Adapted from Study IV). 
 

 
A         B 
Figure 12. The effect of serum proteins on antibacterial properties of Chitlac–nAg-
coated thermosets. (A) and biofilm production capability (B) of S. aureus ATCC 25923 
and P. aeruginosa ATCC 27853 on the surface of Chitlac–nAg-coated thermosets. 
(Adapted from Study IV). 
 
 SEM and CLSM analyses were performed to evaluate the distribution and 
morphological changes in the biofilm. SEM micrographs indicated a remarkable 
difference between the arrangement of the biofilm on the surface of uncoated 
BisGMA-TEGDMA thermosets, Chitlac-nAg-coated thermosets and serum-treated 
Chitlac–nAg-coated thermosets. On the surface of uncoated BisGMA-TEGDMA 
thermosets, S. aureus ATCC 25923 produced a thick biofilm, which was distributed 
across the entire surface with the prevalence in the center of the thermosets (Figure 
13). In contrast, 90% of the surface of Chitlac–nAg-coated thermosets was free from 
S. aureus ATCC 25923 colonization (Figure 13). In compliance with the results 
obtained by crystal-violet assay, the surface of the serum-treated Chitlac-nAg-coated 
thermosets was slightly colonized by S. aureus ATCC 25923; however, bacterial cells 
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were present mostly in an isolated form (Figure 13). The same results were obtained 
in the SEM analysis of the thermosets pretreated with P. aeruginosa ATCC 27853. 
Uncoated BisGMA-TEGDMA thermosets were covered with multilayered and 
uniformly distributed P. aeruginosa ATCC 27853 biofilm (Figure 13). However, 
bacterial cells were barely found on the surface of Chitlac–nAg-coated thermosets 
(Figure 13). In turn, several scattered microcolonies embedded in extracellular matrix 
were found on the surface of the serum-treated Chitlac–nAg-coated thermosets 
(Figure 13). 

CLSM analysis confirmed that Chitlac–nAg is potent against S. aureus ATCC 
25923 and P. aeruginosa ATCC 27853; nevertheless, the antibacterial properties might 
be moderated by serum proteins (Figure 14). 

In order to investigate the durability of antibacterial properties of Chitlac–nAg, 
the release of silver ions from Chitlac–nAg thermosets was measured during 21 days 
in simulated physiological conditions. Extensive and sustained release of silver ions 
was observed during the first 7 days. The content of silver ions dropped from 96 ± 3.1 
ng cm-2 at day 0 to 1.5 ± 1 ng cm-2 at day 21, explicitly 90% of the total amount (Figure 
15A). In addition, an extensive leakage of silver ions resulted in the decrease of 
antibacterial properties of Chitlac–nAg thermosets against S. aureus ATCC 25923. 
After 21 days of incubation, antibacterial activity was accounted for 30% of the initial 
level (Figure 15A). 

In vitro mesenchymal stem cell response on the surface of uncoated BisGMA-
TEGDMA thermosets and Chitlac–nAg-coated thermosets was evaluated. As seen in 
Figure 15B, calcium deposits were found on the surfaces of both thermosets 
suggesting differentiation of mesenchymal cells in osteoblasts. 

 

 
Figure 13. The effect of serum proteins on S. aureus ATCC 25923 and P. aeruginosa 
ATCC 27853 biofilm formation on the surface of Chitlac–nAg-coated thermosets. SEM 
examination. (Adapted from Study IV). 
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Figure 14. The effect of serum proteins on S. aureus ATCC 25923 and P. aeruginosa 
ATCC 27853 biofilm formation on the surface of Chitlac–nAg-coated thermosets. 
CLSM examination. (Adapted from Study IV). 

 
 

   
A         B 
Figure 15. The durability of antibacterial properties of Chitlac–nAg (A). In vitro 
mesenchymal stem cell response on the surface of uncoated BisGMA-TEGDMA 
thermosets and Chitlac–nAg-coated thermosets (B). (Adapted from Study IV). 
 
In vivo experiment 
 

The minipig animal model was used in order to investigate bone tissue 
response induced by Chitlac-coated FRC, Chitlac–nAg-coated FRC and Ti6Al4V 
implants. The most representative histological images are shown in Figure 16. The 
results of the histomorphometrical and histological analysis are shown in Table XVI. 
The results on Chitlac-coated FRC implants were previously reported by Travan and 
co-workers [Travan et al. 2012] and are given for comparison. Histomorphometrical 
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analysis showed scant bone tissue remodeling in the case of Chitlac-coated FRC 
implants. The old cortical lamellar bone accounted for 44% (min. 18%, max. 68%) of 
the peri-implant bone interface and the newly formed woven bone comprised only 
28% (min. 12%, max. 41%). Hence, the total BIC value was 72% (min. 59%, max. 80%). 
In contrast, both Chitlac–nAg-coated FRC and Ti6Al4V implants were surrounded by 
predominantly newly formed woven bone. The BIC values of the newly formed bone 
were 26% (min. 22%, max. 27%) for Chitlac–nAg-coated FRC and 46% (min. 30%, max. 
60%) for Ti6Al4V implants. Although the statistical analysis was not performed due to 
the low number of implants, the BIC value of Chitlac–nAg-coated FRC implants was 
lower than that of Chitlac –coated FRC and Ti6Al4V implants. 

The quality of the peri-implant bone was characterized using a standardized 
histological scale for hard-tissue implants. The results are shown in Table XVI. In 
Chitlac-nAg-coated FRC implants, the thickness of the reaction zone was higher than 
that in Chitlac -coated FRC implants, but lower than in Ti6Al4V implants. As shown in 
Table XVI, the analysis of bone reaction quality and bone interface quality indicated 
bone remodeling activity for all implant materials. Nevertheless, the grading scale 
used in this experiment prefers lamellar bone over woven bone, which leads to higher 
grades for Chitlac–coated FRC implants. 

 

 
A        B      C 
Figure 16. Light micrographs of bone-implant interfaces after 8 weeks of implantation 
in cortical bone stained by van Gieson method (red): micro-roughened control 
Ti6Al4V implant (A); Chitlac-coated FRC implant (B); Chitlac–nAg-coated FRC implant 
(C). Areas of direct BIC with newly formed woven bone are shown with lines. Arrows 
indicate BIC with cortical lamellar bone. (Adapted from Study IV). 
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Table XVI. Results of the histomorphometrical and histological analysis. (Adapted 
from Study IV). 
 

Parameter 
Implant material 

Ti6Al4V 
(control) 

Chitlac-coated 
FRC 

Chitlac-nAg-
coated FRC 

Bone-implant contact 
average (min – max) 

Newly-formed woven 
bone (%) 

46
(30 - 60) 

28
(12 - 41) 

26 
(22 - 27) 

Lamellar bone
(%) 

0 
44

(18 - 68) 
0 

Total bone (%) 
46

(30 - 60) 
72

(59 - 80) 
26 

(22 - 27) 

Histologic grading 
scale 

average (min – max) 

Reaction zone width 
(µm) 

13.5
(11.0 – 15.1) 

1.9
(0.0 – 3.0) 

11.7 
(10.2 – 13.5) 

Bone reaction
qualitatively 

3.2
(3.0 – 3.5) 

3.8
(3.5 – 4.0) 

3.0 
(3.0 – 3.0) 

Interface reaction
qualitatively 

3.2
(3.0 – 3.5) 

3.9
(3.8 – 4.0) 

3.2 
(2.5 – 3.8) 

 
 
5.5 Study V 
 
In vitro experiment 

 
The release of ORM-11984 from the implants was assessed during the 

dissolution test. The most rapid dissolution rate of 6 mg of ORM-11984 was measured 
in group 10% (six implants) and the slowest in group 50% (one implant) (Figure 17A). 
In all experimental groups, the release of the compound followed the linear trend 
with the slope of 1.49 (R2 =0.98) in group 10%, 1.47 (R2 =0.99) in group 30% and 0.99 
(R2 >0.99) in group 50%. Nevertheless, due to the differences in the number of 
implants in each experimental group, the results are not directly comparable with the 
in vivo data. To allow the direct comparison of in vitro and in vivo results, the 
approximation of ORM-11984 release from a single implant was made (Figure 17B). 
Unsurprisingly, the highest release of ORM-11984 was seen in group 50% and the 
lowest in group 10%. 
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A       B 
Figure 17. Dissolution rate of 6 mg of ORM-11984: 6 implants in group 10%, 2 
implants in group 30%, 1 implant in group 50% (A). Dissolution rate of ORM-11984 in 
groups 10%, 30% and 50% normalized to one implant (B). (Adapted from Study V). 
 
In vivo experiment 

 
New bone formation was seen in the intramedullary cavity in all groups. 

Qualitatively the new bone was mature. The most descriptive images of micro-CT data 
and histological sections are shown in Figure 18. 

In micro-CT analysis, the highest volume of new bone was observed in group 
10% in both time-points (Figure 19 A). Unexpectedly, there were no statistically 
significant correlations (Spearman rank-order correlation) between the dose of ORM-
11984 compound and the volume of newly formed bone in micro-CT. In the analysis 
of TMD data, there were no statistically significant differences between the groups. 
ORM-11984 had no effect on the density of cortical and intramedullary newly formed 
bone. Statistically significant differences were detected in the measurements of 
cortical thickness. In group 10% (591 µm) the cortical thickness was lower than in 
group 50% (673 µm), P=0.05, and the negative control (656 µm), P=0.027. In the 
measurement of periosteal radius, no statistically differences were detected. 
However, in group 10% there was a notable increase in periosteal radius in both time-
points, which is an important finding. Although, with a low number of animals (n=4) 
used in this screening study, statistically significant differences were unlikely. In the 
measurement of endosteal radius, no statistically significant differences were 
detected. 
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Figure 18. Cross-sectional µCT images and histological sections (van Gieson stain) of 
bone samples. (Adapted from Study V). 
 

The results of histomorphometrical analysis of the whole medullary cavity are 
shown in Figure 19B. In 12 weeks time point, statistically significant differences in the 
area of newly formed bone were detected between group 10% and negative control. 
Spearman correlation analysis failed to show association between the amount of 
newly formed bone and the dose of ORM-11984. The area of newly formed bone was 
also evaluated in a peri-implant ring of 50 µm (Figure 20). In placebo control group 
and group 10%, numerous sites of direct contact between the implant and the newly 
formed bone were observed: there were no signs of connective tissue interlayer. In 
contrast, for implants in group 30% and group 50%, fibrous tissue was prevalent type 
of interfacial reaction at 6 weeks time point. At 12 weeks time point, peri-implant 
bone has formed in all groups. Statistically significant differences between the 
experimental groups were detected in both time points. Moreover, Spearman rank-
order correlation analysis showed a negative correlation between the area of newly 
formed bone and the dose of SARM compound with rs= -0.734 in 6 weeks time point 
and rs= -0.930 in 12 weeks time point. BIC measurements were consistent with the 
measurements of the amount of newly formed in the peri-implant ring of 50 µm 
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(Figure 21). In 6 weeks time point, BIC in group 30% and group 50% was close to zero. 
In contrast, the mean value of BIC in placebo control group was around 40%. There 
were statistically significant differences between the groups. In 12 weeks time point, 
the amount of BIC has increased in group 30%. Consequently, group 10% was 
significantly different only from group 50% and group 30% became significantly 
different from group 50%. Spearman rank-order correlation analysis showed a 
negative correlation between BIC and dose of ORM-11984 with rS= -0.704 in 6 weeks 
time point and rS= -0.751 in 12 weeks time point. 
 

A       B 
Figure 19. Results of µCT analysis in 6 and 12 weeks time-points: bone formation in 
medullary cavity with implant volume deducted (A). Results of histomorphometrical 
analysis in 6 and 12 weeks time-points: bone formation in medullary cavity with 
implant volume deducted (B). Level of statistical significance P ≤ 0.05. (Adapted from 
Study V). 
 

 
Figure 20. Results of histomorphometrical analysis in a peri-implant ring of 50 µm in 6 
and 12 weeks time-points. Level of statistical significance P ≤ 0.05. (Adapted from 
Study V). 



Results 

 

71 

 

 
Figure 21. Results of BIC measurements. Level of statistical significance P ≤ 0.05. 
(Adapted from Study V). 
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6 DISCUSSION 
 This thesis was focused on the research and development of a multifunctional 
implant model with enhanced osteoconductivity and low susceptibility to infection. In 
addition, the experimental models for assessment, diagnostics and prophylaxis of 
biomaterial-related infections were established. 

Bioresorbable implants are used for short-term clinical applications to eliminate 
the need for the surgical removal of the implant [Middleton and Tipton 2000]. The 
rationale for the use of bioresorbable implants in orthopaedic surgery is based on the 
limitations associated with the metallic implants e.g. plate or screw migration, 
artifacts with diagnostic patient imaging (e.g. magnetic resonance imaging and 
computed tomography) and high rate of hardware-associated infections. 
Nevertheless, the clinical trials have shown that currently available bioresorbable 
implants have lower osteoconductivity compared with metallic implants, greater risk 
of breakage on insertion and slower healing of surgical access [Bergsma et al. 1995, 
Böstman and Pihlajamäki 2000, Andersson et al. 2009, Nho et al. 2009, Bourke et al. 
2013]. These complications generate the need for further improvement of 
bioresorbable implant materials. 

The most commonly used bioresorbable implant materials of the first 
generation are PGA, PLA and their copolymers [Athanasiou et al. 1998, Middleton and 
Tipton 2000]. However, fast degradation of these bioresorbable polymers resulting in 
increased local acidity, may compromise the osteogenic replacement [Barber and 
Dockery 2006, Meyer et al. 2012] and carry a risk of adverse tissue reactions 
[Böstman and Pihlajamäki 2000]. In addition, the mechanical properties and 
osteoconductivity of these pure polymers are low. The addition of ceramic particles 
e.g. β-TCP is supposed to overcome these limitations [Barber et al. 2011]. It was 
suggested that the weight fraction of β-TCP filler below 20% is an optimal balance 
between the strength and stiffness of PLGA/β-TCP composites [Damadzadeh et al. 
2010]. The weight of β-TCP particulate content in Study II was based on this 
knowledge. However, our results have demonstrated that the addition of the ceramic 
particulate does not improve the mechanical properties, which is corroborated with 
previous reports [Kikuchi et al. 1997, Kunze et al. 2003, Damadzadeh et al. 2010]. On 
the contrary, the mechanical properties of the composites tend to decrease as a 
function of the particulate filler content [Verheyen et al. 1992, Kikuchi et al. 1997, 
Ignatius et al. 2001, Damadzadeh et al. 2010, Rakovsky et al. 2013]. In push-out 
testing, micro-CT analysis and histological examination, there were no significant 
differences in the biological response between the two PLGA/β-TCP composites. It has 
been shown previously in a rabbit model that in the long-term β-TCP composite 
showed better osteogenic properties than pure polymer [Daculsi et al. 2011]. These 
observations are in line with the clinical data [Barber et al. 2011]. In addition, the 
biological response to PLA/β-TCP composites was affected in a β-TCP content-
dependent manner [Aunoble et al. 2006]. Consequently, the osteogenic response in 
Study II might have been challenged by suboptimal dose of β-TCP filler in the 
composites (16 wt-%).  

At present, composites of bioresorbable polymers with bioactive additives such 
as HA or TCP, are prepared mainly by melt-compounding methods [Daculsi et al. 
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2011]. The size of the additive particles is often relatively high, < 50 µm [Verheyen et 
al. 1993, Daculsi et al. 2011]. Decreasing the size of these particles to sub-
micron/nano scale would allow the manufacture of implants with superior properties. 
For example, improved mechanical properties would allow decreasing the size of the 
implant, while enhanced bioactivity would shorten the time needed for bone healing. 
However, melt-mixing of bioresorbable polymers with nano-sized bioceramic 
additives often results in two-phase composite which are immiscible, either due to 
the interfacial incompatibility of the components or due to lack of molecular adhesion 
between them [Kunze et al. 2003]. These problems can be avoided by application of 
novel manufacturing methods such as mechanical alloying. This new solid state mixing 
technology allows producing molecular level nanocomposites by compounding of 
immiscible components. The advantages of nano-structures have been extensively 
speculated in the literature [Tran and Webster 2009, Yang et al. 2011]. Some of these 
benefits were confirmed in in vitro studies [Zhou et al. 2012, Webster et al. 2000, Liu 
et al. 2008, Cui et al. 2009, Jayabalan et al. 2010, Kim et al. 2011]. In in vivo studies, 
various implant morphologies of experimental nano-structured composites have been 
compared with each other and with pure bioresorbable polymer matrix [Cui et al. 
2009, Jayabalan et al. 2010, Kim et al. 2007, Zhang et al. 2009, Schneider et al. 2011]. 
Experimental micro-structured and nano-structured composites have also been 
compared in vivo [Chung et al. 2011]. While some advantages of nano-structures have 
been demonstrated, the question still remains, whether there is a clinically-relevant 
benefit of nano-structured composite implants. As an example, a literature-based 
comparison of the osseointegration of nano-structured electro-spun composite 
scaffolds with the clinically used materials did not reveal significant benefits of the 
nano-structured materials [Schneider et al. 2011]. In fact, to our knowledge, there is a 
lack of systematic in vivo studies designed to compare micro-sized and nano-
structured composite implants. Contrary to our expectations, results of the 
characterization indicated that the high-energy ball milling route chosen in Study II to 
prepare nano-composite caused aggregation of the nano-sized particles and 
consequently the formation of nano-structured agglomerates. The agglomeration of 
the nano-sized β-TCP particles may be the primary reason to the lack of the expected 
enhancement of osseointegration. This issue highlights the importance of thorough 
characterization of nano-structured biomaterials and raises the bar for the evidence 
level for properties related to claimed nano-structures. 

Regardless of the osteogenic properties of the implant materials, infection 
remains a substantial clinical issue. Orthopedic implant infections are frequently 
caused by coagulase-positive or-negative species, belonging to the Staphylococcus 
genus [Tsukayama et al. 2003, Montenaro et al. 2011]. Due to robust attachment to 
the implant surfaces, these infections are highly challenging for diagnostics by routine 
microbiologic techniques. Therefore, there is a strong clinical need for the 
development of new approaches for diagnosis of infection. An orthopaedic implant 
infection model is used to study bacterial behavior on biomaterial surface and is 
based on foreign body infection model [An and Friedman 1998]. Rat model is 
especially versatile [An et al. 2006]. In Study III, a well-known tibial animal model of 
chronic human post-traumatic osteomyelitis was adjusted for this study. This model 
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was based on rat tibial osteomyelitis model reported by Scheman and colleagues 
[Scheman et al. 1941] and later refined for rats by Zak [Zak et al. 1982]. Briefly, in 
comparison with the model previously reported by our group [Lankinen P et al. 2008], 
the cortical bone drilling was excluded; therefore, the surgical procedure was less 
invasive and less predisposed for further complications. In addition, medical catheter, 
which is one of the most common clinical reasons for hospital infections [Dohnt K et 
al. 2011, Shanks RM et al. 2006], was used for implantation. The surface of the 
catheter serves as a favorable substratum for bacterial colonization and subsequent 
biofilm formation.  
 In S. aureus group, 104 CFU inoculum was used in our previous rabbit study 
without the foreign body [Lankinen et al. 2012]. This bacterial dose is above the 
minimum level of 103 CFU reported to be sufficient for creation of implant-related 
infections [An and Friedman 1998]. However, the infection was detected only in 60% - 
70% of the animals. Therefore, it might be assumed that the number of bacteria was 
insufficient to produce osteomyelitis in all experimental animals. 
 In S. epidermidis group, an inoculum of 107 CFU was used in this study. In 
experimental tibial animal models of osteomyelitis with S epidermidis, the bacterial 
dose was reported in range of 104 – 108 CFU in rabbit [Lambe et al. 1989, Del Pozo et 
al. 2009, Lankinen et al. 2012, Sakaeda 1988, Croisier-Bertin et al. 2013]. Rat 
experimental tibial animal models of osteomyelitis with S. epidermidis are less 
common. However, Sakaeda reported that 105 CFU inoculum of S epidermidis was 
sufficient to produce implant-related osteomyelitis [Sakaeda 1988]. In this study, a 
107 CFU inoculum was selected as an average value reported for the rabbit and rat 
models. Apparently, the optimal bacterial dose was not established in this study and 
the pilot study is missing. This may explain the unexpectedly severe osteomyelitis 
observed in the histological analysis. The rat model clearly needs refinement in the 
future studies.  

Appropriate identification and localization of infectious/inflammatory foci are 
critical for adequate treatment of patients. Since the introduction in early 1960s, PET 
imaging evolved into an important clinical instrument. PET imaging of leukocyte 
trafficking using VAP-1 as a target molecule is a novel approach. VAP-1 is an 
inflammation inducible, endothelial sialoglycoprotein mediating interaction between 
leukocyte and endothelium [Salmi et al. 1992, Jaakkola et al. 2000]. VAP-1 is stored in 
intracellular granules within endothelial cells. However, upon inflammation it is 
rapidly translocated to the endothelial cell surface. Besides being an adhesion 
molecule, VAP-1 is also a semicarbazide-sensitive amine oxidase enzyme, which 
catalyzes oxidative deamination of primary amines resulting aldehyde formation and 
releasing of hydrogen peroxide [Salmi and Jalkanen 2001]. The end products are 
highly potent inflammatory mediators. Therefore, VAP-1 revealed as an optimal 
candidate for anti-inflammatory therapy and a target for imaging of inflammation. 
Previously, we have reported the feasibility of the VAP-1-targeting peptides for PET 
imaging of inflammation in different animal models [Lankinen et al. 2008, Ujula et al. 
2009, Autio et al. 2010, Autio et al. 2011]. Initially, the most promising VAP-1-
selective peptide was DOTA-conjugated, 68Ga-labeled and named as 68Ga-DOTAVAP-
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P1 [Lankinen et al. 2008, Ujula et al. 2009, Autio et al. 2010]. The essential preclinical 
tests used to clarify its in vivo stability, tissue distribution and biokinetics revealed 
promising properties for an imaging agent. The ability to image inflammation was 
shown in rats with experimental bone inflammation caused by bacterial infection. 
These results represent a proof-of-concept that infection-induced VAP-1 can be 
targeted by 68Ga-peptide. Thereafter, the applicability of 68Ga-DOTAVAP-P1 for the 
assessment of uncomplicated bone healing and infection was studied in standardized 
animal models [Lankinen et al. 2008]. Siglec-9 is a leukocyte ligand of VAP-1 and a 
68Ga-labeled Siglec-9 motif peptide can be used for PET imaging of inflammation and 
cancer [Aalto et al. 2011]. Siglecs are usually involved during inflammatory and 
immune responses [Crocker et al. 2012]. Study III was delineating the efficacy of 68Ga-
DOTA-Siglec-9 PET imaging in the diagnosis of S. epidermidis foreign-body infections. 
The comparison was made with foreign-body infection caused by S. aureus. Leukocyte 
migration is important step in several types of acute and chronic inflammation as well 
as autoimmune diseases. The results of this study have shown that 68Ga-DOTASiglec-9 
PET-CT is capable of detection S. epidermidis foreign-body bone infection, although 
the implantation of the foreign-body as such causes the significant uptake of the 
tracer. During the interpretation of the results of Study III, certain limitations became 
clear. Usually, the clinical infection caused by S. epidermidis is moderate. However, in 
this study the rate of infection caused by S. epidermidis in conjunction with aqueous 
sodium morrhuate was high suggesting the presence of severe acute bone infection. 
Therefore, the obtained data could not be directly extrapolated to a typical clinical 
situation. Hence, the applicability of PET-CT imaging using 68Ga-DOTA-Siglec-9 tracer 
for the detection of low-grade S. epidermidis infection needs further investigation. In 
addition, S. aureus, which served as a positive control, induced infection only in 70% 
of the animals. This issue disturbed the statistical analysis of the data. Current 
experimental set-up included only one time point, two weeks. However, unspecific 
uptake of the tracer was detected which is difficult to relate to the inflammatory 
response or bone healing process. Despite these limitations, 68Ga-DOTA-Siglec-9 
PET/CT seems to be a promising technique for imaging of the biomaterial-related 
infections. Future prospective includes the optimization of the current animal model.  

The history of biomaterials can be traced to Incas of Peru, which used silver and 
gold to repair trephination defects over 3000 B.C. The last 300 years were denoted by 
the sporadic application of implant materials and infection was a common 
complication [Breibart and Ablaza 1997]. Systematic biomaterials research started in 
1940s, when contemporary clinically used materials were introduced [Breibart and 
Ablaza 1997]. Today, the biomaterial field is focused on research and development of 
multifunctional implant. These smart devices are biologically active; do not provoke 
inflammatory reaction and bacterial colonization. In this thesis, Study I, Study IV and 
Study V were focused on improvement of antibacterial and osteoconductive 
properties of bioresorbable implant materials.  

Biomaterials with enhanced antibacterial properties have evolved as potentially 
effective for the prevention of bacterial colonization and biofilm formation [Ho et al. 
2004]. However, there are several drawbacks concerning the methodology for the in 
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vitro assessment of simultaneous surface reactions of the bioactive materials and 
biofilm formation and growth. Study I was designed to address this issue and 

represents a promising technique. Antibacterial properties of BAG are attributed to 
the local increase in pH level which is raised above the level tolerated by bacteria [Hu 
et al. 2009, Prabhakar and Kumar 2010]. However, when CaP has formed, the ions are 
no longer leaching into the surrounding solution; this averts the rise in pH [Stoor et al. 
1996]. In addition, a rough surface of the CaP may in fact promote bacterial 
attachment [Stoor et al. 1996]. This implies that apatite-forming materials may not be 
suitable for some implant applications. Thus, biofilm formation on apatite-forming 
surfaces needs systematic investigation.  

Silver is one of the most common antibacterial agents, which could be 
potentially used in coatings for bone implants [Darouiche 1999, Chen et al. 2006, 
Odekerken et al. 2013]. The antibacterial effect of silver ions is accomplished by 
disruption of various enzymatic activities of prokaryotes [Rai et al. 2001, Morones et 
al. 2005]. However, it should be noted that adverse effects of silver ions on 
eukaryotes are also well documented [Um et al. 1996, Zamzami et al. 1995, Lin and 
Beal 2006, Ott et al. 2007]. Therefore, further investigations are needed in order to 
develop a silver-based coating for implantable medical devices with diminished 
cytotoxicity. 

 Chitosan is widely described bioresorbable polymer of natural origin, which 
was approved by Food and Drug Administration as a food supplement and a wound 
dressing material [Illum 1998, Wedmore et al. 2006, Kean and Thanou 2010]. The 
broad range of in vivo studies has been performed in order to estimate the possible 
toxicity of chitosan. Subsequently, only negligible toxic effects were noted [Illum 
1998, Kean and Thanou 2010].  However, it should be taken into consideration that 
modifications made to chitosan might increase the toxicity rate [Kean and Thanou 
2010]. Chitosan has been extensively studied as a controlled release drug delivery 
system [Illum 1998]. The particular increased interest to certain applications is based 
on the unique chemical flexibility of this material [Illum 1998].  

Chitlac is a modified polymer which is chemically composed of a chitosan bulk 
with lactitol moieties inserted via a reductive N-alkylation reaction with lactose. A 
range of toxicity tests performed on Chitlac revealed high biocompatibility of this 
material [D'Amelio et al. 2013]. Thus, Chitlac seems to be an attractive polymer which 
could be applied as an implant coating and serve as a controlled release drug delivery 
system. Study IV was performed to assess the efficacy and durability of antibacterial 
properties of Chitlac-nAg coating system in vitro conditions, which simulate the initial 
phase of implantation. In addition, the effect of Chitlac-nAg coating system on 
mesenchymal stem cells was investigated. Moreover, a minipig model was used to 
investigate the biological response to the Chitlac-nAg coated material.  

The initial phase of implantation is characterized by rapid coating of foreign 
body, such as implant, with plasma proteins. This process gives microorganisms a 
privilege with regards to attachment and biofilm formation [Bos et al. 1999]. In 
addition, these plasma proteins may arrange in a stable protein-metal ion complexes, 
which are shielding the biological identity of the particulates and altering there in vivo 
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activity [Cedervall et al. 2007, Naveenraj et al. 2010, Li 2011]. Particularly, serum 
albumin, which is a key soluble protein in plasma with concentration range from 3.5% 
to 5%, is able to bind the metal ions and form stable metal ions-bovine serum albumin 
(BSA) complexes [Duff et al. 2009, Durgadas et al. 2011, Deng et al. 2010]. Moreover, 
recently it has been shown, that BSA is forming a stable complex with Ag+ [Zhao et al. 
2011]. However, there is a lack of available data concerning the effect of plasma 
proteins on silver in the form of nanoparticles. With this respect, one of the primary 
goals of Study IV was to investigate the potential influence of serum proteins on 
antibacterial properties of silver nanoparticles. The results of this experiment clearly 
indicated that the antibacterial properties of silver nanoparticles were significantly 
challenged with the addition of serum proteins. Likewise, the overall antibacterial 
properties of Chitlac-nAg coating system were compromised by a protein conditioning 
film on the surface of the thermoset and inactivation of silver nanoparticles. 
Presumably, it could be speculated that protein conditioned film may affect the 
antibacterial properties of Chitlac-nAg coating system by changing the physical-
chemical characteristics of the surface, and therefore the non-specific bacterial 
adhesion mechanisms [Bos et al. 1999, Lorite et al. 2011]. The release of silver 
content, and therefore duration of antibacterial properties of Chitlac-nAg coating 
system was investigated. The results obtained in this experiment were in-line with 
those described in the literature [Malcher et al. 2008, Babapour et al. 2011, Sileika et 
al. 2011]. The substantial metal release was observed during the first 7 days of the 
experiment and accounted for 90% of total silver content. The dissolution of the silver 
content is strongly dependent on the certain environmental factors e.g. pH and 
temperature of the aqueous solution, in addition to electrolyte type and 
concentration [Li et al. 2010, Stebounova et al. 2011, Yang et al. 2007, Zhang et al 
2011]. In addition, the initial concentration and diffusion rate of the silver particulate 
on the surface is a crucial factor in a release rate [Kumar et al. 2005]. Unsurprisingly, 
the rapid reduction of the silver content was associated with a loss of antibacterial 
properties. In general, Chitlac-nAg coating system with high initial silver content can 
be considered as valuable, as it is able to address the need for rapid antibacterial 
effect and, therefore, predict the development of resistant bacterial strains 
[Bumgardner et al. 2011].  

The effect of Chitlac-nAg coating system on mesenchymal stem cells was 
investigated in Study IV. The results revealed no cytotoxic effect on particular cell 
lineage. The precise explanation of cytotoxicity mechanism of silver nanoparticles 
remains unclear. However, there is evidence that the substantial uptake of silver 
nanoparticles by eukaryotes and subsequent cells lysis are associated with the lack of 
physiological barriers [Geiser et al. 2005]. Chitlac-nAg coating system induces the 
antibacterial effect by direct contact of silver nanoparticles with the thiol groups of 
bacterial membrane proteins [Clement and Jarrett 1994, Feng et al. 2000, 
Elechiguerra et al. 2005, Morones et al. 2005, Nel 2005]. While eukaryotes thiol group 
allocated inside the eukaryotic cells; thus, the possibility of strait silver nanoparticles-
cell interaction is excluded [Kone et al. 1988, Oberdörster et al. 2002, Donaldson and 
Tran 2002, Donaldson et al. 2004, Braydich-Stolle et al. 2005. Hussain et al. 2005, 
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Hussain et al. 2006]. In addition, the silver nanoparticles are efficiently immobilized 
within the polysaccharide matrix. Hence, Chitlac-nAg coating system serves as a 
barrier system with the strong antibacterial properties.  

The results of in vivo experiment in Study IV demonstrated no adverse bone 
tissue reaction. Moreover, the histomorphometrical and histological analysis revealed 
that Chitlac–nAg-coated material was interfaced with newly formed bone indicating 
good biocompatibility of this material. These results could be explained by previous 
observations presenting the evidence that Chitlac stimulates the aggregation of 
osteoblast-like MG63 cells [Travan et al. 2012]. The identification of exact mechanism 
of interaction between osteoblasts and Chitlac is still under investigation. However, 
one can speculate that this specific interaction occurs between the receptor for 
galactose on the side groups of the polymer and osteoblasts [Travan et al. 2012, 
Marcon et al. 2005]. 

Biomaterials used as drug delivery systems for in situ bone tissue regeneration 
are designed to release controlled rates of active compounds e.g. growth factors and 
drugs, which are able to activate cells [Hench et al. 2004]. SARMs are among novel 
treatment modalities with high tissue selectivity and partial agonist activity which 
allows overcoming the undesirable effects caused by steroidal androgens [Dalton et 
al. 1998, Negro-Vilar 1999, Yin et al. 2003]. Study V was focused on the evaluation of 
the local effect of ORM-11984 - PLCL drug delivery system in a rat bone healing 
model. The results of the in vitro experiment indicated the difference in release rate 
of ORM-11984 in three experimental groups; expectedly, the release rate of ORM-
11984 from a single implant was higher in group 50% than in groups 30% and 10%. 
However, when the amount of ORM-11984 is kept constant, six implants in group 
10%, two implants in group 30% and one implant in group 50%, the release of ORM-
11984 from six implants in group 10% was higher than that from one implant in group 
50%. These findings could be explained by poor dissolvability of the ORM-11984. 
When the content of ORM-11984 in the drug delivery system is high, e.g. 50%, it may 
re-crystallize within the chains of the polymer during the fabrication. Hence, the 
degradation of the polymer matrix could be faster than the dissolvability of the 
crystallized compound. In addition, the release rate might be influenced by the total 
surface area of the implants. The surface area of six implants in group 10% is larger 
compared with one implant in group 50%.  

The in vivo experiment in Study V was designed to assess the effect of a novel 
ORM-11984 on intramedullary osteogenesis in a rat bone marrow ablation model. A 
rodent model for evaluation of androgenic and anabolic activity of SARM suggested 
by Hershberger is accomplished by castration of male rats. Consequently, changes in 
androgen-dependent tissues are validated [Hershberger et al. 1953, Mohler et al. 
2012, Zhang et al. 2013]. This assay provides the knowledge about an osteoanabolic 
activity of the novel compound [Hanada et al. 2003, Gao et al. 2005, Kearbey et al. 
2007, Kearbey et al. 2009]; however, there is a lack of enhanced understanding of 
bone response to local SARM administration. We have previously used bone marrow 
ablation models to study the osteogenic response to a variety of bioactive implant 
materials [Itälä et al. 2003]. In this study, we hypothesized that the ORM-11984 - PLCL 
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drug delivery system would promote enhanced new bone formation in the medullary 
cavity. We expected that the osteogenic response would be dependent on the dose of 
ORM-11984. The bone marrow ablation model in a conjunction with anabolic agents 
was suggested as a technique of choice for the investigation of site-directed bone 
growth in regions of high bone loss [Zhang et al. 2010]. After the bone marrow 
ablation, the initial blood clot is replaced by newly formed trabecular bone. In turn, 
within 2 weeks the resoption of the trabecular bone is complete by restoration of the 
bone marrow [Suva et al. 1993]. However, if the foreign body is inserted into the 
intramedullary cavity, the chemical composition and physical properties of the foregn 
body may influence this process and the half-life of the newly formed bone [Schwartz 
et al. 2008, Zhang et al. 2010]. Hence, the newly formed bone was quantitated after 6 
weeks follow up, when the bone marrow is expected to be restored. The long-term 
effect of ORM-11984 was evaluated after 12 weeks follow up time.  

The main outcome of the in vivo experiment was that the optimal dose of ORM-
11984 was not established. However, multiparametric analysis of the micro-CT and 
histilogical data suggests that group 10% stands out from other groups. Enhanced 
bone formation was only associated with group 10%. Delayed bone formation in the 
medullary cavity was observed in group 30% and group 50% at 12 weeks time-point. 
Therefore, we believe that higher doses of of ORM-11984 had inhibitory effect on 
bone and were supra-physiological. 

The main limitation of this screening study was the low number of experimental 
animals. Power analysis performed in retrospective indicated the need for ten 
experimental animals in each group to demonstrate statistical significances in the 
measured differences. To verify this suggestion, a statistical simulation was 
performed based on the data obtained in the measurements. For each group, the 
mean and standard deviation values were used to generate ten new data points. In 
the analysis of these data, the difference between placebo control and group 10% 
was significant. 

In this study, the endosteal radius, periosteal radius, and the cortical thickness 
were measured. It has been shown previously, that the bone marrow ablation may 
lead to increase in thickness of cortical bone due to endosteal bone formation 
[Schwartz et al. 2008]. In the analysis of the data, no statistically significant 
differences in the endosteal radius measurements were obtained. Therefore, the 
endosteal bone formation did not occur. The cortical thickness has decreased in 
group 10%, followed by an increase in periosteal radius, although this difference 
narrowly failed (P = 0.068) the selected level of statistical significance due to the low 
number of animals. However, if the original data are compared using one-way ANOVA 
with Dunnett post-hoc test, i.e. comparing all groups with placebo control, a 
statistically significant difference with group 10% is observed (P = 0.035).  

The increase in periosteal radius may be explained by the action of ORM-11984 
and be considered from a physiological standpoint. SARMs form a complex with ARs, 
which are abundantly expressed in bone cells [Abu et al. 1997, Pederson et al. 1999]. 
AR signaling is a vital direct mediator of skeletal development and homeostasis 
[Wiren et al. 2002, Wiren 2005]. The enhanced androgen signaling in bone was 



Discussion 

 

80 

mimicked in two transgenic male mice lineages with overexpression of ARs [Wiren et 
al. 2004, Wiren et al. 2012]. In both models, the inhibition of bone formation at the 
endocortical envelope and reduced bone quality was observed. Furthermore, in one 
of the transgenic mice models there was an increased periosteal bone formation 
[Wiren et al. 2004, Wiren et al. 2012]. It was proposed as a physiological adaptive 
function in males associated with the maintenance of the total spatial amount of 
cortical bone [Wiren et al. 2012]. Hence, the trends for changes in cortical thickness 
and periosteal radius observed in this study may be related to this adaptation 
mechanism. 

The delayed bone formation observed in group 30% and 50% could be explained 
by the results of the in vitro dissolution test. According to the in vitro release rate, 
after two weeks of dissolution, 25% of ORM-11984 was released from the polymer. 
The release was almost linear. Therefore, one could speculate that in vivo ORM-11984 
may have been already excreted in 12 weeks.  

There is a lack of information concerning the effect of supra-physiological doses 
of androgens on bone [Clarke and Khosla 2009]. Vanderschueren and colleagues 
recognized that there was no benefit in administration of supraphysiological doses of 
testosterone; however, there was a notable increase in endosteal perimeter 
[Vanderschueren et al. 2000], although, this was not confirmed by our results. This 
study was conducted from clinical point of view and therefore, we assume that the 
parallels with other treatment modalities are appropriate. For instance, it has been 
shown that the administration of suboptimal doses of rhBMP-2 is associated with 
prominent risk of post-operative ostelysis in transforaminal lumbar interbody fusion 
[Knox et al. 2011]. The direct comparison between rhBMP-2 and SARM cannot be 
drawn due to the difference in mechanisms of action; however, we expect that similar 
dose response could be observed in the case of SARM. Overall, the local 
administration of ORM-11984 did not result in enhanced osteogenesis in the ablated 
intramedullary cavity. Furthermore, an optimal concentration of ORM-11984 was not 
established in this study. The mechanism of the biological response to local 
administration of ORM-11984 remains unclear. 
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7 CONCLUSIONS 
 
Study I 
 
A new method for simultaneous evaluation of CaP and biofilm formation on bioactive 
surfaces was established. 
 
Study II 
 
The biological response of bone tissue to two PLA-PGA/β-tricalcium phosphate 
composites measured by the push-out test was similar. Contrary the Ti6Al4V was 
superior to two PLA-PGA/β-tricalcium phosphate composites, which in turn showed a 
better incorporation than pure PLGA implants. 
 
Study III 
 
Siglec-9 (VAP-1 ligand) tracer was feasible in the detection of inflammatory response 
due to S. epidermidis implant-related bone infections. Future prospective includes the 
modification of the current animal model to achieve a low-grade S. epidermidis 
infection and to compare the uptake of Siglec-9 (VAP-1 ligand) tracer in a model 
simulating aseptic loosening of joint prostheses. 
 
Study IV 
 
The antibacterial properties of the Chitlac-nAg coated material demonstrated in vitro 
antibacterial activity and cell biocompatibility. In addition, the Chitlac-nAg coated 
implants showed good biocompatibility in vivo in a minipig model. 
 
Study V 
 
The local administration of ORM-11984 did not show an expected positive dose-
dependent osteogenic response. Implants with 10% ORM-11984 showed only a trend 
for a mild positive effect on local osteogenesis. Moreover, higher doses even inhibited 
new bone formation of peri-implant zone.  
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